
Citation: Choudhery, M.S.; Arif, T.;

Mahmood, R.; Harris, D.T.

CAR-T-Cell-Based Cancer

Immunotherapies: Potentials,

Limitations, and Future Prospects. J.

Clin. Med. 2024, 13, 3202. https://

doi.org/10.3390/jcm13113202

Academic Editor: Giuseppina

Barutello

Received: 14 March 2024

Revised: 17 May 2024

Accepted: 23 May 2024

Published: 29 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Review

CAR-T-Cell-Based Cancer Immunotherapies: Potentials,
Limitations, and Future Prospects
Mahmood S. Choudhery 1,*, Taqdees Arif 1, Ruhma Mahmood 2 and David T. Harris 3

1 Department of Human Genetics & Molecular Biology, University of Health Sciences, Lahore 54600, Pakistan;
taqdeesarif01@gmail.com

2 Jinnah Hospital, Allama Iqbal Medical College, Lahore 54700, Pakistan; ruhma_mahmood@yahoo.com
3 Department of Immunobiology, College of Medicine, University of Arizona Health Sciences Biorepository,

The University of Arizona, Tucson, AZ 85724-5221, USA; davidh@email.arizona.edu
* Correspondence: ms20031@yahoo.com; Tel.: +92-3214110849

Abstract: Cancer encompasses various elements occurring at the cellular and genetic levels, ne-
cessitating an immunotherapy capable of efficiently addressing both aspects. T cells can combat
cancer cells by specifically recognizing antigens on them. This innate capability of T cells has been
used to develop cellular immunotherapies, but most of them can only target antigens through major
histocompatibility complexes (MHCs). New gene-editing techniques such as clustered regularly
interspaced short palindromic repeat (CRISPR)-associated protein 9 (CRISPR-cas9) can precisely edit
the DNA sequences. CRISPR-cas9 has made it possible to generate genetically engineered chimeric
antigen receptors (CARs) that can overcome the problems associated with old immunotherapies. In
chimeric antigen receptor T (CAR-T) cell therapy, the patient’s T cells are isolated and genetically
modified to exhibit synthetic CAR(s). CAR-T cell treatment has shown remarkably positive clinical
outcomes in cancers of various types. Nevertheless, there are various challenges that reduce CAR-T
effectiveness in solid tumors. It is required to address these challenges in order to make CAR-T
cell therapy a better and safer option. Combining CAR-T treatment with other immunotherapies
that target multiple antigens has shown positive outcomes. Moreover, recently generated Boolean
logic-gated advanced CARs along with artificial intelligence has expanded its potential to treat solid
tumors in addition to blood cancers. This review aims to describe the structure, types, and various
methods used to develop CAR-T cells. The clinical applications of CAR-T cells in hematological ma-
lignancies and solid tumours have been described in detail. In addition, this discussion has addressed
the limitations associated with CAR-T cells, explored potential strategies to mitigate CAR-T-related
toxicities, and delved into future perspectives.
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1. Background

Cancer is a complex group of disorders described by uncontrolled cell growth and
metastasis, affecting millions of people every year. Its epidemiology varies across regions
and is influenced by factors such as genetics, epigenetics, lifestyle choices, and environ-
mental exposures contributing to its diverse impact worldwide. The origin of abnormal
cell growth in cancer requires tailored approaches involving chemotherapy, surgery, and
radiation therapy. However, these methods employed to kill cancer cells often lead to
significant adverse effects and increase the chances of cancer recurrence. Consequently,
alternative, long-term approaches are required to effectively treat cancer. Immunotherapy
is an alternative treatment strategy against cancer. Immunotherapy improves the patient’s
immune system by altering the immune responses, thereby making it possible to find and
attack the cancer cells [1].

