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Li et al.: Targeted Therapy with T-Cell Immunotherapy in Tumors

T-cell therapy has changed the treatment landscape for both haematological malignancies and 
solid tumors, achieving breakthroughs in areas such as relapsed/refractory acute lymphoblastic 
leukaemia, lymphoma, multiple myeloma, and melanoma. However, T-cell therapy still faces several 
limitations, including off-target effects, tumour antigen escape, and the immunosuppressive tumor 
microenvironment. Serious adverse reactions induced by T-cell therapy, such as cytokine release 
syndrome, immune effector cell-associated neurotoxicity syndrome, and immunologic escape 
leading to drug resistance and relapse, should also be addressed. Exploring new combination 
therapy approaches is considered an effective strategy to further enhance the anti-tumor effects 
of T-cell therapy. Chimeric antigen receptor T-cell therapy and T-cell receptor-engineered T-cell 
therapy are two directions of T-cell therapy. Tyrosine kinase inhibitors, immune checkpoint 
inhibitors, monoclonal antibodies, and other targeted therapeutic drugs have been shown to have 
synergistic effects with T-cell therapy while reducing adverse reactions. Therefore, this article will 
review the combination therapy models of various targeted therapeutic drugs and T-cell therapy 
from the perspectives of chimeric antigen receptor T-cell therapy and T-cell receptor-engineered 
T-cell therapy, aiming to provide references for the basic research and quality control of T-cell 
immunotherapy.
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Tumors are a disease that seriously endangers 
human physiological and psychological health, 
and malignant tumors have developed into one of 
the serious public health problems that seriously 
affect social development[1]. Malignant tumors 
cause serious harm to the body, leading to organ 
dysfunction or even failure, seriously affecting 
quality of life and survival time[2]. In recent years, T 
cell immunotherapy has made significant progress in 
targeting various types of malignant tumors. T cells, 
as a type of white blood cell in the immune system, 
have the ability to recognize and attack tumor cells[3,4]. 
At the same time, T cells are an important part of 
the Tumor Microenvironment (TME) and play an 
indispensable role in killing tumors[5,6]. T cell therapy 
enhances the immune system's ability to recognize 
and attack cancer cells but faces challenges such as 
TME suppression, T cell functional exhaustion, and 

side effects in practical applications[7]. Combination 
therapy with drugs can improve efficacy by 
enhancing T cell activity, overcoming the TME, 
reducing adverse reactions, and enhancing T cell 
persistence[8,9]. Researchers are exploring combining 
T cell therapy with immune checkpoint inhibitors, 
tumor vaccines, targeted therapies, chemotherapy, 
radiotherapy, small molecule drugs, metabolic 
regulators, and gene editing techniques to enhance 
T cell anti-tumor functions[10]. To enable T cells to 
accurately identify tumor antigens and exert immune 
effects persistently, researchers have developed 
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Fig. 1: Immunotherapeutic process of recurrent or refractory haematological malignancies (Programmed cell death 1 ligand 1, PD-
L1; recombinant signalling lymphocytic activation molecule family-member 7, SLAMF7). Wilms' tumor gene 1, WT-1; Melanoma 
antigen-encoding, MAGE; Recombinant X-Box Binding Protein 1, XBP1; chimeric antigen receptor T-cell immunotherapy, CAR; 
B cell maturation antigen, BCMA )

contains only CD3 or FcR signalling domains[14]. 
Although the majority of CAR-T cells exert biological 
effects through dependence on the Immune Receptor 
Tyrosine-Based Activation Motif (ITAM) derived 
from Cluster of Differentiation (CD) 3, a single CD3 
signalling domain seems insufficient to unleash the 
potent anti-tumor effects of CAR-T[15]. The second-
generation CARs incorporate CD28 and CD137 
co-stimulatory domains, demonstrating robust 
therapeutic effects in hematologic malignancies 
and showing some efficacy in solid tumors such 
as glioblastoma and advanced sarcoma[16]. To 
effectively utilize the biological effects of different 
co-stimulatory domains, the third-generation CAR 
combines CD137 and CD28 in the intracellular 
segment to promote their differentiation into central 
memory T cells, enhance CAR-T cell proliferation, 
and improve anti-tumor activity[17]. The fourth-
generation CAR-T, building upon the third 
generation, utilizes genetic engineering to fuse the 
single-chain variable fragment recognizing the target 
antigen with spacers, transmembrane motifs, and T 
cell activation motifs, and incorporates an inducible 
Interleukin (IL)-12 gene, endowing CAR-T cells 
with dual anti-cancer activity induced by CAR-T 
cells and IL-12[18]. In addition to enhancing CAR-T 
cell activation via autocrine secretion, IL-12 can 
attract and activate innate immune cells via paracrine 
secretion, after which the recombinant genes are 
transduced into T cells, enabling them to selectively 
kill target cells. In summary, the efficacy mechanism 
of CAR-T involves steps such as specific antigen 
recognition, T cell activation, tumor cell killing, and 
immunological memory effects, making it an effective 
immunotherapy for cancer. The immunological 
process is depicted in fig. 1.

