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Abstract
Chimeric antigen receptor (CAR)-T cell therapy is a fast-emerging treatment for several 
types of cancers and has several applications beyond oncology. It is a new emerging 
treatment targeting for a broad range of cancers. The objective of this review is to provide 
the trending information on CAR-T cell therapies, basic principles involved in the CAR-T 
cell therapy, structure of CAR-T cell, and mainly various clinical applications in the field 
of oncology as well as beyond oncology, and major side effects of CAR-T cell therapy, 
methods to overcome the risk factors and to minimize the cost. Although, the cost of 
treatment is enormous, cost effectiveness can be done by understanding the demand 
informed by tertiary healthcare centers to manufacture units for decreasing the complexity 
of the procedure. But this therapy is associated with few-toxicities. Monitoring these 
toxicities and minimizing the severity is the main future prospective of CAR-T cell therapy. 
The next stage in developing CAR-T cell therapy for malignancies is to limit exposure 
to specific cells because future CAR-T cells can target different antigens. Due to the 
increasing number of potential targets for CAR-T cell therapy, this approach’s tremendous 
success in treating cancer may also be used to the treatment of other diseases.
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Introduction
Demographically today around 450-people are taking 
chimeric antigen receptor (CAR) T-cell therapy and next 
5 years the number of patients taking the treatment may 
increase by two times. And in 10 years the patient count 
may reach up to 2000.The National Biopharma Mission– 
BIRAC of the centralized administration has authorized 
19.15 crore for the crew to undertake the very first 
phase-1/2 clinical testing of CAR-T cells.1

CAR-T cells are genetically altered T-cells, to create 
synthetic T-cell receptors for use in immunotherapy. 
Indeed, CAR-T cells are the workhorse. T-cell adoptive 
transfer is enticing new region of oncology treatment. 
T-cells have undergone genetic modification to express a 
specific CAR that directs them to target an antigen present 
on the surface of cancerous tumors. After being injected 
into a patient, CAR-T cells fight cancer cells as a “living 
therapy.” These are forms of cellular immunotherapy using 
allogenic or autologous T-cells that have been genetically 
modified to express T-cell receptors (TCARS) or CARs to 
be able to find new mechanisms to kill the tumor cells.2

The first clinical utility of CAR-T cells was in 1989-
1993 by Zelig and Eshhar and Gideon gross. In 2011, 
immunologist Carl June and hematologist David Porter 
performed research at the University of Pennsylvania 
and Children’s Hospital in Philadelphia on individuals 
with persistent lymphocytic leukemia and acute 

lymphoblastic leukemia (ALL) in 2011.3 CARs were 
immunocompromised, scientifically upgraded and 
advanced during the next 30 years, and were classified as 
the first, second, third, and fourth generation, depending 
on their structure.4 CAR-T cell therapy showed about 
50%-90% recovery in the patients with B-cell cancer 
than other cancer therapies was proved with Phase-I/II 
evidence. Further, FDA has also approved the first anti 
CD19 CAR-T cell produced for the treatment of pediatric 
and adult patients for B-cell ALL.

The dual-targeted CAR-T cells were created using 
T-cells that can target several antigens. The dual targeted 
CAR or dual signaling CAR molecules or Tandem CAR 
(Tan CAR), both can trigger anticancer activity. CD20 and 
CD22 might be suggested to test for individuals aside to 
CD19 for the dual targeted CARs in B-cell malignancy. 
CD122 is an ideal option for dual targeted CAR. Better 
cancer treatment may result from CAR T-cell therapy that 
targets cancer stem cells specifically instead of tumor cells. 
Present novel targets are CD20, the cancer testis antigens. 
In preclinical investigations and early stage clinical trials, 
CAR-based and TCR-redirected cell treatments are 
being investigated for the treatment of B-cell maturation 
antigen. Both recurring and resistant B-cell malignancies 
have responded well to CAR-T cell treatment in cancer 
patients. But still there are many problems to be solved 
related to remission and the complications after therapy.5 
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This review was done to outline the CAR-T cell therapy 
uses in cancer treatment, its uses beyond oncology and 
also future prospects to minimize the side effects and 
methods to overcome those side effects.