The first demonstration that the immune system of a patient can stop tumor growth
was presented in 1957 by Burnet. Since then, a large number of studies have supported this
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notion and emphasized the involvement of immune cells as positive prognostic candidates
for various types of cancers [2–4]. The growing understanding of immune cells and their
potential enabled the development of new biological treatments with positive therapeutic
results. These treatments make the patient immune system act like a living drug to find
and destroy cancer cells. Immune cells can identify and eradicate the damaged or infected
cells in addition to those cells that have become cancerous. Killer T cells are especially
intriguing against cancer, owing to their ability to bind to antigens on tumor cells. Cellular
immunotherapies take the benefit of this natural ability of T cells and can be implemented
in different ways as a cancer treatment [3]. Previously, various types of immunotherapies,
such as monoclonal antibody treatment, immune checkpoint inhibitors, cytokine therapy,
and adoptive cell therapies (ACTs), have been successfully employed to treat cancers. ACT
is of particular interest as it uses the patient’s own immune cells to combat cancer. Tumor-
infiltrating lymphocyte (TIL) therapy and chimeric antigen receptor (CAR) T cell therapy
are the two main types of ACT [5]. In TIL therapy, T cells that have already infiltrated
a patient’s tumors are expanded in vitro and are activated to obtain a sufficient number.
These activated cells are then re-infused into the patient, where they can recognize and
destroy the cancerous cells [3].

The mere existence of T cells in patients does not always guarantee the elimination of
cancer cells because not all patients have T cells that have invaded tumors (e.g., in TILs).
Similarly, T cells may not be capable of activating and expanding in adequate quantities.
For such patients, engineered T cell receptor (TCR) therapy is advised in which T cells
are not only expanded and activated but also equipped with a new T cell receptor. The
new receptor allows the T cells to target particular cancer antigens. Both the TIL and TCR
therapies, however, can only target and eliminate cancer cells that present antigens through
the MHC. To overcome this limitation, those engineered T cells that are not restricted
by the MHC are required. Recently, CRISPR-Cas9 (clustered regularly interspaced short
palindromic repeats (CRISPR)-associated protein 9), a powerful gene-editing technique,
has enabled investigators to generate CAR-T cells, a type of ACT that is safe, potent, and
specific for cancer treatment. It is pertinent to note that gene-editing techniques have
the potential to generate reproducibly effective and robust universal cell products for
immediate cancer treatment. CAR-T cell therapy employs genetically modified T cells that
can bind to a specific protein on the cancerous cells. This binding allows the T cells to
attack the cancer cells more precisely and eliminate the problems associated with older
immunotherapies. In CAR-T therapy, patient T cells are isolated from peripheral blood and
genetically modified by adding a synthetic receptor called a CAR. CAR-T cells are then
cultured and amplified in vitro before being reinfused into patients as a cancer treatment.
Genetically modified CAR-T cells then identify and eradicate cells that express a tumor-
associated antigen. However, unlike most of the older immunotherapies, CARs are not
restricted by the MHC because CARs are constructed from the antibody-binding region,
which does not require antigen presentation by the MHC. This strategy can make more
cancer cells susceptible to attacks, thereby making it more effective against cancer [6].