Chimeric Antigen Receptor T cell (CAR-T) Therapy 
and T Cell Receptor-Gene Engineered T Cell 
(TCR-T) therapy. Future research will continue 
to explore various combination strategies to find 
the optimal treatment regimen. This paper briefly 
reviews the mechanisms and clinical applications 
of targeted drug therapy combined with T cell 
therapy.

CAR-T

Structure and Principles of CAR-T:

CAR-T is a genetic engineering technology, through 
the introduction of chimeric antigen receptor (CAR) 
genes with specific antigen recognition function into 
the body’s own T-cells, so that they can acquire the 
ability to recognise and attack specific antigens[11]. 
CAR is a synthetic hybrid receptor generated through 
genetic engineering, comprising an extracellular 
antigen-binding domain consisting of a single-
chain Variable Fragment (scFV) of an antibody, a 
hinge, a transmembrane domain, and intracellular 
signalling domains[12]. The antigen-binding domain, 
located extracellularly, is connected to the internal 
domains via a glycine-serine flexible linker peptide 
forming the scFv. This flexible linker peptide utilizes 
glycine to increase the spatial flexibility of the 
scFv, while serine residues enhance the solubility 
of the tightly folded scFv, facilitating recognition 
and binding of cancer cell surface antigens to exert 
cytotoxic effects[13]. Therefore, CAR-T cells can 
exert cytotoxic effects without the need for the Major 
Histocompatibility Complex (MHC) pathway.

The intracellular signalling domain is a crucial 
component for the efficacy of CAR-T therapy. The 
first-generation CAR intracellular signalling domain 
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CAR-T proliferation and the reduction of Granzyme 
B and Interferon-Gamma (IFN-γ) levels still warrant 
attention. Therefore, ruxolitinib is not recommended 
for people with poor CAR-T expansion. Moreover, 
potential complications such as thrombocytopenia 
and bleeding risk during ruxolitinib treatment should 
also be considered.

Mechanistic Target of Rapamycin (mTOR) is 
involved in the regulation of T cells including 
development, activation, and migration. In T cell 
differentiation, mTOR is a regulator of memory 
CD8 T cell differentiation, and inhibition of mTOR 
activity significantly increases the generation of 
memory T cells. In CD4+ T cells, mTOR signalling 
activation promotes the differentiation of Th1, Th2, 
and Th17 cells and inhibits the differentiation of Treg 
cells. Food and Drug Administration (FDA) approved 
mTOR inhibitors include rapamycin, everolimus, 
and temsirolimus. Leclercq et al.[24] demonstrated 
in a lymphoma mouse model that mTOR inhibitors 
significantly reduced the release of cytokines by 
CD19-T cells without affecting their anti-tumor 
activity, suggesting that mTOR inhibitors are more 
suitable for preventing CRS compared to hormonal 
JAK inhibitors or Src inhibitors. 

Rapamycin is the earliest approved mTOR inhibitor. 
Besides its direct anti-tumor cell killing ability, it 
also inhibits the activation of T cells and B cells. 
Huye et al.[25] designed rapamycin-resistant CD19 
CAR-T and found that combination with rapamycin 
improved the killing of lymphoma and acute B-Cell 
Leukemia (B-ALL) tumor cells in vitro. Additionally, 
a team led by Wei Haiming from the University of 
Science and Technology of China reported that the 
TOR signal during CAR-T activation can down-
regulate the expression of CXCR4, impairing the 
migration ability of CAR-T. Pre-treatment with 
rapamycin enhances the bone marrow migration 
ability of CAR-T, enhancing the therapeutic effect[26]. 
In summary, the combination of mTOR inhibitors and 
CAR-T can effectively intervene in CRS reactions 
and enhance the anti-tumor ability of CAR-T.

