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A B S T R A C T   

For many years, the methods of cancer treatment are usually surgery, chemotherapy and radia
tion therapy. Although these methods help to improve the condition, most tumors still have a 
poor prognosis. In recent years, immunotherapy has great potential in tumor treatment. Chimeric 
antigen receptor T-cell immunotherapy (CAR-T) uses the patient’s own T cells to express chimeric 
antigen receptors. Chimeric antigen receptor (CAR) recognizes tumor-associated antigens and 
kills tumor cells. CAR-T has achieved good results in the treatment of hematological tumors. In 
2017, the FDA approved the first CAR-T for the treatment of B-cell acute lymphoblastic leukemia 
(ALL). In October of the same year, the FDA approved CAR-T to treat B-cell lymphoma. In order to 
improve and enhance the therapeutic effect, CAR-T has become a research focus in recent years. 
The structure of CAR, the targets of CAR-T treatment, adverse reactions and improvement 
measures during the treatment process are summarized. This review is an attempt to highlight 
recent and possibly forgotten findings of advances in chimeric antigen receptor T cell for treat
ment of hematological tumors.   

1. Introduction 

Chimeric Antigen Receptor T-cell therapy, commonly referred to as CAR-T therapy, represents a groundbreaking advancement in 
the field of immunotherapy for cancer treatment. The foundation for CAR-T therapy was laid in the 1980s when scientists began 
exploring ways to modify immune cells to target cancer. Early experiments involved modifying T cells to express tumor-specific re
ceptors. These efforts, however, faced challenges in achieving clinical success [1]. In 1989, Zelig Eshhar, an Israeli immunologist, along 
with his team at the Weizmann Institute of Science, outlined a comparable strategy for reprogramming T cells to identify antigens 
independently of the major histocompatibility complex (MHC) [2]. In the early 2000s, researchers made a breakthrough by developing 
CARs. These synthetic receptors combined an extracellular antigen-binding domain, typically derived from an antibody, with intra
cellular T-cell activation domains. This design allowed T cells to recognize specific cancer antigens. Encouraged by the success in B-cell 
malignancies, researchers began exploring CAR-T therapy for other cancers. Clinical trials expanded to include non-Hodgkin lym
phoma (NHL) and multiple myeloma. Additionally, efforts to target solid tumors intensified, although this area remains challenging 
[3]. CAR-T therapy involves the genetic modification of a patient’s own T cells to equip them with a chimeric antigen receptor (CAR), 
which enables these cells to recognize and attack cancer cells with precision. Unlike traditional cancer treatments, such as chemo
therapy and radiation, CAR-T therapy harnesses the power of the immune system to target and destroy cancer cells (Fig. 1). 
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Six CAR-T cell therapies have been granted approval for hematological cancers by the Food and Drug Administration since 2017. 
Four out of six CAR-T cell products are anti-CD19 CARs, and the two newest CAR-T cell products target BCMA (B-cell maturation 
antigen) [4]. Kymriah (tisagenlecleucel), Yescarta (axicabtagene ciloleucel), and Breyanzi (lisocabtagene maraleucel) are approved in 
the third line or later for patients with large B-cell lymphoma, but only Yescarta and Breyanzi are approved as second line therapies due 
to results from the phase 3 ZUMA-7 (NCT03391466) and TRANSFORM (NCT03575351) studies, respectively [5–12]. 

Novartis’ Kymriah, a CD19-directed genetically modified autologous T-cell immunotherapy, was the first CAR-T cancer immu
notherapy to reach the U.S. market following FDA approval in 2017. The therapeutic is indicated for the treatment of relapsed/re
fractory (r/r) pediatric and young adult acute lymphoblastic leukemia, r/r diffuse large B-cell lymphoma, and r/r follicular lymphoma 
[13]. Approximately 15 % of pediatric and young adult patients with ALL (acute lymphoblastic leukemia) patients are refractory or 
relapse and Kymriah has a strong impact on this group of patients. In the pivotal ELIANA trial, which was conducted in pediatric and 
young adult patients with relapsed or refractory acute lymphoblastic leukemia (r/r ALL), the overall response rate (ORR), comprising 
complete remission (CR) and complete remission with incomplete count recovery (CRi), reached 82 % [14]. The most recent analysis 
of this study revealed a 5-year relapse-free survival rate of 49 % among patients who initially achieved CR or CRi following Kymriah 
administration [15]. These findings not only underscore the remarkable effectiveness observed in this particular patient group during 
the clinical trial but also validate the therapy’s impressive real-world performance. In addition to cytokine release syndrome and 
neurological adverse reactions, other important identified safety risks with Kymriah therapy are infections, tumor lysis syndrome, and 
prolonged cytopenia, in particular, prolonged depletion of the target cells [16]. 

According to the data from the clinicaltrials.gov, China became the country with the most registered CAR T trials after 2017. Take 
IM19 an example, it consisted of an FMC63 scFv, 4-1BB and CD3ζ intracellular domain and was manufactured into a memory T- 
enriched formulation [17]. The clinical trial was conducted based by Beijing ImmunoChina Medical Science & Technology Co., Ltd. 
with the register number NCT03344705. It was demonstrated that one month and three months after IM19 treatment, tumor burden 
was decreased in 16 patients with r/r B-NHL. The 3-month CR was 50.0 %, and the 6- month CR was 40.9 %. Seven patients (31.8 %) 
showed ongoing response even after 1 year. IM19 with 4-1BB-based costimulatory domain showed effective and durable antitumor 
activity, however, very low toxicities for B cell lymphoma [18]. 