CAR-T-based therapy has been successfully employed to treat certain hematological
malignancies, such as leukemia and lymphoma. Significant and sustained remissions of
cancer in patients because of CAR-T therapy are considered a remarkable advancement
in the development of personalized cancer treatment. Its success had led to FDA ap-
proval for treating blood cancers. Two CAR-T-based therapies, i.e., axicabtagene ciloleucel
and tisagenlecleucel, target CD19 and have been approved by the FDA in 2017 to treat
non-Hodgkin’s lymphoma (NHLs) and relapsed acute lymphoblastic leukemia (ALL),
respectively. The FDA also approved Brexucabtagene autoleucel, a new CAR-T therapy for
adult patients with relapsed mantle cell lymphoma (MCL). Likewise, in 2021, lisocabtagene
maraleucel was approved for diffuse large B cell lymphoma (DLBCL) [7]. Moreover, the
FDA recently approved the first clinical trial of IMPT-314, an advanced logic-gated CAR-T
treatment for patients with B cell lymphoma. This study was launched early in 2023 and is
expected to be completed by 2029 [8].
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Although CAR-T cell treatment has been successful and groundbreaking outcomes
have been achieved for hematological cancer treatment, there are certain challenges and
limitations. Current research is focusing on solving these issues and making this treatment
error-free [7]. Furthermore, Boolean logic-gated advanced CARs and artificial intelligence
(AI) have offered insights and solutions to address the manufacturing challenges of CAR-T
cell therapy [9]. This review comprehensively explores current cancer immunotherapies,
CARs structure, generations, development methods, clinical applications in different can-
cers, limitations, and possible solutions. The potential and challenges of using AI in CAR-T
cell treatment have also been discussed. The collective effort in research and develop-
ment strives to enhance CAR-T therapy, making it a more accessible and effective cancer
treatment option.

2. Introduction to Cancer: Understanding the Complex Landscape of a Pervasive Disease

Cancer results in an aberrant cell growth of cells in the body. The prevalence of cancer
differs across geographical regions due to various factors, including epigenetics, genetics,
lifestyle choices, and environmental exposures. Cancer development is a multistep process
at the cellular level and may involve mutations in the DNA. These mutated cells have the
ability to invade, survive, proliferate, and metastasize progressively in the body. Cancer
can even begin with a single mutation in a cell that proliferates abnormally. Additional
mutations and subsequent selection for rapidly dividing cells lead to the growth and spread
of the tumor to other parts of the body [1]. There are over one hundred different kinds of
cancer, each with its own characteristics and treatment options. The type of cell that gives
rise to the tumor determines its classification. Most cancers are classified into three main
groups, including carcinomas, lymphomas or leukemias, and sarcomas. Carcinomas, which
make up about 90% of human cancers, are cancer of the cells that line the surfaces of organs
and tissues. Lymphomas and leukemias, which comprise about 8% of human cancers, are
cancer of cells that fight infections and produce blood cells, respectively. Sarcomas are
very rare in humans and affect those organs that provide support to our body, such as
cartilage, bone, muscle, and fibrous tissue [10]. Cancers are also classified based on the
origin of tissue or organ (e.g., breast, lungs, or kidney) and the specific types of cells. For
example, red blood cells and fibroblasts are involved in the development of leukemia and
fibroblastoma, respectively. The common treatment methods for cancer include surgery,
chemotherapy, and radiation therapy. These methods have adverse side effects and a
high risk of recurrence despite effectively reducing and eliminating cancer cells. Hence,
alternative long-lasting methods for combating cancers are required. Immunotherapy is an
alternative method for combating cancer that modulates the immune response to either
directly target the cancer cells or increase the overall immune response [11].

3. Current Cancer Immunotherapies

Immunotherapy is one of several cancer treatment options that stimulates the immune
response to help the body fight against cancers. Currently available major types of im-
munotherapies include the application of monoclonal antibodies, checkpoint inhibitors,
cytokine therapy, and adoptive cell therapy (ACT) [5,12]. Each type of immunotherapy
targets a different type or component of cancer cell or immune system. Immunotherapies
may target cancers of various types, such as skin cancer, prostate cancer, bladder cancer,
lung cancer, leukemias, lymphomas, and other cancers. Nonetheless, the success rate of
immunotherapies varies among different individuals and cancers. It is pertinent to note that
these therapies do not work for all types of cancers and therefore all cancer patients do not
obtain benefits from them. The success of an immunotherapy is determined by a number of
factors, including the level of genetic modification(s) in the cancer cells, previously received
treatment, the stage and type of cancer, and the overall health of the immune system of
the patient. Studies indicate that immunotherapies can be more effective if combined with
the approaches described above (such as surgery, chemotherapy, or radiation therapy).
Scientists are continuously exploring new ways to use the potential of the immune system
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to fight various types of cancers. Several clinical trials have been registered to evaluate the
effectiveness of newly developed drugs and combination therapies (www.clinicaltrials.org).
In addition, advanced tools have been developed to predict who can benefit from these
therapies [5,12,13].