Immune checkpoint inhibitors:

When immune checkpoints such as PD-1, PD-
L1, and CTLA-4 are blocked, T cells can more 
effectively exert their cytotoxic effects. Although 
CAR-T is not restricted by the MHC, enhancing 
the ability of CAR-T to resist tumor escape, 

Combination therapy of CAR-T with small molecule 
inhibitors:

Small molecule inhibitors, such as dasatinib, 
effectively inhibit T cell activation and are 
considered switches for controlling the activation 
of T cells and CAR-T. Studies have shown that 
the addition of dasatinib can induce CAR-T into a 
dormant state, inhibiting its proliferation and the 
release of inflammatory factors[19]. The team led by 
Katrin Mestermann found that dasatinib effectively 
controlled CRS reactions in mice after CD19, CAR-T 
infusion, increasing the survival rate from 25 % to 
70 %, confirming dasatinib as a reversible switch for 
CAR-T activity[20]. In addition to serving as a switch 
for CAR-T activation, adding dasatinib during 
CART preparation can help produce higher quality 
cells. Clinical trial results using CD5 CAR-T to treat 
Acute Lymphoblastic Leukemia (ALL) showed that 
the addition of imatinib and dasatinib during CART 
preparation enhanced the anti-tumor activity of CD5 
CAR-T by blocking tonic signals[21]. Other specific 
Src kinase inhibitors such as ponatinib and saracatinib 
can also strongly inhibit CAR-T cytotoxic activity 
by inhibiting the signalling pathway mediated by Src 
kinase.

Given the close association of the Janus Kinase 
(JAK)-Signal Transducer and Activator of 
Transcription (STAT) pathway with various cytokine 
signalling pathways, JAK inhibitors are believed 
to reduce the risk of CRS after CAR-T therapy. 
Over a dozen JAK inhibitors have been approved 
for marketing, including ruxolitinib and fedratinib. 
Kenderian et al.[22] first confirmed in an AML animal 
model that concomitant administration of ruxolitinib 
with CD123 CAR-T effectively reduced the release 
of inflammatory factors without affecting the anti-
leukaemia effect of CAR-T. Compared to the 
control group, the symptoms of weight loss in mice 
were improved, and survival rates were increased. 
Combination culture of ruxolitinib and CD19 CART 
in vitro inhibited the proliferation and expansion 
of CAR-T cells, but did not affect their cytotoxic 
function. Xu et al.[23] similarly confirmed that 
ruxolitinib temporarily inhibited CAR-T proliferation 
and cytotoxicity, and although the cytotoxic capacity 
of CAR-T was restored after ruxolitinib withdrawal, 
cytokine release capacity remained suppressed. 
Although ruxolitinib has been shown to reduce the risk 
of CRS after CAR-T therapy, its inhibitory effect on 
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3 were up-regulated, and inhibiting TIM-3 and PD-1 
increased the secretion of cytokines by CAR-T cells. 
Condomines et al.[30] utilized RNA interference 
technology to downregulate the expression of 
CTLA-4 on CD19CAR-T cells, resulting in enhanced 
proliferation and anti-tumor capabilities in vivo.

Monoclonal antibody drugs:

Blinatumomab is the first CD19/CD3 bispecific 
antibody that can simultaneously target CD19 on 
the surface of malignant proliferating B cells and 
CD3 on the surface of T cells. It is mainly used in 
the treatment of relapsed/refractory B-ALL. CD20 
is a differentiation antigen expressed by most B 
cells starting from the pre-B cell stage, making 
it a specific target for B-cell tumors. Rituximab 
(CD20 monoclonal antibody) is the first targeted 
monoclonal antibody drug used in cancer treatment, 
initially applied in the treatment of non-Hodgkin 
lymphoma and chronic lymphocytic leukaemia. 
Previous studies have suggested that rituximab can 
enhance the function of CD19 CAR-T cells and exert 
synergistic anti-tumor effects. This may be attributed 
to the effective enhancement of CAR-T cytotoxic 
activity by rituximab pre-treatment of tumor cells, as 
well as the effective reduction of CART exhaustion.