Basic principles involved in CAR-T cell therapy
CARs are polypeptides that are fusions of a specific 
monoclonal antibody’s signal peptide segment variable 
and a single or many T-cell binding site co − stimulatory 
sites. T-cells utilize T-cell receptors to identify and kill 
pathogenic microbes on their target cell surface. When 
a T-cell receptor identifies a specific protein on virus 
or bacteria, it transmits a signal to the T-cell to kill the 
intruder. When induced, additional receptors direct 
T-cells to expand and carry out various functions. 
Instead of noticing infectious agents, CAR is engineered 
to acknowledge a cancer cell antigen, and the internal 
domain alerts T-cells to kill the specific antigen, and they 
multiply until no more target is noticed. Similar to a lock 
and key, antigens and immune receptors interact. Similar 
to how a lock can only be opened with the right key, each 
foreign antigen has a distinct immune receptor that can 
attach to it. Cancer cells have antigens, but without the 
proper receptors, your immune cells won’t be able to bind 
to the antigens and help to destroy the cancer cells.6 

Structure of CAR-T cell
The four primary components of CAR-T cells, which are 
synthetic ligands to modify T-cell receptors, are as follows:
1.	 Ligand binding domain
2.	 Hinge or spacer region 
3.	 A single or several intracellular signaling domains 

(Figure 1).
After being placed into viral vectors, these artificial 

domains are then transduced into T- cells, where they 
direct the immune system’s reaction toward cancerous 
cells.7 

Ligand-binding domain
The most widely utilized ligand binding sites in CAR 
structures are single chain variable fragments, while 
additional regions include nano bodies, ligands to 
complementary receptors, natural receptors against targets 

like natural killer group 2D and Tyrosine kinase receptor 
with ability to several ligands, and smaller peptides are 
also used.8

Hinge or spacer region
The spacer region links single chain variable fragment and 
transmembrane (TM) domain. CD8, CD28, IgG1, and 
IgG4 have recently been employed as hinges to connect 
CAR targeting domains to the TM domain. CARs’ TM 
domain is made up of molecules like CD37, CD8a, CD4, 
CD28, and the inducible T-cell co-stimulator.9 The CD28 
heterogeneous complex formation of CARs is mediated by 
the CD28 Transmembrane protein. CAR T-cells with the 
anti-CD 19 domain are recognized therapies for cancers. 

Intracellular signaling domain
The intracellular domains maintain the intracellular 
signaling required to activate the CAR-T cell’s effector 
functions.10 

The different generations of CAR- T cells
CARs are divided into three categories: (a) First-generation 
(no co-stimulatory domain), second-generation (one co-
stimulatory domain), and third-generation (two or more 
co-stimulatory domains) (two co-stimulatory domains). 
(b) The co-stimulatory domains’ order can potentially 
determine structural suitability for the transmembrane 
region and affect CAR conformation. The accessibility 
of membrane proximate kinases, which are important 
for signaling, may also be impacted. (c) Modulating the 
quantity of Immunoreceptor tyrosine- based activation 
motifs (ITAMs) on CD37 can change the way effector 
functions. Co-stimulatory domain signalling residue 
changes can also be employed to control effector actions7 

(Figure 2).

Production of CAR-T cells
To generate CAR-T cells, lymphocyte-rich Leukocytes 
from the patients are harvested, and the T-cells are 
genetically altered to eradicate malignant cells, followed 
by T-cell multiplication until millions of attacker cells 
are produced (Figure 3). After CAR-T cell production is 
finished, the cells are evaluated for authenticity, purity, 
stability, and effectiveness; thereby infused into patients 
to recognize and kill the cancerous cells. They are most 
often cryogenically preserved, deposited, and exported 
to the medical center where they are incorporated.11 
CAR-T cell therapy’s effectiveness is dependent on having 
a good targeting antigen.12 In addition to CAR-T cells 
manufacturing methods, the parameters affecting the 
function, in vivo stability, and anticancer effects of CAR-T 
cell stimulation effectors are T-cell subsets and their 
development stages.13 