3.1. Monoclonal Antibody Therapy

Monoclonal antibody therapy (mAb) is a successful approach to treat specific cancer
types, including hematological malignancies and certain solid tumors. In this therapy,
laboratory-made antibodies are used to mimic the immune system’s ability to find and kill
cancer cells. mAbs are designed to inhibit those factors that stimulate cancer growth or
specifically target proteins that are overexpressed on the surface of cancer cells. mAbs are
utilized in the following ways to disrupt the development of cancer cells: (1) interfering
with the signaling pathways that promote cancer development, (2) delivering chemicals
(such as toxins or chemotherapy drugs) or radioactive substances directly to cancer cells
to inhibit metastasis to other parts of the body, (3) stimulating the immune system to
specifically find and attach to cancer cells and destroy them [5].

mAbs were first produced by hybridomas technology by Kohler and Milstein. The first
antibody made, however, was derived from mice, and humans encountered immunological
reactions against it. Humanized antibodies were developed later and it was found that
they are more compatible with the human immune system. Glycolipids, glycoproteins,
cluster differentiation (CD) molecules, vascular targets, carbohydrates, extracellular matrix
antigens, stroma, and growth factors are among the targets for humanized antibodies. The
first monoclonal antibody for cancer treatment i.e., Rituxan® (rituximab), was approved
by the FDA in 1997. It targets the CD20 of B cells and is used for certain types of non-
Hodgkin’s lymphoma and chronic lymphocytic leukemia patients. Similarly, blinatumomab
(Blincyto) was designed to target CD19 (a protein found on the surface of B cells) and CD3
(a protein found on the surface of T cells). This medication brings the T cells and cancer
cells close together and facilitates the destruction of cancer cells. This antibody is primarily
prescribed for non-Hodgkin’s lymphoma and B-ALL [14,15]. Monoclonal antibody therapy
is a promising cancer treatment option but has some limitations. For example, it may not
work for all cancers because all cancers either do not exhibit unique molecules or may
become mutated or resistant to it. The effectiveness of mAb therapy varies depending
on the patient and cancer type. The availability and wide access are limited as it requires
special equipment and facilities to administer the antibodies. In addition, it is prohibitively
expensive due to the time-consuming and complicated steps involved in testing and
designing the antibodies. Furthermore, depending on the dose and type of mAb used,
it may cause certain side effects, such as infections, allergic reactions, organ damage, or
inflammation [5,12]. Research in the field of mAb therapy for cancer is ongoing, with efforts
to discover new targets, improve treatment efficacy, and minimize side effects.