While the therapy has demonstrated remarkable success in clinical trials, it also presents unique challenges and considerations, 
including complex manufacturing processes, potential side effects, and ongoing research to expand its application beyond blood 
cancers. Despite these challenges, CAR-T therapy offers renewed hope for patients facing previously untreatable or relapsed cancers, 
representing a new frontier in the fight against this devastating disease [19]. 

2. CAR-T technology 

CART (chimeric antigen receptor T-cell) is composed of extracellular single-chain antibody fragments, transmembrane domains, 
and intracellular T cell signaling domains [20–22]. T cell receptors depend on antigens presented by antigen-presenting cells and 
present in the form of major histocompatibility complexes and antigen-peptide complexes [23]. The combination of TCR and MHC 
antigen peptide complex induces an intracellular cascade reaction: phosphorylated TCR recruits intracellular second messengers to 
provide the first signal, and the costimulatory molecules on the surface of T cells (CD28, CD27, CD134, CD137 or ICOS) and the 
respective receptors on APC (CD80, CD86, CD137L or ICOSL) combine to provide a second signal [24]. Unlike TCR-T, the extracellular 
antibody in CAR binds to the corresponding tumor antigen and recognizes, activates T cells in a non-MHC manner to exert anti-tumor 
effects [25] (Fig. 2). 

Fig. 1. History of cancer immunotherapy development. CAR-T therapy has a relatively short but impactful history, emerging in the early 21st 
century as a breakthrough in cancer treatment. The therapy gained prominence with the first FDA approval in 2017, marking a significant milestone 
in the field of immunotherapy. 
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2.1. First-generation CAR-T cell therapy 

The first-generation CAR-T cells were developed in the late 1980s and early 1990s and represent the earliest form of CAR T cell 
therapy [26,27]. These CAR T cells contain a single-chain variable fragment (scFv) that is specific for a particular antigen expressed on 
cancer cells. The scFv is typically derived from an antibody that recognizes the target antigen [28–30]. When the scFv binds to its target 
antigen on the cancer cell, it activates the T cell receptor (TCR) signaling pathway, which leads to T cell activation and destruction of 
the cancer cell [31–33]. However, first-generation CAR T cells are limited in their effectiveness because they do not have the ability to 
persist in the body and have a limited ability to penetrate solid tumors [34,35]. 

First-generation CAR T cells were also associated with significant toxicity and adverse effects, such as cytokine release syndrome 
(CRS) and neurotoxicity, which were caused by the activation of the immune system in response to the CAR T cells [36,37] Addi
tionally, first-generation CAR T cells had limited efficacy against certain types of cancer and were not effective in patients with low 
levels of target antigen expression [34,38–41]. 

Despite their limitations, the development of first-generation CAR T cells paved the way for subsequent generations of CAR T cell 
therapy and helped to establish the potential of CAR T cells as a powerful tool for cancer immunotherapy. 

2.2. Second-generation CAR-T cell therapy 

The second-generation CAR T cells were developed in the late 1990s and early 2000s as an improvement over the first-generation 
CAR T cells [42–50]. Second-generation CAR T cells have two domains: an extracellular antigen recognition domain and an intra
cellular signaling domain. They are designed with two key domains: an extracellular antigen recognition domain and an intracellular 
signaling domain. The extracellular domain is made up of a single-chain variable fragment (scFv), which is specific for a particular 
antigen expressed on the surface of cancer cells. The intracellular domain is made up of one or more co-stimulatory domains and a 
CD3ζ domain that transduces the activation signal. 

The addition of co-stimulatory domains to the second-generation CAR T cells has been shown to significantly enhance their anti- 
tumor activity and persistence in vivo. Second-generation CAR T cells have demonstrated superior clinical outcomes compared to first- 
generation CAR T cells in the treatment of hematological malignancies, and have opened up new avenues for the development of CAR T 
cell therapy for solid tumors. 

Fig. 2. The chimeric antigen receptor (CAR) T cell design. The single-chain variable fragment (scFv) of the CAR derived from the heavy and light 
chains of the antibody variable region, while the CAR CD3ζ domain is derived from the T cell receptor intracellular signaling domains. CARs of basic 
design can be divided into three regions as follows: i) Antibody-derived antigen-binding domain for antigen recognition binding; it usually contains 
a single-stranded variable fragment derived from an antibody; ii) transmembrane domain for anchor support to the plasma membrane; and iii) 
signaling domain for T-cell activation. 
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The scFv on the second-generation CAR T cells recognizes and binds to the target antigen on cancer cells. This binding triggers the 
activation of the CAR T cell and leads to the release of cytotoxic molecules that kill the cancer cell. However, the scFv alone is not 
sufficient to fully activate the T cell and provide sustained anti-tumor activity [51]. 

