
Review Article                                                                                                                   ISSN 2835-6276 

American Journal of Medical and Clinical Research & Reviews 

Chimeric Antigen Receptor T-cell Therapy (CAR-T): Insights into Clinical Efficacy, Emerging 

Perspectives, and Future Innovations in Hematology Malignancies Treatment. 

Malika Salhi 

*Correspondence: Malika Salhi 

 

Received: 27 Dec 2024; Accepted: 30 Dec 2024; Published: 03 Jan 2025 

Citation: Malika Salhi. Chimeric Antigen Receptor T-cell Therapy (CAR-T): Insights into Clinical Ef-

ficacy, Emerging Perspectives, and Future Innovations in Hematology Malignancies Treatment. 

AJMCRR. 2025; 4(1): 1-17. 

AJMCRR, 2025                                                                                                                                                            Volume 4 | Issue 1 | 1 of 17 

Université Paris Cité, France  

Abstract 

Chimeric antigen receptor (CAR) T-cell therapy has improved the outcome for patients with hematologi-

cal malignancies. FDA-approved CAR-T-cell medications, such as tisagenlecleucel and axicabtagene 

ciloleucel, have significantly increased overall survival (OS) and progression-free survival (PFS) in pa-

tients with relapsed or refractory B-cell malignancies, particularly in pediatric acute lymphoblastic leu-

kemia and diffuse large B-cell lymphoma. However, challenges remain, in particular in translating 

these successes to solid tumors, owing to issues such as tumor antigen heterogeneity, the immunosup-

pressive tumor microenvironment and antigen escape. Efforts to improve CAR-T-cell efficacy include 

exploring dual-target CAR constructs and combining CAR-T cells with radiotherapy, chemotherapy, or 

immunomodulatory agents. Additionally, the high costs of complex manufacturing processes and side 

effects, including cytokine release syndrome and neurotoxicity, remain significant issues. Research ef-

forts are now focused on optimizing CAR-T-cell design, improving patient accessibility, and identifying 

biomarkers to predict patient outcomes. The use of real-world evidence and advanced computational 

modeling further highlights the important future role of CAR-T-cell therapy in cancer treatment. Over-

all, CAR-T-cell therapy has improved the outcomes of patients with hematologic malignancies and has 

potential for use in solid tumor therapy. 

Keywords: Chimeric antigen receptors (CARs), Hematology malignancies, Adoptive cell transfer, Im-

mune checkpoint inhibitors, Bispecific, Biomarkers. 

Introduction 

Chimeric antigen receptor T-cell (CAR-T) therapy, a treatment that involves the genetic engineering of 

a patient's own T cells to express CARs that are designed to specifically recognize and bind to tumor-

associated antigens (TAAs), has become a revolutionary approach for treating certain hematological ma-

lignancies, such as acute lymphoblastic leukemia (ALL) and diffuse large B-cell lymphoma (DLBCL). 



CAR-T-cell therapy shows promise, with some clinical trials demonstrating remission rates reaching 

nearly 80% (1). These successes have led to the FDA's approval of numerous CAR-T-cell products 

(Table 1). 

CAR T-cell Therapy Indication Target/Action 

Kymriah (Tisagenlecleucel) 
- R/R ALL (pediatric & young adult) 

Targets CD19 on B cells, leading to their destruction. 

- R/R LBCL (adults) 

Yescarta (Axicabtagene Ci-

loleucel) 

- R/R LBCL Targets CD19 on B cells, causing their depletion via T-

cell-mediated killing. 
- R/R PMBCL 
- R/R FL (3rd-line therapy) 

Tecartus (Brexucabtagene 

Autoleucel) 

- R/R MCL 
Targets CD19, leading to the destruction of cancerous B 

- R/R ALL (adults) 

Breyanzi (Lisocabtagene 

Maraleucel) 

- R/R LBCL 

Targets CD19 to eliminate malignant B cells. 
- 3rd-line therapy for R/R FL 

Carvykti (Ciltacabtagene 

Autoleucel) 

- R/R MM (after 4 prior lines of thera-

py) 

Targets BCMA, which is expressed on malignant plas-

ma cells. 

Abecma (Idecabtagene 

Vicleucel) 

- R/R MM (after 4 prior lines of thera-

py) 

Targets BCMA to eliminate myeloma cells by engaging 

the patient’s T cells. 

Brexu-Cel (Brexucabtagene 

Autoleucel) 

- R/R MCL 
Targets CD19 for mantle cell lymphoma and acute lym-

- R/R ALL (adults) 

Orva-Cel (Oroval-CAR T; 

investigational) 
- R/R MM (in clinical trials) 

Targets BCMA, designed for high efficacy with reduced 

neurotoxicity and cytokine release syndrome (CRS). 