3.2. Immune Checkpoint Inhibitors (ICIs)

Immune checkpoint inhibitors are one of the natural components of the immune
system that prevent the immune cells from over-reacting and destroying the body’s healthy
cells. The immunological checkpoints are activated when T cells recognize and adhere to
surface proteins (known as immune checkpoint proteins) on other cells, including tumor
cells. When the checkpoint proteins and their partner proteins bind, T cells receive an
“off” signal. This action could prevent the cancer from being eradicated by the immune
system (T cells). ICI therapy uses drugs to block the immune checkpoint proteins [12].
PD-1 and CTLA-4 are the two key checkpoints that have been targeted to treat a variety of
cancers. For example, PD-1 has shown promising outcomes in the treatment of cutaneous
melanoma, Hodgkin’s lymphoma, kidney cancer, lung cancer, and bladder cancer. CTLA-4
prevents aggressive immune responses in lung cancer, kidney cancer, bladder cancer, and
skin cancer [16]. Although many types of cancers have been treated with this therapy, one
major issue with ICIs is that they can cause immune responses to become uncontrolled
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and attack normal cells in the body. New alternative cancer therapy approaches are
emerging to avoid these negative side effects. One of these approaches is the lymphocyte-
activation gene 3 (LAG3), also known as CD223, which is expressed on the surface of
activated T cells, regulatory T cells (Tregs), B cells, and natural killer (NK) cells. LAG3
binds with MHC-II molecules on antigen-presenting cells (APCs: dendritic cells and
macrophages). When LAG3 binds to MHC-II, it prevents the activation and expansion of T
cells. Lag3 is expressed together with the PD-1 marker, so double blockades have many
prospects in cancer immunotherapy. Double blockades maintain immune hemostasis and
overcome the immunosuppressive roles of the tumor immune microenvironment [17]. In
continuation with that, other novel checkpoint inhibitors such as VISTA, B7-H3, PD-1H,
CA-170, and TIM-3 have been employed in different clinical studies to treat blood and
solid cancers. Although these checkpoint inhibitors have side effects, such as neurological,
gastrointestinal, respiratory, and allergic problems, administration of nanoparticles can
avoid these side effects. More research and clinical trials are still required to improve the
effectiveness and safety of these drugs and to determine the best way to combine it with
other treatments [5,18].

3.3. Cytokine Therapy

Cytokine therapy includes the use of cytokines, small proteins that affect the immune
system. Cytokines play a crucial role in cell signaling and the regulation of immune
responses. Cytokines are produced naturally by the body or manufactured in a laboratory
and injected into the patient. Cytokines can have a variety of impacts on cancer cells,
including immune system activation to combat cancer, stopping the growth of cancer, or
directly causing the cancer cells to die. Interferons, interleukins, and tumor necrosis factor
are examples of cytokines utilized in cancer therapy. The FDA has approved two cytokines,
i.e., IL-2 and IFN- α2b, for the treatment of metastatic melanoma and renal carcinoma.
High doses of IFN-α may have numerous benefits for the immune system but can also have
side effects on actions such as dendritic cell maturation, apoptosis, and the augmentation
of cytotoxic T cell response against tumor cells. IL-2 is an important cytokine that promotes
the growth of immune system cells, but it can be toxic. Some new IL-2-based medications
are being explored in conjunction with other drugs that block some of the signals that
cancers employ to eliminate detection by the immune system. Some other cytokines, such
as IL-10, IL-12, IL-15, IL-21, and GM-CSF, boost the immune system and help in fighting
the cancer [19,20]. These cytokines have distinct roles in the battle against cancer and the
development of new immunotherapies. Despite promising results, cytokine therapy has
several limitations, including toxicity, low efficacy, and delivery challenges. Researchers
are exploring new strategies to improve cytokines by understanding their interactions and
mechanisms in the tumor microenvironment, as well as developing innovative engineering
and delivery methods [5].

3.4. Adoptive Cell Therapies (ACTs) for Cancers

ACT combats cancer by harnessing the power of the patient’s own immune cells. It
involves the isolation, expansion, and transfer of immune cells (usually T cells) into a
patient’s body with the aim of treating cancer. The idea of ACT traces back to the mid-
20th century, when scientists injected white blood cells from one individual to another.
These attempts, however, faced challenges, including graft-versus-host disease (GvHD), a
harmful complication where the donor cells assault the recipient’s tissues. The identification
and characterization of T cells helped in the development and advancement of ACT. The
discovery of T cell subtypes, such as cytotoxic T cells and helper T cells, laid the foundation
for understanding cellular immunity. Southam et al. initially demonstrated the potential
of ACT in 1966. They investigated the effects of combining autologous T cells with tumor
cells as a form of immunotherapy. They observed that, in some patients with advanced
cancer, the tumors were reduced following this treatment approach. The authors suggested
that the immune response was being stimulated by the combination of T cells and tumor
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cells, leading to an anti-tumor effect [21]. Overall, the ACT procedure involves isolating T
cells from the blood of the patient, boosting and altering the cells in a laboratory, and then
reintroducing the cells to the patient to target and eradicate the cancer cells. Hematological
malignancies, such as lymphoma and leukemia, have responded well to ACT [22]. However,
there are numerous limitations of using ACT for solid tumors. Scientists are developing
novel methods to improve the development and administration of ACT in solid tumors
while also ensuring its effectiveness and safety [13].