TCR-T

Mechanism of action of TCR-T:

TCR-T therapy is a form of cancer immunotherapy 
similar to CAR-T cell therapy, but it utilizes TCR 
instead of CAR[31]. T cells modified through genetic 
engineering carry TCRs on their surface, enabling 
them to recognize specific antigens present on the 
surface of tumor cells, such as Tumor-Associated 
Antigens (TAAs) or Tumor-Specific Antigens 
(TSAs)[32]. During the process of recognizing tumor 
antigens, TCR-T relies on the antigen presentation 
role of Antigen-Presenting Cells (APCs). Only when 
the antigen is processed by APCs to form an antigen-
MHC complex can it be recognized by TCR-T 
cells[33]. APCs recruit T cells and B cells to activate 
specific immune responses, regulating the intensity 
and nature of immune responses through complex 
intercellular interactions and cytokine networks (fig. 
2). The types of antigens that TCR-T can recognize 
include all HLA-I and II antigens that can be 
processed by APCs into MHC complexes, as well as 
antigens distributed on the cell membrane and within 
the cytoplasm[34].

overexpression of immune checkpoints in the 
tumor immunosuppressive microenvironment can 
still restrict the normal cytotoxicity of CAR-T. 
Persistent stimulation of tumor antigens can lead to 
CAR-T exhaustion through the overexpression of 
immune checkpoint molecules such as CTLA-4, PD-
1, and TIM-3, making the combination of immune 
checkpoint inhibitors a new option to improve the 
anti-tumor ability of CAR-T therapy. The main 
immune checkpoints currently under study include 
PD-1, CTLA-4, TIM-3, etc.

Under the persistent stimulation of tumor antigens, 
CAR-T overexpresses PD-1, leading to exhaustion 
and treatment failure. John et al.[27] first used PD-1 
antibodies in combination with CAR-T targeting 
human epidermal growth factor receptor 2 in a mouse 
breast cancer tumor model and found a significant 
increase in IFN-γ secretion in CAR-T cells. 
Meanwhile, the combined use of PD-1 antibodies 
reduced the proportion of Myeloid-Derived 
Suppressor Cells (MDSCs) in the TME. Cherkassky 
et al.[28] reported in 2016 that when the tumor burden 
was too high, mesothelin CAR-T became exhausted, 
but reactivation of CAR-T and restoration of its 
anti-tumor ability were achieved by using PD-1 
inhibitors. In addition to directly combining PD-1 
antibodies with CAR-T therapy, scholars have 
developed CAR-T cells that continuously secrete 
PD-1 antibodies using the non-viral vector piggy Bac 
transposon system. 

By constructing two recombinant plasmids encoding 
PD-1 and chimeric antigen receptors and then co-
transfecting T cells, in vivo CART achieved self-
amplification, with only mild adverse reactions 
such as grade 1 hypertension and fatigue. The 
combination of PD-1 inhibitors and CAR-T therapy 
can effectively improve CAR-T exhaustion, enhance 
T cell cytotoxicity and proliferation, reduce the 
immunosuppressive microenvironment, and thus 
enhance the efficacy of CAR-T.

In addition to PD-1, immune checkpoint pathways 
such as CTLA-4, TIM-3, and LAG-3 also affect 
the function of CAR-T cells, but research on the 
combination of these immune checkpoints with 
CAR-T is still in the experimental stage in vitro and 
in vivo. Liu et al.[29] reported that CAR-T cells with 
PD-1 or TIM-3 knockout exhibited stronger anti-
tumor effects both in vitro and in vivo. Kenderian 
et al.[22] similarly confirmed that after stimulating 
CAR-T with tumor antigens for 1 w, PD-1 and TIM-



www.ijpsonline.com

Indian Journal of Pharmaceutical Sciences 173July-August 2025

Fig. 2: Recruitment of T cells and B cells by APCs

in treating solid tumors.

cbased ex vivo engineered CAR-T or TCR-T 
technologies have the advantage of generating high 
levels of CAR or TCR encoded on the surface of 
effector cells, the engineered effector cells produced 
in this way are personalized cell therapy products 
that require extraction of T cells from people, and 
the manufacturing process is expensive and time-
consuming. To overcome these challenges, T 
cells targeted with mRNA encoding CAR or TCR 
can be administered intravenously in the form of 
nanoparticles, resulting in the generation of CAR or 
TCR-engineered T cells in vivo. Studies have injected 
nanoparticles carrying mRNA encoding CAR or 
TCR targeting T cells into mice, reprogramming 
circulating T cells to transiently express CAR or 
TCR, for the treatment of lymphoma, prostate 
cancer, and hepatitis B virus-induced hepatocellular 
carcinoma in mouse models[39]. Immune inhibitory 
cells such as Tregs and MDSCs in the TME secrete 
cytokines such as IL-10 and Transforming Growth 
Factor-Beta (TGF-β), which induce malignant tumor 
growth, migration, evasion of the immune system, 
and resistance to T cell killing, making it difficult for 
TCR-T to completely eliminate tumor cells[40]. The 
combination of immune checkpoint inhibitors with 
TCR-T has been shown to have clinical activity[41], 
but more extensive research results are awaited.