JCAR017 (Lisocabtagene 

Maraleucel; investigational) 

- R/R LBCL 
Targets CD19, in clinical trials for LBCL and FL with 

- R/R FL 

CT053 (Investigational) - R/R MM 
Targets BCMA, currently in clinical trials for treating 

MM with high efficacy and durable responses. 

P-BCMA-101 

(Investigational) 
- R/R MM 

Targets BCMA, using a novel CAR scaffold to reduce 

CRS and neurotoxicity, in development for MM. 

CART-ddBCMA 

(Investigational) 
- R/R MM 

Targets BCMA, utilizes dual CAR domains to enhance 

specificity and reduce resistance (in clinical trials). 

AUTO3 (Investigational) - R/R LBCL 
Targets both CD19 and CD22, developed for enhanced 

efficacy and overcoming CD19 antigen escape. 

AUTO1 (Investigational) - R/R ALL (adults) 
Targets CD19, designed to reduce CRS and improve 

persistence in treating adult ALL (in trials). 

bb21217 (Investigational) - R/R MM 

Targets BCMA, developed from a previous product 

with enhanced T-cell memory for longer-lasting re-

sponses. 

MB-CART2019.1 

(Investigational) 
- R/R LBCL 

Targets CD19 and CD20, in trials for more comprehen-

sive targeting of B-cell malignancies. 

PRGN-3006 (Investigational) - R/R AML 

Targets CD33, an innovative CAR-T for relapsed or 

refractory acute myeloid leukemia (AML), in clinical 

trials. 
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Table 1: FDA-approved and investigational CAR-

T-cell therapies (R/R = Relapsed or refractory, 

ALL = Acute lymphoblastic leukemia, LBCL = 

Large B-cell lymphoma, PMBCL = Primary Medi-

astinal B-cell lymphoma, FL = Follicular lympho-

ma, MCL = Mantle cell lymphoma, MM = Multiple 

myeloma, AML = Acute myeloid leukemia). 

 

Although CAR-T-cell therapy has been successful 

in treating hematological cancers, there are several 

challenges that impact its potential for broader ap-

plication, particularly in solid tumors. 

 

A primary obstacle is the identification of suitable 

tumor antigens that are not only specific to cancer 

cells, e.g., not expressed in normal tissue but also 

present in sufficient quantities to elicit a robust im-

mune response (2). 

 

Furthermore, the immunosuppressive microenvi-

ronment of the tumor can act as a significant barrier 

to T-cell infiltration, often leading to suboptimal 

therapeutic efficacy (2). Additionally, and im-

portantly, the observation of severe side effects, 

such as cytokine release syndrome (CRS) and neu-

rotoxicity, raises concerns about the safety of CAR-

T-cell therapy (3). 

 

Research continues with CAR-T-cell therapy to 

improve its efficacy and increase its usability, with 

a particular focus on optimizing CAR-T-cell de-

signs and exploring novel antigen targets. Another 

area of intense investigation is the combination of 

CAR-T-cell therapy with other approved treat-

ments, including chemotherapy and radiation, with 

the desired outcome of enhancing overall survival 

while mitigating adverse effects (3). 

 

Compared to other immunotherapeutic strategies, 

CAR-T-cell therapy offers advantages, particularly 

because of its ability to maintain an antitumour re-

sponse. However, the use of CAR-T-cell therapy 

must be carefully considered over traditional thera-

pies, such as monoclonal antibodies and immune 

checkpoint inhibitors. These considerations include 

both scientific, e.g., different risk profiles and 

mechanisms of action, and real-world issues, e.g., 

manufacturing processes, costings, and time con-

straints to treatment (1). 

 

Overall, CAR-T-cell therapy offers hope for pa-

tients with hematological malignancies, as it has 

the potential to be useful for extending into solid 

tumors. However, its utility is fraught with chal-

lenges that require further research and a deeper 

understanding of its mechanism of action. 

 

This review explored the current understanding of 

CAR-T-cell therapy mechanisms and their role in 

treating hematopoietic malignancies and solid tu-

mors. Finally, future research directions and poten-

tial expansions of CAR-T-cell applications are dis-

cussed. 

 

Overview of CAR-T-cell therapy and mecha-

nism of action 

The generation of CAR-T cells involves the genetic 

engineering of a patient’s own T cells to express 

CARs, which are synthetic receptors designed to 

recognize specific TAAs that are expressed on the 

outer membrane of cancer cells. 