Tumor-infiltrating lymphocyte (TIL) treatment and chimeric antigen receptor (CAR) T
cell therapy are the two primary forms of ACT. The first step in TIL treatment is surgical
excision of the patient’s tumor. This tumor tissue contains immune cells, including T cells
that had naturally invaded the tumor. These T cells are specific to the patient’s cancer
and have the ability to infiltrate the tumor microenvironment. These TILs are expanded
and cultivated in vitro in the laboratory. In order to increase the quantity of TILs, many
growth factors are employed. The expanded TILs are often activated to enhance their
anti-tumor effectiveness. Once a sufficient number of activated TILs is obtained, they are
re-infused into the patient. These TILs are intended to recognize and target cancer cells
throughout the body. The reinfused TILs not only penetrate into the tumor areas but also
circulate throughout the patient’s bloodstream. When they encounter cancer cells, TILs
identify specific antigens on the surface of cancer cells and trigger an immune response
that destroys them [13].

TIL therapy has demonstrated encouraging outcomes, especially when used to treat
metastatic melanoma. The strategy capitalizes on the innate capacity of the patient’s
immune system to identify and attach cancer cells. The goal of ongoing research is to
increase the overall success of TIL therapy by optimizing and expanding its applicability
to other types of cancer [23]. There are some limitations associated with traditional T-cell-
based treatments. For example, TIL therapy entails the surgical excision of tumor tissue, and
obtaining a sufficient number of TILs can be challenging in some cases, particularly types of
solid tumors. Not all patients have T cells that have already infiltrated. TILs harvested from
tumors may already be exhausted or functionally impaired due to prolonged exposure
to the tumor microenvironment. This limits their effectiveness in recognizing and killing
cancer cells. In addition, TILs are a heterogeneous population, and not all TILs may have
specificity for cancer antigens. Ensuring that the isolated TILs can effectively target and
kill cancer cells is a key challenge. Both the TIL and TCR therapies, however, can only
target and eradicate cancer cells that present antigens expressed on the MHC. To overcome
this limitation, engineered T cells (e.g., CAR) are required that are not restricted by the
MHC [13].

In engineered T cell receptors (eTCRs), the patient’s T cells are altered to express
a novel T cell receptor. The novel TCRs allow T cells to target specific cancer antigens.
TCRs are restricted because they can only respond to antigens presented by their own
MHC, rather than all antigens on a tumor cell’s surface. Due to MHC restriction, there
are some limitations of eTCR therapy, including the following: (1) cancer cells can avoid
T cell recognition by downregulating MHC molecules, rendering themselves invisible to
T cells, (2) there is a lack of antigen diversity, and (3) TCR therapy is dependent on the
compatibility and availability of MHC molecules, which vary between individuals [24].
Scientists can overcome these limitations by developing engineered T cells with modified
immune properties and multiple receptors to achieve better outcomes for cancer patients.
The development of chimeric antigens receptors (CARs) can bypass requirement of the
MHC and instead target a specific antigen present on the tumor cell [25]. The major
difference between engineered TCR and CAR-T cells is the type of receptor inserted into
the T cells. Engineered TCRs use naturally occurring or slightly modified T cell receptors
that can bind to antigens displayed by MHC molecules on tumor cells, whereas CAR-T cell
therapy employs an artificial receptor that combines the antigen-binding component of an
antibody with the signaling part of a TCR. T cells from the patient or allogenic donor are
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genetically altered in vitro to incorporate CARs before being infused into the patient. This
latter strategy overcomes the related problem.