The second-generation CAR T cells are engineered with co-stimulatory domains that are able to activate and enhance the function 
of the T cell. The most commonly used co-stimulatory domains are CD28 and 4-1BB (also known as CD137), which are capable of 
promoting T cell proliferation, survival, and cytokine production [52,53]. These co-stimulatory domains are located in the intracel
lular domain of the CAR, downstream of the CD3ζ domain [51–53]. 

Despite the improvements in efficacy, second-generation CAR T cells are still associated with toxicities such as cytokine release 
syndrome and neurotoxicity. Ongoing research is focused on optimizing the design of the CAR T cells to improve their safety and 
effectiveness [51]. 

2.3. Third-generation CAR-T cell therapy 

The third-generation CAR T cells are designed to further enhance the efficacy and persistence of CAR T cell therapy. Third- 
generation CAR T cells have an extracellular antigen recognition domain, an intracellular signaling domain, and two or more co- 
stimulatory domains [54–57].The extracellular domain of the third-generation CAR T cells is composed of a scFv that recognizes 
and binds to a specific antigen expressed on the surface of cancer cells. The intracellular domain of the CAR T cells is similar to that of 
the second-generation CAR T cells, containing a CD3ζ domain that transduces the activation signal, and one or more co-stimulatory 
domains [58–61]. 

In addition to the co-stimulatory domains used in the second-generation CAR T cells (CD28 and 4-1BB), third-generation CAR T 
cells also incorporate additional co-stimulatory domains, such as OX40 or CD27. These additional co-stimulatory domains are able to 
further enhance the activation and proliferation of the CAR T cells, leading to improved anti-tumor activity and persistence [62,63]. 
The addition of multiple co-stimulatory domains to the third-generation CAR T cells has been shown to enhance the production of 
cytokines and increase the survival and proliferation of the CAR T cells. This has led to improved efficacy in the treatment of he
matological malignancies, particularly in patients who have relapsed or become refractory to previous CAR T cell therapy [64,65]. 

However, third-generation CAR T cells are also associated with increased toxicity compared to second-generation CAR T cells, 
particularly with regard to the development of cytokine release syndrome and neurotoxicity. Therefore, efforts are ongoing to optimize 
the design of third-generation CAR T cells to minimize toxicity while maintaining their anti-tumor activity [66,67]. 

2.4. Fourth-generation CAR-T cell therapy 

The fourth-generation CAR-T cells, also known as T cells redirected for antigen-unrestricted cytokine-initiated killing (TRUCKs), 
are designed to address some of the limitations of the earlier generations by combining the antigen recognition and T cell activation 
functions with the ability to secrete therapeutic molecules such as cytokines or antibodies [68–72]. 

The fourth-generation CAR-T cells are engineered to express a CAR with two signaling domains, similar to the second-generation 

Fig. 3. Earlier generations of CAR-T cells. Co-stimulatory signaling domains have been added to different generations of CAR T cells to improve 
their ability to produce more T cells after infusion and survive longer in the circulation. 
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CAR-T cells (Fig. 3). One signaling domain is the activation domain that triggers T cell activation upon recognition of the tumor 
antigen, while the other is the costimulatory domain that enhances T cell proliferation and cytokine production. In addition, the 
fourth-generation CAR-T cells also have an inducible gene expression system that can be activated upon antigen recognition [68,73]. 

This inducible gene expression system can be programmed to secrete therapeutic molecules, such as cytokines or antibodies, upon 
recognition of the tumor antigen. The therapeutic molecules secreted by the fourth-generation CAR-T cells can have a variety of 
functions, such as increasing T cell proliferation, enhancing T cell persistence, overcoming immunosuppression, or targeting tumor- 
specific antigens. For example, the CAR-T cells can be engineered to secrete cytokines like IL-12, which can enhance T cell prolifer
ation and promote a more pro-inflammatory environment at the tumor site [35,73,74]. 

The fourth-generation CAR-T cells have been shown to have potent antitumor activity in preclinical studies. They can overcome 
some of the limitations of the earlier generations by enhancing the cytotoxicity of the CAR-T cells and recruiting other immune cells to 
the tumor site. In addition, the ability to secrete therapeutic molecules allows for the targeting of immunosuppressive factors in the 
tumor microenvironment, which may enhance the antitumor activity of the CAR-T cells [75–81]. 

Several clinical trials are underway to evaluate the safety and efficacy of the fourth-generation CAR-T cells in patients with he
matological malignancies and solid tumors. These cells hold great promise for the treatment of cancer by combining the benefits of 
CAR-T cell therapy with the ability to secrete therapeutic molecules, which may further enhance their antitumor activity and overcome 
resistance mechanisms. However, further research is needed to optimize the design and manufacturing of these cells and to evaluate 
their long-term safety and efficacy [82–85]. 

2.5. Fifth-generation CAR-T cell therapy 

Fifth-generation CAR-T therapy is a complex and highly specialized form of immunotherapy that involves several steps, each of 
which is critical to the success of the treatment [69,86–89]. 