 

CAR structures consist of an extracellular antigen 

recognition domain, often derived from a single-

chain variable fragment (scFv) of an antibody, a 

transmembrane domain, and intracellular signaling 

domains that activate T-cell functions upon antigen 

binding. This configuration allows CAR-T cells to 

AJMCRR, 2025                                                                                                                                                            Volume 4 | Issue 1 | 3 of 17 



be MHC independent, increasing their ability to 

target tumor cells and, importantly, to remain effec-

tive against tumors that downregulate MHC expres-

sion to evade immune detection (4). 

 

Upon encountering TAAs, CAR binds to the anti-

gen and triggers a cascade of intracellular signaling 

pathways that leads to T-cell activation and the re-

lease of cytotoxic molecules, such as perforin and 

granzymes, which activate the apoptotic pathway in 

the target cell. The incorporation of costimulatory 

domains within the CAR structure enhances CAR 

activity by providing additional signals that im-

prove T-cell function and survival. Moreover, in-

corporating signaling domains into CAR constructs 

has been shown to enhance T-cell expansion and 

efficacy against hematological malignancies. Inter-

estingly, studies have shown that the absence of 

these costimulatory signals can lead to T-cell ex-

haustion and reduced efficacy, emphasizing the im-

portance of a well-designed CAR construct that can 

effectively engage both T cells and the TME (5). 

 

Recognition of TAAs by CAR-T cells leads to the 

release of cytokines, particularly interferon-gamma 

(IFN-γ), which are critical for CAR-T-cell-

mediated myeloid activation and the induction of 

endogenous immunity. This cytokine activation is 

vital for enhancing the antitumour effects of CAR-

T cells in solid tumors such as glioblastoma (6). 

This is clinically supported, as CAR-T-cell re-

sponses are associated with increased inflammatory 

cytokines and activated endogenous immune cells 

(6, 7). 

 

Cytokine production is dependent not only on the 

CAR-T cells themselves but also on their interac-

tions with the TME. This interplay between CAR-T 

cells and the TME is crucial because while it can 

increase the efficacy of treatment, it can also in-

crease the potential for adverse effects, such as 

CRS. CRS, in which excessive cytokines, particu-

larly IL-6 and TNF-α, are released, can lead to se-

vere systemic toxicity (8). 

 

In addition to the impact of CAR-T cells on tumor 

cells, they can also activate bystander T cells and 

other immune cells within the TME, leading to an 

increased antitumor impact. This is particularly rel-

evant in relation to solid tumors, where the TME 

can be immunosuppressive. The ability of CAR-T 

cells to reshape the TME by promoting the activa-

tion of endogenous immune cells is a promising 

area of research that could enhance the efficacy of 

CAR-T-cell therapies in previously resistant tumors 

(9). 

 

Clinical application of CAR-T-cell therapy in 

hematological malignancies and solid tumors 

The treatment of hematological malignancies, in-

cluding various forms of leukemia and lymphoma, 

has been transformed thanks to CAR-T-cell thera-

py. The FDA has approved several CAR-T-cell 

products for specific indications, primarily focusing 

on relapsed or refractory hematological malignan-

cies. 

 

The most notable CAR-T-cell products currently 

approved by the FDA include tisagenlecleucel 

(Kymriah) and axicabtagene ciloleucel (Yescarta), 

both of which target CD19 in B-cell malignancies. 

 

Tisagenlecleucel is indicated for pediatric and 

young adult patients with ALL and for adult pa-

tients with relapsed or refractory DLBCL. Axi-

cabtagene ciloleucel is approved for adult patients 

with DLBCL who have not responded to two or 

more lines of systemic therapy (10). Clinical trials 
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of these treatments have consistently demonstrated substantial improvements in overall survival (OS) 

and progression-free survival (PFS) in patients with refractory B-cell malignancies (Table 2). 

Table 2: FDA-approved CAR-T-cell therapies and their clinical trial outcomes for relapsed or refracto-

ry cancers, including response rates and survival improvements (R/R = relapsed or refractory, ALL = 

acute lymphoblastic leukemia, LBCL = large B-cell lymphoma, MCL = mantle cell lymphoma, MM = 

multiple myeloma) (11-18). 

CAR T-Cell Therapy 
Indication (R/R 

Cancer Type) 

Overall Re-
sponse Rate 

(ORR) 

Complete Re-
sponse Rate 

(CRR) 

Progression-
Free Survival 

(PFS) 

Overall Surviv-
al (OS) 

Kymriah 
(Tisagenlecleucel) 

R/R ALL 
(pediatric) 

81% 60% N/D N/D 

R/R LBCL 52% 40%  6.8 months 
Median: 12.1 

months 

Yescarta (Axicabtagene 
Ciloleucel) 

R/R LBCL 82% 54% N/D 
52% at 18 

months 

Tecartus (Brexucabtagene 
Autoleucel) 