Adoptive cell therapy employs immune system cells such as dendritic cells and natural
killer cells and bispecific antibodies to combat cancer. One of the potentially effective
cancer immunotherapy strategies is the adoptive transfer of monocyte-derived dendritic
cells (MoDCs). The process entails removing monocytes from the blood of the patient,
differentiating them into MoDCs in the laboratory, and either electroporating them with
RNA or loading them with tumor antigens. After being reintroduced into the patient,
these antigen-loaded MoDCs can activate the immune system to combat cancer cells. The
MoDCs enter the patient’s body and travel to the lymph nodes, where they engage in T cell
interaction. The T cells are activated and primed to attack cancer cells when the MoDCs
expose them to the tumor antigens. Treatment for cancer may be greatly enhanced by the
adoptive transfer of MoDCs. Since the MoDCs are made from the patient’s own blood,
the therapy is customized for each individual. Additionally, this lessens the possibility of
graft-versus-host disease (GVHD), a major side effect of certain other immunotherapies [26].

NK cells, another component of the immune system, supplement the MHC-restricted
tumor lysis carried out by cytotoxic T cells by performing cytotoxic tasks without showing
preference for specific MHC molecules. Recent research has demonstrated that NK cells
functioned poorly in the TME, exhibiting decreased cytotoxic efficacy and a changed
production of proinflammatory cytokines. The adoptive transfer of autologous NK cells is
the transfusion of ex vivo activated and expanded NK cells into patients. Several NK-based
immunotherapies include CAR-NK cell therapies, in which engineered natural killer cells
(NK cells) are transfused to express CARs against a particular tumor antigen; cytokine
therapies, in which NK cell activity is increased by the infusion of particular cytokines;
and mAb-based treatments, which denote the administration of antibodies to obstruct
inhibitory receptors of NK cells [27]. The blockage of inhibitory receptors on NK cells
shows promise in a similar manner to ICIs, which block inhibitory pathways in T cells.
Several NK cell inhibitory receptors have been investigated for their therapeutic potential
and clinical application [28]. The primary inhibitory receptors on human NK cells are
the killer immunoglobulin receptor (KIR) family and the CD94/NKG2A heterodimer.
Antibodies that target KIRs, either on their own or in conjunction with other therapeutic
drugs, can increase the antitumor activity of NK cells. Furthermore, it has been observed
that antibodies that specifically target NKG2A are likewise successful in inducing NK
cell responses. Currently, clinical trials are assessing the anticancer efficaciousness of
monalizumab, a new anti-NKG2A antibody. Importantly, activating receptors might also be
used in addition to inhibitory receptors. For example, cytokines could be used to increase
the expression of activating receptors or antibodies could be delivered to target cells to
induce NK cytotoxicity [29].