The dual-targeting CAR used in fifth-generation CAR-T cell therapy is designed to recognize and bind to two different antigens on 
the surface of cancer cells [90–92]. This approach offers several advantages over earlier generations of CAR-T cell therapy that target 
only one antigen: i). By targeting two antigens, the CAR-T cells can more accurately distinguish between cancer cells and healthy cells, 
reducing the risk of off-target effects. ii). Enhanced efficacy: Dual-targeting CAR-T cells can achieve greater tumor cell killing than 
single-targeting CAR-T cells, as they are able to recognize a larger number of cancer cells [93,94]. iii). Reduced risk of resistance: 
Cancer cells can sometimes develop resistance to CAR-T cell therapy by downregulating or mutating the targeted antigen. By targeting 
two antigens, the CAR-T cells can still recognize and attack cancer cells even if one of the antigens is lost or mutated [95]. iv). TCR 
signaling: In fifth-generation CAR-T cell therapy, the modified TCR signaling pathway provides additional activation signals to the T 
cells. This helps to improve the T cells’ ability to recognize and attack cancer cells, as well as to prevent the T cells from becoming 
exhausted and losing their anti-cancer activity over time. Specifically, the modified TCR provides signals that enhance T cell prolif
eration, survival, and cytokine production, which are all critical for effective anti-tumor responses. v). Cytokine release control: 
Cytokine release syndrome (CRS) is a potentially serious side effect of CAR-T cell therapy, in which the immune system releases large 
amounts of cytokines in response to the therapy. This can cause symptoms ranging from mild flu-like symptoms to life-threatening 

Fig. 4. Five generations of CAR T-cell structure. i). The signaling domain of first-generation CARs only has a CD3ζ-derived signaling module. ii). 
Second-generation CARs are equipped with an extracellular antigen-recognizing domain combined with two intracellular domains: CD3z and an 
additional costimulatory domain (e.g., CD28 or 4-1BB). iii). Third-generation CARs are equipped with an extracellular antigen-recognizing domain 
combined with three intracellular domains: CD3z and two additional costimulatory domains. Co-stimulatory molecules include CD28, 4-1BB 
(CD137), CD27 and OX40 (CD134). iv). Fourth-generation CAR T cells are also referred to as TRUCKs, which inducibly express chemokines 
such as IL-12. v). Fifth-generation CARs consist of a novel co-stimulatory domain to activate some specific signaling pathways. 
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complications such as multiorgan failure. Fifth-generation CAR-T cells are designed to have better control over cytokine release, which 
can help to reduce the severity of CRS. There are several approaches to controlling cytokine release, including modifying the CAR-T 
cells to produce cytokine inhibitors, using low-dose conditioning regimens prior to CAR-T cell infusion, and administering cortico
steroids or other immunomodulatory agents to manage CRS symptoms [96,97]. vi). Safety switches: Safety switches are included in 
fifth-generation CAR-T cell therapy to allow the therapy to be turned off in case of adverse effects or if the therapy is no longer needed. 
These switches include suicide genes, which can be activated to kill the CAR-T cells, as well as other mechanisms that can be used to 
selectively eliminate the CAR-T cells from the body. The inclusion of safety switches is an important safety feature of fifth-generation 
CAR-T cell therapy, as it allows the therapy to be rapidly stopped if necessary, minimizing the risk of adverse events [98]. 

Fifth-generation CAR-T cell therapy is an exciting advance in the field of immunotherapy, offering the potential for more effective 
and safer treatment of cancer. While this approach is still in the experimental stage, early results have been promising, and ongoing 
clinical trials are investigating its safety and efficacy in a range of cancer types (Fig. 4). 

2.6. Off-the-shelf allogeneic T cell technology 

Off-the-shelf allogeneic T cell technology involves the use of T cells from healthy donors that are genetically engineered to express a 
Chimeric Antigen Receptor (CAR) targeting specific tumor antigens. The use of allogeneic T cells allows for the creation of a stan
dardized cell therapy product that can be manufactured and stored in advance, making it readily available for patients when needed 
[99–102]. 

The process of generating off-the-shelf allogeneic T cell therapies typically involves collecting T cells from healthy donors, which 
are then genetically modified using viral vectors to express a CAR that recognizes a specific tumor antigen. The CAR T cells are then 
expanded in culture to generate a large number of cells, which are frozen and stored until needed for treatment [103]. 

One of the key advantages of off-the-shelf allogeneic T cell therapies is their potential to be readily available for patients, as they 
can be manufactured in advance and stored until needed. This is in contrast to patient-specific CAR T cell therapies, which require a 
lengthy manufacturing process that involves collecting T cells from the patient, genetically modifying them, and expanding them in 
culture [104,105]. 

Another potential advantage of off-the-shelf allogeneic T cell therapies is their potential to reduce the cost of CAR T cell therapy, as 
they can be manufactured in large quantities and distributed more widely. Additionally, the use of allogeneic T cells may allow for the 
development of CAR T cell therapies for patients who are unable to donate their own T cells due to factors such as prior chemotherapy, 
immunodeficiency, or advanced age [106,107]. 

However, there are also some challenges associated with the use of off-the-shelf allogeneic T cell therapies. One potential challenge 
is the risk of graft-versus-host disease, which occurs when the donor T cells attack the recipient’s tissues. To mitigate this risk, various 
strategies are being developed, such as using gene editing techniques to remove certain T cell receptors that are associated with graft- 
versus-host disease [108]. 