Clinical trials of TCR-T immunotherapy were first 
reported in 1998, but the number of clinical trials 

During the process of immune recognition, APCs 
recruit all co-stimulatory molecules associated with 
TCR, leading to stronger activation signals transmitted 
to T cells within the body[35]. TCR recognizes MHC-
peptide complexes presented on the cell surface 
after intracellular processing, thus TCR-T therapy 
can select tumor cell antigens as targets, expanding 
the range of antigen recognition[36]. Additionally, 
it can enhance the anti-tumor activity of T cells to 
achieve therapeutic goals. Treatment with tumor 
antigen-specific TCR-T cells has shown promising 
clinical activity in people with metastatic melanoma, 
as well as certain efficacy in cancers such as 
cholangiocarcinoma, renal cell carcinoma, colorectal 
cancer, and multiple myeloma[37]. MAGE-A4 
TCR-T cell therapy has demonstrated remission in 
five solid tumor indications (lung cancer, bladder 
cancer, gastric esophageal cancer, head and neck 
cancer, and ovarian cancer)[38]. TCR-T therapy shows 
unprecedented prospects in the treatment of solid 
tumors, becoming a highly promising therapeutic 
modality. Compared to other T cell therapies, the 
advantages of TCR-T cell immunotherapy mainly 
include the following aspects. Firstly, TCR-T can 
recognize TSAs or TAAs; secondly, the probability 
of severe cytokine release syndrome is lower. 
Additionally, TCR-T cell immunotherapy possesses 
immunological memory function and can survive in 
the body for a longer period. However, TCR-T cells 
lack homing receptors, resulting in few effector cells 
infiltrating tumor tissues, leading to limited efficacy 
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well as NK cells, macrophages, etc., but these studies 
are still in the early stages of clinical development, 
and more immunomodulatory drugs are urgently 
needed.
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increased significantly after MART-1-specific TCR-T 
cells were successfully used to treat melanoma in 
2006. Although TCR-T therapy based on TCR-
peptide/MHC interaction is the most common and 
widely used immunotherapy, other TCR-based 
immunotherapy strategies have also been explored in 
clinical trials. Fusion proteins composed of a soluble 
TCR on one end and an immune cell activation 
domain on the other have been studied in recent years. 
In 2022, the FDA approved Kimmtrak (tebentafusp-
tebn, IMC gp100) for the treatment of HLA-A*0201-
positive unrespectable or metastatic uveal melanoma 
in adults[42]. This is the first approved bispecific T 
cell engager therapy for solid tumors and the only 
approved therapy for unrespectable or metastatic 
uveal melanoma. Current research targets mainly 
include TAA targets such as NY-ESO-1[43], MAGE 
family proteins [44], and MART-1[45]. Afamitresgene 
autoleucel, for the treatment of advanced synovial 
sarcoma, has also received priority review 
qualification from the United States (US) FDA in 
January 2024 and is expected to become the first 
globally approved TCR-T cell therapy product for 
solid tumors. In addition, other HLA-A2-restricted 
gp100-specific TCs are also being investigated as 
candidate drugs for melanoma TCR-T cell therapy.

Although TCR-T has great potential in the treatment 
of solid tumors, there is currently a relative lack of 
literature on combination therapy with drugs. We 
believe this may be due to several reasons. First, 
compared to CAR-T cell therapy, clinical research 
and application of TCR-T cell therapy are relatively 
new, which may result in fewer studies and clinical 
practices on combination therapy with drugs. 
Secondly, the development and production of TCR-T 
cell therapy are relatively complex, and technical 
challenges such as finding appropriate tumor 
antigens, modifying TCRs of T cells, cell expansion, 
and quality control may slow down the research 
progress on combination therapy with drugs.

In summary, after modification of T cell surface 
receptors and intracellular domains, CAR-T and 
TCR-T can target and recognize tumor antigens, 
further amplifying immune activation signals and 
generating persistent immune responses. Current T 
cell therapies cannot improve the immunosuppressive 
TME, which may require further validation of 
the efficacy of T cell therapy for solid tumors. 
Researchers have begun to modify innate immune 
cells with CARs, including NKT cells, γδT cells, as 
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