R/R MCL 93% 67% 18.5 months 
 Median OS: 39 

months 

Breyanzi (Lisocabtagene 
Maraleucel) 

R/R LBCL 73% 53% 6.8 months 
60% at 12 

months 

Carvykti (Ciltacabtagene 
Autoleucel) 

R/R MM (heavily 
pretreated pa-

tients) 
97% 67% 24 months N/D 

Abecma (Idecabtagene 
Vicleucel) 

R/R MM (after 
at least 3 prior 
lines of thera-

py) 

73% 33% 8.8 months 
 Median OS: 
19.4 months 

Furthermore, the integration of CAR-T-cell thera-

py into treatment regimens has been associated 

with improved leukemia-free survival (LFS) and 

OS rates, particularly when CAR-T-cell therapy is 

used as a bridging therapy prior to hematopoietic 

stem cell transplantation (HSCT) (19). 

 

While CAR-T-cell therapy has revolutionized the 

treatment landscape for hematological malignan-

cies, this success has not translated to solid tumors 

due to significant challenges. There have been lim-

ited achievements. Recently, the first in trial of a 

CAR-T therapy directed at prostate stem cell anti-

gen (PSCA) resulted in PSA falls in around 30% 

of men with metastatic castrate resistant prostate 

cancer (20). Additionally, GD2-specific CAR-T 

cells have shown encouraging results in pediatric 

patients with H3k27m-mutated diffuse midline gli-

omas, indicating the feasibility of this approach in 

challenging neuroanatomical locations (21). Larger 

studies have revealed significant antitumour ef-

fects of GD2-specific CARs in patients with neu-

roblastoma (22) and claudin 18.2-targeted CAR-T 

cells in patients with gastrointestinal tumors (23), 

with efficacy observations equivalent to those of 

CD19-targeted CAR-T cells in lymphoma. 

 

Research into solid tumors continues, particularly 

in the preclinical setting. For example, anti-CD70 

and anti-B7-H3 CAR-T cells have demonstrated 
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efficacy in preclinical models of Clear Cell Renal 

Cell Carcinoma and osteosarcoma respectively (24, 

25).  

 

One reason for the difficulty in targeting solid tu-

mors with CAR-T cells lies in the identification of 

suitable TAAs that are solely present or expressed 

at high levels on tumor cells compared to those in 

normal tissues. This approach is important for pre-

venting on-target, off-tumor toxicity, which can 

lead to severe adverse effects (26). For example, 

while mesothelin is a promising target in pancreatic 

cancer, it is expressed in normal tissues, raising 

concerns about potential off-tumor toxicity (26, 

27). 

 

Furthermore, the issue of antigen heterogeneity 

poses a significant challenge. In hematological ma-

lignancies, target antigens are often uniformly ex-

pressed on malignant cells. However, solid tumors 

frequently exhibit heterogeneous expression of an-

tigens between tumor cells. This variability can 

lead to tumor escape mechanisms, where subpopu-

lations of tumor cells that do not express the target 

antigen survive and proliferate, ultimately leading 

to treatment resistance. To counteract this, strate-

gies such as dual-target CAR-T cells have been 

proposed that aim to target multiple antigens simul-

taneously, thereby reducing the likelihood of tumor 

escape (28). 

 

The TME presents another challenge in solid tu-

mors. The TME is often characterized by immuno-

suppressive factors, such as regulatory T cells, my-

eloid-derived suppressor cells, and various inhibito-

ry cytokines, that can dampen the activity of CAR-

T cells . For example, the presence of programmed 

death-ligand 1 (PD-L1) in the TME can lead to T-

cell exhaustion and reduced efficacy of CAR-T-cell 

therapy. To counteract these effects, researchers are 

investigating the addition of a PD-L1 chimeric 

costimulatory receptor, which has shown promise 

in improving the efficacy of CAR-T cells against 

PD-L1-positive solid tumors (29). 

 

In addition to these strategies, the combination of 

oncolytic viruses and other immunotherapeutic 

agents with CAR-T-cell therapy has emerged as a 

promising approach to enhance the treatment effi-

cacy in solid tumors. Oncolytic viruses can selec-

tively infect and lyse tumor cells, potentially deliv-

ering CAR targets directly to the tumor site and en-

hancing the overall immune response (30). This 

combinatorial approach may help to overcome the 

barriers presented by the TME and improve the per-

sistence and activity of CAR-T cells within solid 

tumors. 

 

Overall, while CAR-T-cell therapy has shown suc-

cess in treating hematological malignancies, its po-

tential use in treating solid tumors remains unclear. 

 

Combination therapies 

To address the treatment limits in solid tumors and 

to improve hematological malignancy outcomes, 

researchers have started to investigate combination 

therapies that involve CAR-T-cell therapy with oth-

er treatment types. 