In summary, off-the-shelf allogeneic T cell technology offers a promising approach to CAR T cell therapy that may provide greater 
access to this innovative treatment modality, while also potentially reducing costs and manufacturing timelines. However, continued 
research is needed to fully realize the potential of this technology and to address the challenges associated with its use. 

Fig. 5. A brief diagram of the CAR-T cells manufacturing process. It involves the initial collection of patient-derived leukocytes through leu
kapheresis. Subsequently, these T cells are transported to a biopharmaceutical facility for genetic modification, enabling them to express CARs on 
their surface. Following this, the engineered CAR-T cells undergo in vitro expansion before being sent back to the hospital for infusion into 
the patient. 
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3. CART manufacturing 

The manufacturing of CAR-T therapies involves complex and highly specialized processes [109]. While the fundamental principles 
of CAR-T production are consistent across different clinical centers, there can be variations in specific protocols, equipment, and 
expertise (Fig. 5). Here are some key differences that can exist in CAR-T manufacture at various clinical centers: 

Firstly, different clinical centers may have different manufacturing facilities, ranging from small-scale academic laboratories to 
large-scale commercial cell therapy manufacturing facilities. The size and sophistication of these facilities can impact the scale and 
efficiency of CAR-T production [110]. In addition, there are various manufacturing platforms for CAR-T production, such as retroviral 
or lentiviral transduction, and electroporation. Different centers may prefer or specialize in specific platforms based on their expertise 
and available equipment. 

Secondly, the source of T cells used for CAR-T production can vary. Some centers use autologous T cells derived from the patient’s 
own blood, while others explore allogeneic (donor-derived) approaches. Allogeneic CAR-Ts are more complex due to the need for 
immune matching and genetic engineering to avoid graft-versus-host disease. Moreover, the choice of target antigen may differ be
tween clinical centers, depending on the type of cancer being treated and the available preclinical data. 

Thirdly, the experience and expertise of the manufacturing team can greatly influence the success of CAR-T production. Some 
centers have extensive experience with CAR-T therapies and may have developed proprietary protocols. Furthermore, stringent quality 
control measures are essential to ensure the safety and efficacy of CAR-T products. These measures may vary in terms of the tests 
performed and the acceptance criteria used. 

Fourthly, patient-specific factors, such as the patient’s health status and disease stage, can influence the manufacturing process. 
Variations may occur in the pre-processing and post-processing steps. The availability of reagents, vectors, and other materials can 
differ between clinical centers. Supply chain logistics can impact the manufacturing timeline. Besides, clinical trials may have specific 
protocols and inclusion/exclusion criteria that affect CAR-T manufacturing. These criteria can vary between trials and centers. 

Fifthly, clinical centers may have different methods for collecting and reporting data related to CAR-T manufacturing and patient 
outcomes. Additionally, the cost of CAR-T manufacturing can vary widely based on factors such as the scale of production and the 
location of the clinical center. 

Despite these differences, there is ongoing collaboration and information sharing within the scientific and medical communities to 
standardize and optimize CAR-T manufacturing processes. This collaborative effort aims to ensure the consistent quality and safety of 
CAR-T therapies across different clinical centers and to expand access to these groundbreaking treatments for patients with cancer. 

4. Targets of CAR-T treatment for hematological tumors 

In the context of effective CAR-T therapy, the identification of appropriate tumor antigens plays a pivotal role, necessitating a 
careful equilibrium between effectiveness and safety aspects. Preferable antigens should meet the following criteria: (i) demonstrate 
high and uniform surface expression on tumor cells, (ii) maintain expression throughout various disease stages, (iii) hold significance 
in disease pathophysiology, (iv) exhibit minimal or no shedding into the bloodstream, (v) remain unaffected by specific treatment- 

Fig. 6. The target distribution of world’s CAR-T clinical trials. Drug targets for hematological malignancies, such as BCMA, CD19, and CD22, 
continue to be the most popular target proteins, according to a 2022 report. Due to the competition among these popular targets, alternative novel 
targets, such as CLEC12A, GPRC5D, CD3, and CD7, have arisen in recent years. These alternatives show promise for revealing the potential for novel 
CAR-T discoveries. 
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induced pressures that might lead to down-regulation or elimination, and (vi) refrain from expression on normal tissues [111]. 
Currently there are several ongoing clinical trials assessing the safety and efficacy of CART immunotherapy in various malignancies 
(Fig. 6. & Table 1). 