Mechanism of action
CAR-T cells triggered cytotoxic effects against specific 
tumor tissues. CAR-T cell treatments appear to promote Figure 1. Structure of CAR-T cell.7
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a T-cell response targeting antigen manifesting cell and 
cancer cells. The extracellular targeting element attaches 
to antigen, triggering the CAR-T cell. CAR-T cell then 
stimulate release towards cytokines along with various 
other soluble substances, which aid in the death of antigen 
specific receptors. CAR-T cells permit T cells to identify a 
specific cell adhesion via a signal peptide flexible segment 
recognition domain, resulting in Major Histocompatibility 
Complex-unrestricted tissue destruction. A novel immune 
response that is necessary for precise cytotoxic action is 
created when CAR-T Cells are activated.14 

Clinical trials of CAR-T cell therapy in different diseases
B-cell malignancies, such as leukaemia, lymphoma, and 
myeloma, are the most prevalent diseases type in CAR-T 
trials. Tisagenlecleucel, a CD19-targeted autologous 
CAR-T cell therapy, was lately approved by the Food and 
Drug Administration (FDA) for therapy. B cell ALL that is 
refractory/relapsed (r/r). Thirty patients including those 

who received this product as young people and adults, 
90% of them were cured completely (CR). In 27% of the 
patients, severe cytokine-release syndrome (CRS) was 
reported. This medicine has been tested in clinical trials 
for CD19 + B cell cancers such as chronic lymphocytic 
lymphoma, ALL, and lymphoma.

Axicabtagene ciloleucel (KTE-C19) CD19-specific 
CAR-T cells have been shown to be safe for the treatment 
of aggressive neoplasms such as r/r diffuse large cell 
lymphoma. Myeloid leukemias target CD33 and CD123. 
In China, there are now three trials on CAR-T cells 
targeting CD33 and two trials targeting CD123 antigen. 
CAR-T clinical studies are being conducted on a variety 
of solid malignancies. In solid tumour trials, 20 distinct 
antigens are being targeted. The most targeted antigens 
were glypican-3, mesothelin, epidermal growth factor 
receptor, and epithelial cellular adhesion molecule.

In the resected tumour specimen, CAR-T cell 
infiltration was seen. According to this study, CAR-T cells 

Figure 2. Different cenerations of CAR-T cells.7 (Creative commons CC BY-NC-ND 4.0 license).

Figure 3. Production of CAR-T cells.
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are safe and immunologically active, with the potential to 
detect cancer cells in the brain. Multiple antigens are being 
investigated as CAR-T cell targets in solid tumours. There 
is one clinical trial of autologous CAR-T19 cells treating 
patients suffering systemic lupus erythematosus, with a 
dosage of 1, 106 cells/kg. More trials for non-malignant 
conditions are expected.15

Clinical applications of CAR-T cell therapy in oncology
CAR-T cell therapies authorized by FDA, primarily 
used to treat blood cancers such as Hodgkin disease, 
cancer of B-lymphocytes, ALL, acute myeloid leukemia, 
chronic lymphocytic leukemia, multiple myeloma and 
auto immune diseases. CAR-T cell researches showed 
significant promise in solid tumors like carcinoma, breast 
cancer, and sarcoma.16 

Applications of CAR-T cell therapy beyond oncology
Allergy and asthma 
When IgE binds to the suitable immunoglobulin 
receptor which is found on mast cells, eosinophiles 
and granulocytes, it triggers exocytosis and chemical 
mediator release. This results in immediate reactions and 
allergy manifestation.17 Low levels of Tregs, decreased 
immunosuppressive activity, and excessive Th2-dominant 
responses to allergens are all linked with the pathogenesis 
of allergic asthma, which results in airway inflammation, 
hyper responsiveness, and reversible impairment.18 