 

One obvious strategy involves combining CAR-T-

cell therapy with traditional treatments such as 

chemotherapy and radiotherapy. 

 

Radiotherapy has the added ability to modify the 

tumor microenvironment and enhance local inflam-

matory responses, increasing the viability of CAR-

T cells (31). For example, in pancreatic cancer, pro-

ton radiation increased the tumor expression of 
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mesothelin and modulated the immunosuppressive 

TME, leading to an improved antitumor response 

by CAR-T-cell therapy (32). Similarly, the use of 

radiotherapy prior to CAR-T-cell infusion im-

proved the treatment efficacy in patients with re-

lapsed or refractory B-cell non-Hodgkin lymphoma 

(33). 

 

Likewise, chemotherapy used in conjunction with 

CAR-T-cell therapy has shown improved out-

comes. For example, preconditioning the TME with 

lymphodepleting chemotherapies, such as cyclo-

phosphamide and fludarabine, can significantly im-

prove CAR-T-cell engraftment and overall patient 

outcomes (34). However, these same chemothera-

pies have also been shown to impair CAR-T-cell 

functionality by inducing programmed cell death 

and decreasing durability (35). This is a major issue 

given that rapid expansion and proliferation of 

CAR-T cells postinfusion are crucial for a success-

ful therapeutic response. Other chemotherapies 

have been investigated; for example, the use of tar-

geted drugs such as venetoclax, a BCL2 inhibitor, 

has been shown to enhance the cytotoxic effects of 

CAR-T cells against malignant B cells (36). 

 

The presence of immune checkpoints, such as PD-1 

and PD-L1, can inhibit T-cell function and reduce 

therapeutic efficacy. Therefore, combinations of 

CAR-T cells with immunomodulatory agents, such 

as checkpoint inhibitors, have been studied. Block-

ing PD-1/PD-L1 interactions has been shown to 

increase CAR-T-cell efficacy. GD2-specific CAR-

T cells exhibit improved activation and reduced 

activation-induced cell death when combined with 

anti-PD-1 monoclonal antibodies (37). Further-

more, CAR-T cells engineered to secrete bispecific 

proteins targeting both PD-1 and TGF-β have 

shown greater antitumour effects than conventional 

CAR-T cells. This approach not only blocks the PD

-1/PD-L1 interaction but also decreases the immu-

nosuppressive effects of TGF-β, thereby improving 

the immune response against tumors (38). 

 

The combination of CAR-T-cell therapy with other 

targeted therapies has also shown promise (Table 

3). For example, the use of ibrutinib, which irre-

versibly binds the protein Bruton's tyrosine kinase, 

has been reported to enhance the efficacy of anti-

CD19 CAR-T-cell therapy in patients with refracto-

ry mantle cell lymphoma (39), a distinct subtype of 

B-cell non-Hodgkin lymphoma. This combination 

not only improves therapeutic efficacy but also 

modifies the tumor microenvironment, increasing 

CAR-T-cell efficacy. Similarly, lenalidomide has 

been shown to enhance the efficacy of anti-B-cell 

maturation antigen (BCMA) CAR-T-cell therapy in 

multiple myeloma, indicating that targeted thera-

pies can play a crucial role in optimizing CAR-T-

cell treatments (40). 

 

 

 

 

 

 

 

 

 

Combined Therapy Type Indications 
(Cancer Types) 

Mechanism of Action/Goal Combination Rationale 

Chemotherapy (e.g., 
Fludarabine, Cyclophos-

phamide) 

R/R ALL, R/R 
LBCL 

Immunosuppression to en-
hance CAR T expansion and 

persistence. 

Lymphodepletion before 
CAR T-cell infusion to en-

hance engraftment and 
expansion. 

Immune Checkpoint In-
hibitors (e.g., Pembroli-

zumab, Nivolumab) 

R/R Hodgkin Lym-
phoma, R/R LBCL 

Block inhibitory pathways 
(PD-1/PD-L1) to enhance 

CAR T-cell activity. 

Reversal of tumor-induced 
immunosuppression, syner-

gistic activation of CAR T 
cells. 

Targeted Drugs (e.g., 
Ibrutinib, Venetoclax) 

R/R CLL, R/R ALL, 
R/R LBCL 

Target B-cell receptor or 
apoptosis pathways in can-

cer cells. 

Enhance CAR T-cell effica-
cy by depleting cancer cells 

or modulating microenvi-
ronment. 
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Table 3: Types of combined therapy combined with CAR-T-cell therapy in cancer treatment (R/R = re-

lapsed or refractory, ALL = acute lymphoblastic leukemia, DLBCL = diffuse large B-cell lymphoma, 

MM = multiple myeloma) (11-13, 16, 41-49). 