CD19. CD19 is considered as an ideal target of CAR-T immunotherapy for the treatment of B-cell tumors. It can be specifically 
expressed on a variety of B-cell malignant tumor cells and B-cell precursor cells, but not on normal tissues and cells. The second- 
generation CD19 CAR-T (4-1BB/CD3ζ) was exploited to treat 2 children with B-cell ALL patients by Grupp et al. [46]. Both pa
tients achieved complete remission, and one of them had a relapse, with blast cells that no longer expressed CD19, approximately 2 
months after treatment. Another clinical trial targeting CAR to treat CD19+ B cell malignancy has shown great success, with 27 
complete remission in totally 30 patients suffered relapsed or refractory pediatric acute lymphoblastic leukemia (ALL) [49]. In Yes
carta (formerly known as KTE-C19) clinical trial, which involves 21 children and young adults with large B-cell NHL, CAR T cells were 
not detected beyond 68 days [112]. In addition to B cell ALL, CD19 is expressed on B cell CLL. Some CAR-Ts used in the treatment of 
B-cell ALL are also tested in the treatment of B-cell CLL, but the therapeutic effect on B-cell CLL is not so effective [113]. Kochenderfer 
et al. have reported anti-tumor effects of autologous CD19-directed CAR T cells in 10 patients with chronic lymphoma/leukemia [114]. 
One patient obtained a complete remission and none of them developed graft-versus-host disease (GVHD). The team then exploited 
CD19-specific CAR-T (CD28/CD3ζ) to treat patients with diffuse large B-cell lymphoma (DLBCL). Of the 15 patients, 8 cases had 
complete remission and 4 cases had partial remission [115]. Investigators from UPenn also reported their results from treating patients 
with DLBCL. 5 out of 13 evaluable patients achieved complete responses [116]. Similar studies were conducted at Memorial Sloan 
Kettering Cancer Center, with CD19-targeted CAR-T-cell therapy used to treat 8 patients with aggressive B-cell NHL and 5 patients 
experiencing complete responses [117]. Multiple myeloma is a cancer that forms in plasma cells, where cancerous plasma cells 
accumulate in the bone marrow and crowd out healthy blood cells. The study of CAR T therapy for multiple myeloma is still in its 
infancy. Some preclinical evidence led to a widespread effort to develop novel chimeric antigen receptors [118–120]. Patients with 
relapsed/refractory multiple myeloma experienced a high response to the B cell maturation antigen - targeted CAR T cells based on 
previous results from Greipp PR [121]. These findings suggest an exciting avenue for novel immunotherapies to treat multiple 
myeloma. 

CD20. Expression patterns of CD20 are similar to those of CD19 and hence CARTs targeting CD20 can be an option for adoptive 
immunotherapy of hematological tumors. Currently, anti-CD20 CAR-T cell therapy have also been used as therapeutic treatments in 
serval studies [122]. In one phase I clinical trial, researchers aim to explore the efficacy of CD20-specific CAR autologous T cells for the 
treatment of patients suffering from relapsed indolent NHL and MCL (mast cell leukemia) [123]. The investigator demonstrated po
tential antitumor activity and safety, of adoptive T-cell therapy using this approach. It was unknown whether the second-generation of 
CAR-T treatment is effective in DLBCL patients. To address this, one research team used anti-CD20 CAR-T cell with 4-1BB for these 
patients and showed a promising effect of this novel treatment [124]. Of the recruited 7 patients with refractory advanced CD20+

DLBCL, one received complete remission and three received partial remission rates in initial report. 
CD22. In addition to CD19 and CD20, CD22 is also currently being investigated in clinical trials and was shown to be one potential 

therapeutic target. For example, CD22-CAR T cells have been noted to have beneficial effects in patients with B-ALL diseases who were 
unsuitable to receive CD19-CAR T cell therapy [125–127]. However, there still lots of patients relapsed due to poor CAR T-cell 
persistence or resistance [128]. Hence, multiple means were utilized to enhance the anti-cancer activity of CD22-CAR T cells. 
Compared with other binding domains, a second-generation CAR in which the scFv binds a proximal CD22 epitope demonstrated 
superior antileukemic activity [129]. Interestingly, a CAR based on the same scFv targeting CD22 but armed with different linker 
lengths may induce different clinical responses. Despite similar binding affinities, the shorter linker CAR generated a stronger 
anti-tumor response which contributes to a series of new clinical trials (NCT03620058, NCT02650414) [130]. 

CD30. As a characteristic marker of malignant Reed–Sternberg cells in HL, CD30 is being studied extensively in clinical trials 
[131–137]. Brentuximab vedotin, which links an anti-CD30 antibody conjugated to monomethyl auristatin E (MMAE) developed for 
clinical use demonstrated it would be the first choice of patients with relapsed ALCL (anaplastic large cell lymphoma) who have not 
previously received it [138]. It is also the first successfully developed drug to be approved by FDA for patients with Hodgkin’s lym
phoma [139]. Far from conclusive, many varieties of research have demonstrated high expression of CD30 is present in about half of 
PTCL (peripheral T-cell lymphomas) patients [140–143]. Therefore, CAR-T cell therapy targeting CD30 opens new avenues for the 
treatment of refractory or recurrent CD30-positive PTCL in the future. 

RORI. RORI，a member of receptor tyrosine kinase family, is widely expressed in embryonic development and multiple human 
malignance [144–148]. In normal tissues, RORI expression was either negative or positive but is restricted only to adipocytes, basal 
epithelial lining of the esophagus, the surface and foveolar epithelial cells of the gastric antral mucosa, and in the duodenal mucosa 

Table 1 
Chimeric Antigen Receptor T-Cell Therapy for hematological tumors.  