Infectious diseases
It was demonstrated that CAR-T cells identify the anti-
hepatitis B surface antigen particles and hepatitis-B 
virus cells in-vitro and significantly decrease its viral 
DNA and hepatitis B antigen count in-vivo. In final stage 
for persistently effected people who are unresponsive 
to conventional treatments, chronic hepatitis C virus 
(HCV) infection is the therapeutic purpose for the 
transplantation of liver. HCV/E2 recognizing CAR-T cells 
are one of the virus particles that are formed on the top of 

infected cells and they serve as the main focus of the host’s 
immune response.19 Following organ transplantation, 
patients frequently experience the same issue brought on 
by invasive fungal infections. For example, aspergillosis 
altered the CAR structure with dectin-1 extracellular 
domain to recognize various carbohydrates produced 
on the fungal aspect.20 The influenza virus A virus that 
caused H1N1 Flu and fowl plague was considered as a 
possible medical use of CAR-T cells. Studies conducted 
in laboratories revealed that the CD4 + CAR-T cells had 
the capacity to kill HIV-infected T-cells and HIV-infected 
macrophages and T-cells block viral replication.21 

COVID-19
To treat COVID, which is caused by SARS CoV-2 virus, 
several scientists have become interested in using immune 
cells that have been CAR transduced to attack virus-
infected cells.22

Cardiac fibrosis
A pathological condition known as fibrosis is characterized 
by extracellular matrix component deposition as well as 
fibroblast hyper activation and growth. There is currently 
no targeted medicine available to treat or prevent the 
onset of heart failure. The CAR-T cells are able to 
recognize fibroblast activation protein on heart fibroblasts 
in rodents with hypertension and fibrotic scarring, and 
target these cells to treat cardiac fibrosis. Application of 
CAR-T cell technology is highly awaited in many fields, 
such as the treatment of viral infections in those with 
primary immunological deficiencies23 (Figure 4).

Side effects of CAR-T cell therapy
There are numerous problems to be resolved, both in 
terms of the main disease’s remission and side effects 
from the therapy. Despite the fact that patients treated 
with CAR-T cell therapy for relapsed or refractory B-cell 
malignancies have proved to have a generally satisfactory 
prognosis.2 Though CAR-T cell therapy has generated 

Figure 4. Applications of CAR-T cell therapy in cancer therapy and beyond oncology.
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phenomenal diagnostic and therapeutic responses for 
certain subgroups of B-cell cancers, numerous barriers 
restrict their clinical benefit. Such barriers usually involve 
the life-threatening toxic side effects, moderate anti-
tumor function, antigen escape, restrained trafficking, 
and restricted tumor invasion. B-lymphocytes that express 
CD19 are attacked and killed by anti-CD19 CAR-T cells, 
causing major effects such as CRS, macrophage activation 
syndrome,24 neurotoxicity25 and B-cell aplasia.26

Because CAR-T cell therapy is indeed a distinct and unique 
medication, these must be created specifically for each 
patient, which is a time-consuming and critical process 
that also demands logistics. Customized techniques 
need testing equipment rather than a manufacturing 
facility, resulting in production problems and limited 
scalability. These variables push up the cost of producing 
CAR-T cells, resulting in incredibly expensive therapeutic 
costs.27 The restricted target domains accessible, as well 
as susceptibility in the tumor environment, are the main 
drawbacks of CAR-T cells.28 

Methods to overcome the side effects of CAR-T cell 
therapy 
Most CAR-T cell therapy adverse effects will resolve on 
their own or can be treated appropriately.29 Tocilizumab 
is often used as a first-line treatment for chronic 
CRS, while research into its influence on CAR-T cell 
proliferation and functionality is continuing. Steroids 
and supportive therapy (including anti-epileptic therapy) 
are used to alleviate neuron toxicity.30 Tocilizumab 
(Actemra) suppresses the interleukin-6 receptor, relieving 
inflammation by impairing T-cell functionality. 