Radiotherapy R/R LBCL, R/R 
Hodgkin Lympho-

ma 

Direct tumor reduction and 
increased tumor antigen 

release. 

Increases antigen release, 
improves CAR T-cell tar-

geting, and reduces tumor 
burden. 

Stem Cell Transplanta-
tion (HSCT) 

R/R LBCL, R/R 
Multiple Myeloma 

Replace bone marrow or 
provide immunological sup-

port post-CAR T. 

Enhance long-term remis-
sion or consolidation after 

CAR T-cell therapy. 
Biomarkers (e.g., CD19, 

BCMA) 
ALL, LBCL, Multi-

ple Myeloma 
Guide therapy by identifying 
target antigens expressed 

on cancer cells. 

Target-specific antigens on 
cancer cells for precision 

therapy. 
Personalized Medicine 
(e.g., Genetic Editing, 

Neoantigen TCRs) 

Multiple types of 
cancer (solid tu-

mors, hematolog-
ic) 

Customized CAR T cells 
based on patient's genetic/

immune profile. 

Tailoring CAR T-cell thera-
py to individual tumor pro-
files to improve efficacy. 

Challenges, Limitations and Side Effects 

Despite the promising utility of CAR-T-cell thera-

py, challenges, limitations, and side effects contin-

ue to exist that can impact patient outcomes, some 

of which have already been touched upon in this 

review. 

 

The manufacturing process of CAR-T cells is com-

plex and time-consuming and requires specialized 

facilities and expertise. The process begins with 

leukapheresis, where T cells are extracted from the 

patient, followed by genetic modification to ex-

press CARs that target specific tumor antigens. 

This ex vivo manipulation not only is labor inten-

sive but also subject to variability in T-cell quality 

and quantity, which can impact therapeutic effica-

cy. The need for personalized manufacturing fur-

ther complicates logistics, as each batch of CAR-T 

cells is tailored to individual patients, leading to 

increased costs and resource utilization (50). Each 

of these steps can lead to a lengthy manufacturing 

process and delay treatment, potentially allowing 

the disease to progress. Furthermore, the accessi-

bility of CAR-T-cell therapies is limited, particu-

larly in regions where specialized manufacturing 

facilities are unavailable. Additionally, the high 

costs associated with CAR-T-cell manufacturing 

and treatment can further limit patient access, par-

ticularly in healthcare systems with limited insur-

ance coverage. Efforts to streamline the manufac-

turing process and reduce costs are continuing, 

with the hope that technological advancements will 

make CAR-T-cell therapies more accessible to a 

broader patient population. 

 

The criteria for patient selection are also critical in 

determining treatment outcomes. CAR-T-cell ther-

apy efficacy must be affected by numerous factors, 

including age, general health, and disease stage, to 

ensure the best outcomes. For example, patients 

with a high tumor burden or who have undergone 

multiple lines of therapy may have a suppressed 

response to CAR-T-cell therapy (51). Furthermore, 

patients with coexisting medical conditions may be 

at higher risk of adverse effects, such as CRS and 

neurotoxicity. Identifying patients at high risk is 

essential, as certain baseline characteristics, such as 

complications related to the nervous system during 

the disease course, have been associated with in-

creased rates of CNS relapse after CAR-T-cell 

therapy (51). Therefore, careful patient selection is 

important to ensure maximum benefits from CAR-

T-cell therapy while minimizing risks. 
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CAR-T-cell persistence and longevity are other im-

portant factors that influence treatment efficacy. 

Recent evidence suggests that the over expression 

of the transcription factor FOXO1 can enhance the 

stemness and metabolic fitness of CAR T cells, im-

proving it’s their efficacy and persistence (52). 

However, while CAR-T-cell expansion postinfu-

sion is essential for a therapeutic response, recent 

studies suggest that long-term persistence may not 

be necessary for maintaining remission in subsets 

of patients. For example, while some patients bene-

fit from maintaining CAR-T-cell presence, remis-

sion has been observed in patients with only transi-

ent CAR-T-cell activity, indicating an interplay be-

tween CAR-T-cell dynamics and patient-specific 

factors (53, 54).  

 

CAR-T-cell persistence, the ability of CAR-T cells 

to survive and remain functional within the host 

over time, can be affected by various factors, in-

cluding the TME and the immunogenicity of the 

CAR construct itself. For example, CAR-T cells 

targeting BCMA in multiple myeloma patients 

have demonstrated limited persistence, contributing 

to relapse (50). Strategies to increase CAR-T-cell 

longevity, such as the use of cytokines, e.g. IL-15, 

have shown promise in preclinical studies (55). 