Disease Full name Target Clinical Trials 

ALL acute lymphoblastic leukemia CD19/CD20/CD22/CD123 NCT04012879; NCT04049383; NCT04094766; NCT04016129 
CLL Chronic lymphoblastic leukemia CD19 NCT04007029; NCT03960840 
NHL non-Hodgkin lymphoma CD19/CD20 NCT03790891; NCT03497533; NCT04169932 
ALCL anaplastic large cell lymphoma CD30 NCT03383965; NCT04008394 
HL Hodgkin lymphoma CD19/CD30 NCT01087294; NCT04134325 
MM Multiple myeloma CD269/CD138 NCT03672318; NCT04182581; NCT03271632  
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[149,150]. This tumor-selective expression made RORI potentially serve as an alternative candidate for CAR T immunotherapy. 
Accumulating evidence suggests that ROR1 has intrinsic kinase activity thereby mediating bone metastasis of breast cancer via 
cross-talking with the Hippo-YAP pathway [151]. Present research by Lars W et al. suggest that ROR1-CAR T cells are capable of 
eliminating tumor cells which are harbored in crypt structures [152]. In addition, the safety profile of ROR1 CAR-T cells was similar to 
other reagent in previous studies, with no serious toxicity in a primate model [153]. A series of research suggest that ROR1 could be 
ideal candidates for CART immunotherapy though further studies are still needed to investigate the comprehensive utility of this 
therapy. 

CD123. CD123 has emerged as a novel target for hematolymphoid malignancies. Firstly, CD123 is overexpressed broadly across 
hematolymphoid neoplasms, including acute myeloid leukemia, blastic plasmacytoid dendritic cell neoplasm, acute lymphoblastic 
leukemia, hairy cell leukemia, and systemic mastocytosis [154]. Secondly, varieties of promising data from trials showed that 
manipulation of CD123 has considerable promise as a strategy for the immunotherapy of cancer, especially CD123-targetting CAR T 
cells [155,156]. In view of this, attempts to develop CD123-targetting CAR T therapies that could directly target hematological ma
lignancies expressing CD123 are ongoing. For example, Brett M’s team developed a CD123 CAR consisting of a single-chain variable 
fragment derived from CD123-monoclonal antibody. And these CD123 CAR T cells have shown notable clinical efficacy in patients 
with a variety of hematological malignancies, including relapsed/refractory AML, plasmacytoid dendritic cell neoplasm [157,158]. 
However, their lack of selectivity is concerning as off-target effects have been noted since CD123 is dimly expressed on some normal 
hematopoietic cells and endothelial cells [159]. 

CD33. There has been a long-standing interest in targeting CD33 therapy. Some pre-clinical studies have demonstrated CD33-CAR 
T cell lead to sustained substantial anti-tumor activity and significant tumor eradication against AML cells [160–162]. In one early 
clinical trial, Wang et al. demonstrated that administration of autologous T cells with 38 % anti-CD33 CAR expression would display 
notable cytolytic functions against CD33+ blasts [163]. However, targeting CD33 might be problematic since normal progenitor cells, 
myeloid cells also express this protein and, therefore, effective treatment probably play a major causative role in prolonged cytopenia 
and delayed hematopoietic recovery [164]. 

5. Future direction 

In recent years, CART therapy has received great attention and a number of recent breakthroughs have demonstrated tremendous 
potential to control cancer by engineered T cells [165,166]. On the whole，CART cells are characterized by recognizing specific 
antigens on the surface of target cells and then triggering cytotoxic T cell activation independent of MHC (major histocompatibility 
complex) molecules [167]. Overwhelming evidence published thus far strongly support the conclusion that chimeric antigen receptor 
T cells functions to fight against cancer. Of note, clinical trials using CAR T-cell therapy against solid tumors have not achieved the 
same success seen in hematological malignancies [168]. Therefore, over the past decade much attention has been paid to how CAR 
T-cell therapy fight against hematological malignancies. Perhaps the main barriers to effective CAR-T cell therapy is antigen het
erogeneity, which impairs the detection of cancer cells by T cells [34]. This phenomenon has emerged as the critical obstacle to the 
durability of CAR-T cell therapy. For example, 70 %–90 % of B-ALL (B-cell acute lymphoblastic leukemia) patients have shown 
impressive response rate after receiving CD19 CAR T cells therapy but CD19-negative relapse occurs in 14 % of all adult B-ALL patients 
demonstrated by Jae H [47–49,169–172]. However, CD19-negative leukemia is gradually growing which leads to CAR-T failure for 
maintaining long term remission, especially in patients whose CAR T cells persist for a long time [49,173–175]. It is probable that 
various combinations of several mechanisms are contributing to antigen loss, including antigen escape and lineage switch [176–178]. 
Alternative targeting concept and combinatorial antigen recognition offer strategies to overcome antigen loss defect [179,180]. 