The ability to distinguish between cancerous and 
healthy cells has been achieved by researchers through the 
development of smart CAR constructs. The innovative 
method based on “masked CARs,” increases the utility 
of the CAR-T cells via management of malignancies. It 
have not definite tumor-associated antigens, consists 
of a selectively Probody-based active CAR design with 
an antigen noticing region.31 The implementation of an 
antigen-specific iCAR is another technique for reducing 
the adverse effects of “on-target off-tumor toxicities” 
or bystander healthy tissue destruction.32 The T cell 
excitation response and co-stimulatory transmissions are 
physically isolated from one another in a trans-signaling 
CAR strategy using CAR-T cells with logic gates, which 
adopt a “double or nothing” technique. These CAR-T cells, 
also known as logic-gated CAR-T cells, can only target 

malignant cells that simultaneously express both antigens 
detected by the two distinct CARs’ antigen recognition 
domains. Universal CAR, which is a new concept helps 
in reducing the cost and also makes the production 
process simple and effective. Remote-controlled CARs are 
a new technique in which an inducible gene–regulatory 
mechanism helps in the expression of CARs when the 
drug is administered (Table 1).33 

Discussion
CAR-T cell therapy is indeed a novel effective cancer 
therapy.34 Immunotherapy is currently thought of as 
the fifth pillar of cancer treatment, including surgeries, 
chemotherapeutic, radiation oncology, and combination 
therapies.35 CAR autologous T-cells have been used to 
make T-cells, which provide new significant barriers 
in developing therapeutically efficient remedies.7 This 
is a relatively new field of transfusion medicine that 
includes rejuvenating lymphocytes with anticancer. FDA 
has approved CAR-T cell therapy for patients suffering 
from ALL, multiple myeloma and brain tumors.36 The 
common goal of immunotherapy is of specifically 
targeting and eradicating neoplastic cells.37,38 Adoptive cell 
transplantation is a proven immunotherapy technique for 
the management of advanced cancers.28 

CAR-T cell treatment works by genetically modifying 
T-cells to prevent cancer and causing them to generate 
CARs on their surface and instructing CAR-T cells to 
exclusively stabilize cancer cells. The safety and efficacy of 
CAR-T cells for conditions other than CD19 positive B-cell 
malignancies are currently being investigated in larger 
research.39 Beyond oncology, there are several applications 
of CAR-T cell therapy as we discussed earlier. Because 
of the rapid advancement of modern biotechnology, 
researchers can now put their ambitious ideas to the 
test by adopting unique and even revolutionary clinical 
strategies for the treatment of serious diseases.40 

In this review, we first discuss the introduction to 
CAR-T cell therapy, basic principles involved in CAR-T 
cell therapy, structure of CAR-T cell, production and 
mechanism of action of CAR-T cells. Finally, we address 
the clinical applications of CAR-T cell therapy in oncology 
and beyond that of oncology along with the side effects of 
the therapy and methods to overcome.

Conclusion
This review looked into CAR-T cell therapy, which will 
fall becoming more of a scientific and clinical interest. It is 

Table 1. FDA approved CAR-T cell Therapies and the related complications

Brand name Antigen targeted Treatment Number of populations tested Complications

Tecartus CD19 B-cell ALL mantle cell lymphoma Adult people over 50 Neurotoxicity27

Abecma BCMA Multiple myeloma 127 Tumorlysis syndrome16,27 

Breyanzi CD19 B-Cell non-Hodgkin lymphoma Recently introduced B-cell aplasia27 

Kymriah CD19 B-cell ALL, B-cell non-Hodgkin lymphoma 5300 Cytokine release syndrome27,28 

Yescarta CD19 Follicular lymphoma, B-cell non-Hodgkin lymphoma 5300 Graft versus host disease27,33 
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now established that CAR-T cell therapy offered multiple 
treatment options for cancer which extended beyond 
oncology. For better effectiveness, durability, infiltration, 
and anti-apoptosis capability, CAR-T cell clinical impacts, 
similarly the CAR-T cells model, which includes the 
ectodomain, transmembrane domain, and endodomain, 
product engineering, and T-cell sources, are researched 
and carefully analysed. Many currently incurable diseases 
may one day be treated due to the advancement of 
innovative CAR-T cell treatments. Ongoing research 
within this area ultimately provides the way for future 
progress in the clinical uses of these therapies.
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