 

T-cell exhaustion is another concern that limits the 

effectiveness of CAR-T-cell therapy. This occurs 

when T cells become functionally impaired due to 

continuous stimulation by tumor antigens, which 

leads to reduced cytokine production and prolifera-

tive capabilities. Strategies to overcome this ex-

haustion include CAR-T-cell engineering to ex-

press costimulatory molecules or checkpoint inhibi-

tors to reinvigorate exhausted T cells (56). 

 

The issue of antigen escape and relapse represents 

another limitation of CAR-T-cell therapy. Antigen 

escape occurs when tumor cells lose the targeted 

antigen, rendering CAR-T-cell therapy ineffective. 

This has been observed in patients treated with 

CD19-targeted CAR-T-cell therapy, where relapses 

were attributed to the emergence of CD19-negative 

tumor variants (57). To overcome this problem, 

bispecific CAR-T cells that target multiple antigens 

simultaneously, thereby reducing the likelihood of 

antigen escape, are being tested, as are other strate-

gies, including combining CAR-T cells with TCR-

engineered T cells (58). 

 

Side effects associated with CAR-T-cell therapy, 

particularly CRS and neurotoxicity, pose signifi-

cant challenges to patient management and out-

come. CRS is characterized by an inflammatory 

response that is triggered by the activation and pro-

liferation of CAR-T cells, leading to increased pro-

inflammatory cytokine levels. CRS symptoms can 

range from mild flu-like symptoms to severe com-

plications such as multiorgan failure. Tocilizumab, 

an IL-6 receptor antagonist, has been shown to ef-

fectively treat severe CRS (59). 

 

Neurotoxicity, also known as immune effector cell-

associated neurotoxicity syndrome (ICANS), is 

caused by a mechanism that is not completely un-

derstood; can manifest as confusion, seizures, or 

even encephalopathy; and is often linked to the 

presence of CAR-T cells in the central nervous sys-

tem (60). Vigilant monitoring and early interven-

tion are crucial for managing adverse effects. On-

going research is focused on identifying biomarkers 

that could predict susceptibility to CRS and neuro-

toxicity. 

 

Furthermore, the long-term safety and quality of 

life implications of CAR-T-cell therapy are not 
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well understood, and studies investigating patient-

reported outcomes are lacking. Addressing these 

gaps will be crucial for the continued development 

and refinement of CAR-T-cell therapies. 

 

Future prospects and research gaps 

The future of CAR-T-cell therapy will focus on en-

hancing the successes observed in patients with he-

matological malignancies and translating these 

achievements into solid tumors while advancing the 

manufacturing process to increase the accessibility 

of the technology. To do this, novel research must 

be carried out to improve CAR-T-cell therapy effi-

cacy. 

 

One avenue involves the exploration of CAR-T-cell 

dynamics through modeling and simulation studies. 

These studies are crucial for understanding the in-

teractions between CAR-T cells and the immuno-

suppressive capability of the TME. Recent ad-

vancements in computational modeling have al-

lowed simulation of CAR-T-cell behaviors in vari-

ous tumor settings, providing suggestive optimal 

dosing regimens and timings for CAR-T-cell ad-

ministration (61). These models can also help pre-

dict patient-specific responses, depending on the 

tumor burden and CAR-T-cell expansion kinetics, 

for the best personalized treatment strategies. 

 

An area of continuous research is on the novel de-

sign of CAR constructs that enhance the efficacy of 

CAR-T cells. While traditional CARs primarily tar-

get CD19, there is growing interest in developing 

multispecific CARs that can target multiple anti-

gens and thus improve tumor recognition while re-

ducing tumor escape (62, 63). For example, the de-

velopment of tandem CARs that target both folate 

receptor 1 (FOLR1) and mesothelin has shown 

promise in preclinical models of ovarian cancer, 

demonstrating enhanced antitumour effects (63). 

Furthermore, the incorporation of costimulatory 

domains, such as 4-1BB, into CAR constructs has 

been shown to improve T-cell survival and function 

within the hostile TME (62). Moreover, engineer-

ing CAR-T cells to secrete immunomodulatory cy-

tokines has emerged as a strategy to enhance their 

antitumour efficacy. For instance, the development 

of CAR-T cells that secrete IL-7, CCL19, and IL-

12 has shown potential in targeting malignant solid 

tumors, as these cytokines can help to recruit and 

activate additional immune cells within the TME 

(64). 

 

Another area of interest is the use of oncolytic vi-

ruses in combination with CAR-T-cell therapy. 

These viruses selectively infect and lyse tumor cells 

while also stimulating an immune response. This 

potential combination may enhance therapeutic ef-

ficacy in solid tumors by providing a more robust 

antitumour immune response (65, 66). 