Here are more detailed explanations of the clear directions for chimeric antigen receptor T cell (CAR-T) therapy for the treatment of 
hematological malignancies: Firstly, the development of CAR-T cell therapies that target novel antigens beyond CD19, CD20, and 
BCMA is an important direction for CAR-T cell therapy. This may involve identifying new surface proteins or intracellular targets that 
are expressed on hematological malignancies but not on healthy tissues. Identifying novel targets may expand the range of cancers that 
can be treated with CAR-T cell therapy and reduce the risk of relapse due to antigen loss. Secondly, combination therapies with CAR-T 
cell therapy are another important direction. For example, combining CAR-T cells with immune checkpoint inhibitors or other targeted 
therapies may enhance the efficacy of CAR-T cell therapy and overcome resistance mechanisms. Combination therapies may also help 
to reduce the incidence of treatment-related adverse events. Thirdly, development of off-the-shelf allogeneic CAR-T cell products: The 
development of off-the-shelf allogeneic CAR-T cell products is an important direction for CAR-T cell therapy. This approach involves 
using T cells from healthy donors that are genetically modified to express a CAR, and can be manufactured in large quantities and 
stored for later use. This may help to reduce the cost of CAR-T cell therapy and increase its availability. Fourthly, improving the safety 
of CAR-T cell therapy is a critical direction, including the development of strategies to reduce the risk of cytokine release syndrome 
(CRS) and neurotoxicity, as well as the risk of graft-versus-host disease in the case of allogeneic CAR-T cell therapy. This may involve 
the development of CAR-T cell therapies that are more selective for tumor cells and less toxic to healthy tissues. Fifthly, broadening the 
applicability of CAR-T cell therapy: The broadening of the applicability of CAR-T cell therapy is another important direction. This may 
involve the use of CAR-T cell therapy in earlier stages of disease, combination with other treatments, or as part of the initial treatment 
regimen. For example, CAR-T cell therapy may be used in combination with chemotherapy or radiation therapy to improve the overall 
response rate. 

In summary, the development of novel targets, combination therapies, the use of off-the-shelf allogeneic CAR-T cell products, 
enhancing safety, and broadening the applicability of CAR-T cell therapy are important directions for the field of CAR-T cell therapy for 
hematological malignancies. 
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Other challenges in targeting hematological malignancies with CAR-T therapy include on-target off-tumor effects, immune sup
pressive microenvironment and CAR-T cell-associated toxicities, such as strong cytokine-driven effects and neurotoxicity [181]. In 
conclusion, CAR-T therapies have unique specificity and has made great progress to deal with hematological malignancies as a highly 
effective form of adoptive cell therapy. Despite the potential challenges, there is no doubt that this type of immunotherapy is now 
standing on the threshold of great advances in the war against cancer. 

6. Challenge and possible solutions 

One of the major challenges of CAR-T cell therapy is antigen escape or loss, which occurs when the target antigen on tumor cells is 
downregulated or eliminated, resulting in relapse. Possible solutions include identifying new targets, targeting multiple antigens, and 
designing CAR-T cells with dual signaling domains to enhance T cell activation and proliferation [182–184]. 

CAR-T cell therapy can also cause severe toxicities such as cytokine release syndrome (CRS) and neurotoxicity. Possible solutions 
include optimizing the dose and timing of CAR-T cell infusion, using prophylactic medications to mitigate toxicities, and developing 
new CAR-T cell designs with better control over T cell activation and proliferation [185,186]. 

Manufacturing CAR-T cells is complex and expensive, and can lead to product variability and delays. Possible solutions include 
developing more efficient and automated manufacturing processes, improving quality control and assurance, and optimizing the 
selection and expansion of T cells. In addition, CAR-T cell therapy is not widely available due to its high cost and limited availability. 
Possible solutions include developing off-the-shelf allogeneic CAR-T cell products that can be used for multiple patients, improving 
reimbursement policies, and expanding the availability of CAR-T cell therapy to more treatment centers. Despite the high response 
rates of CAR-T cell therapy, some patients may still develop resistance or relapse. Possible solutions include combining CAR-T cell 
therapy with other treatments such as immune checkpoint inhibitors or targeted therapies, or designing CAR-T cells with improved 
persistence and durability [187,188] (see Fig. 7). 

In summary, the challenges of CAR-T cell therapy for hematological malignancies include antigen escape and loss, toxicities, 
manufacturing challenges, limited access, and resistance and relapse. Possible solutions include identifying new targets, optimizing 
dosing and timing, developing off-the-shelf allogeneic CAR-T cell products, improving manufacturing processes, and combining CAR-T 
cell therapy with other treatments. 

Ethical approval 

Not applicable. 

Fig. 7. Major challenges in applying CAR-T cell therapy. 
Several hurdles impede the effectiveness and accessibility of CAR T-cell therapy in clinical applications. The immunosuppressive microenvironment 
in solid tumors, characterized by components like myeloid-derived suppressor cells, regulatory T cells, tumor-associated macrophages, and cancer- 
associated fibroblasts, hinders CAR T-cell infiltration and activity. Recent research underscores that hematologic and solid malignancies have 
distinct requirements for CAR T-mediated cytotoxicity. Novel targets must be explored, as antigen loss is a significant contributor to relapses in 
hematological malignancies, and the identification of tumor-specific antigens is essential for extending CAR T therapy to solid tumors. Identifying 
and targeting new antigens will be pivotal in advancing cell-based therapies. Toxicity issues are addressed by employing antagonists targeting 
inflammatory cytokine signaling via IL-6 and IL-1 in clinical settings. Recent advancements propose that genetically modifying CAR T functionality 
through GM-CSF or IFN-γ could offer a broader approach to mitigate systemic toxicities. Additionally, current manufacturing processes are time- 
consuming and costly, demanding the development of rapid and cost-effective protocols to enhance the accessibility of CAR T-cell therapy. 
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