 

Interestingly, the role of the microbiome in modu-

lating the immune response to CAR-T-cell therapy 

is also being investigated. Preliminary studies have 

suggested that the gut microbiota composition may 

influence the efficacy and toxicity of CAR-T-cell 

therapy, indicating that modulation of the microbi-

ome could be an additional targeting strategy to en-

hance treatment outcomes (67). Additionally, the 

gut microbiota has been implicated in modulating 

therapeutic responses, suggesting that microbiota 

signatures may serve as predictive indicators (68). 

 

One area of urgent need is the identification of bi-

omarkers that can predict patient responses to CAR

-T-cell therapy. Current studies have shown varia-

bility in treatment outcomes based on factors such 

as tumor burden and CAR-T-cell expansion kinet-
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ics, but standardized biomarkers are lacking (69). 

However, there is ongoing work in the field to 

identify potential biomarkers. For instance, prein-

fusion characteristics such as red blood cell distri-

bution width has been associated with treatment 

outcomes in DLBCL patients (70). Moreover, tu-

mor-intrinsic factors, such as CD21 expression lev-

els, have been shown to influence responses to 

CD19-targeted CAR-T-cell therapy (71). Other 

studies have highlighted the importance of moni-

toring circulating tumor DNA (ctDNA) and te-

lomerase activity as potential biomarkers for pre-

dicting treatment outcomes and personalizing ther-

apy (72). 

 

Taking a wider view of all publicly available data 

is also important for understanding the impact of 

CAR-T-cell therapy. The use of large datasets and 

real-world evidence is important for improving 

CAR-T-cell therapy protocols, as they provide in-

sights that extend beyond controlled clinical trials. 

A large dataset allows researchers to identify pat-

terns and outcomes that can guide the clinical deci-

sion-making process. For example, in Germany, an 

analysis of real-world outcomes for CAR-T-cell 

therapies highlighted the long-term remission 

achieved by patients, with some enduring for more 

than 9 years, highlighting the importance of RWE 

in assessing the effectiveness of CAR-T-cell thera-

py in diverse patient populations, which may differ 

significantly from those in clinical trials (73). 

 

Moreover, the latest RWE indicates that therapies 

for DLBCL and MM not only improve patient out-

comes but also enhance health-related quality of 

life (74). This is important because it challenges 

the traditional treatment paradigm, suggesting that 

CAR-T-cell therapy can be a viable option, even in 

patients previously deemed untreatable. 

RWE can also be used to highlight the safety pro-

file of CAR-T cells. For example, a lower inci-

dence of severe CRS was reported in a real-world 

study than in pivotal trials, suggesting that patient 

selection and management strategies in clinical 

practice can influence outcomes (75). Furthermore, 

RWE can help in identifying potential predictive 

biomarkers associated with severe CRS, allowing 

for the implementation of early intervention strate-

gies. 

 

Conclusion 

CAR-T-cell therapy has significantly improved the 

treatment of hematological malignancies, demon-

strating remarkable efficacy in patients with condi-

tions such as ALL and DLBCL. This has been 

proven with FDA-approved products, such as 

tisagenlecleucel and axicabtagene ciloleucel, which 

have improved overall and progression-free surviv-

al rates. However, the translation of CAR-T-cell 

therapy to solid tumors is fraught with various 

challenges, including antigen heterogeneity, the 

immunosuppressive tumor microenvironment, and 

the risk of on-target, off-tumor toxicity. While 

promising results have emerged from individual 

case studies and preclinical models, the overall ef-

ficacy of these methods in solid tumors is still lim-

ited. 

 

However, combination therapies represent a prom-

ising avenue for improving the efficacy of CAR-T-

cell therapy in both hematological and solid tu-

mors. The integration of CAR-T-cell therapy with 

traditional treatments, immunomodulatory agents, 

and targeted therapies has shown potential for im-

proving patient outcomes. 

 

Challenges, such as the complexity of CAR-T-cell 

manufacturing, patient selection criteria, and the 
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management of side effects such as CRS and neuro-

toxicity, must be addressed to optimize treatment 

protocols. 

 

Moving forward, future research must focus on 

overcoming these barriers through innovative strat-

egies, such as dual-target CAR-T cells, combina-

tion therapies with traditional treatments, and the 

integration of oncolytic viruses. Additionally, en-

hancing CAR-T-cell persistence and functionality, 

in addition to identifying predictive biomarkers for 

patient response, will be crucial for optimizing 

treatment outcomes. As the field evolves, the poten-

tial for CAR-T-cell therapy to revolutionize cancer 

treatment across various malignancies remains a 

compelling prospect, warranting continued explora-

tion and investment. 
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