Bispecific antibodies (BsAbs) identify two distinct antigens in a single molecule, and
this has prompted research in academia and the pharmaceutical industry. The most
promising BsAb among the several BsAbs is T-cell-engaging BsAb (TCEB), a novel class
of therapeutic medicines intended to attach to tumor cells and T cells simultaneously via
tumor-cell-specific antigens in immunotherapy. Although hematological malignancies
respond well to chimeric antigen receptor (CAR)-T cell treatment, adverse effects such
as CRS, neurotoxicity, and on-target off-tumor consequences have also been reported.
Studies carried out to stimulate T cells ex vivo with BsAbs are underway to decrease
side effects. When T cells were primed ex vivo by BsAbs, the therapy produced strong
antitumor responses, effectively infiltrated the tumor site, and released fewer cytokines
than when BsAb and T cells were infused separately. This minimized systemic side effects.
OKT3×hu3F8 BsAb-armed T cells (GD2BATs) selectively killed GD2-positive osteosarcoma
and neuroblastoma cell lines in vitro. GD2BATs demonstrated results in certain patients
without appreciable side effects in phase I studies for patients with GD2-positive tumors. In
recent research, the BsAb arming strategy was combined with TCR signaling CD3ζ domains
to induce non-MHC-restricted cytotoxicity in headless CAR-T (hCART) cells. These cells
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lack extracellular scFv CAR domains and only contain the transmembrane, the intracellular
domain of co-stimulatory receptors. The capacity of hCART cells to target is ascertained by
equipping them with BsAbs; these may include one or more BsAbs to target various tumor
antigens. Conventional IgG-based antibodies are unable to establish innovative modes of
action and therapeutic uses that are made possible by bispecific antibodies (bsAbs). There
has been much interest in the creation of these molecules over the previous ten years, and,
by the end of 2023, 14 bsAbs had been approved, 11 for the treatment of cancer and 3 for
applications outside of oncology. Different forms, targets, and molecular processes are
utilized by bsAbs to mediate their anticancer effect [30].

3.5. Chimeric Antigen Receptor T Cell (CAR-T) Therapy

CAR-T therapy has emerged as one the most successful and groundbreaking types of
ACT, specifically for the treatment of blood cancers. This innovative approach involves the
therapeutic transfer of adoptive T cells into cancer patients. Adoptive T cells are engineered
T cells that express artificial receptors. In CAR-T cell therapy, a patient’s natural T cells
are extracted from peripheral blood and are genetically modified by adding a synthetic
chimeric antigen receptor (CAR). Following this modification, the CAR-T cells are culture-
expanded and amplified in vitro before being reinfused into patients as a cancer treatment.
Once injected, these genetically modified CAR-T cells effectively identify and eliminate
cells expressing a tumor-associated antigen (Figure 1). The efficiency of CARs as a cancer
treatment is evaluated by counting the number of cancer cells in the blood and bone marrow
of the patient, as well as performing imaging tests to determine tumor size. The outcome
may vary from patient to patient and may take some time to manifest [6].
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CAR-T therapy has revolutionized cancer treatment by addressing some of the limi-
tations of old immunotherapies. The targets of CAR-T therapy are not only specific but
also multiple antigens on cancer cells. In addition, it bypasses the requirement of MHC
molecules and develops long-lasting immunity, which helps in the prevention of cancer
recurrence. While older immunotherapies were effective against blood cancers, CAR-T
treatment has the potential to treat solid tumors as well. CAR-T cell production can be en-
hanced to increase its potential in a number of solid tumors, despite its current limitations.
Scientists have improved CARs and tested new approaches using tumor-specific antigens
(TSAs) and tumor-associated antigens (TAAs). The precision, effectiveness, and possibility
for solid tumors make CAR-T therapy an ideal treatment option for cancers.

The key features that contribute to the success of CAR-T cell therapy are the following:

1. It shows success in treating specific hematological cancers, including diffuse large
B cell lymphoma (DLBCL) and B cell acute lymphoblastic leukemia (B-ALL). It has
resulted in high response rates and, in some cases, long-term remissions.

2. CAR-T cells are engineered to identify and target specific antigens on the surface of
cancer cells. The therapy can be targeted at cancer cells while maintaining normal,
healthy cells by tailoring the CARs to a specific antigen.

3. CAR-T therapy involves the patient’s own T cells followed by their genetic modifi-
cation to express CAR specific to cancer cells and their re-infusion into the patient.
This tailored approach improves the specificity of the treatment and reduces some
side effects.

4. Unlike traditional T cell treatments that depend on MHC presentation, CAR-T cells
have the ability to detect antigens without the need of the MHC. This fact is particularly
beneficial when MHC expression is downregulated by cancer cells.

5. In some patients, CAR-T therapy has exhibited durable responses, meaning persistent
benefits over a long period of time, potentially providing long-term remission.

6. Certain types of CAR-T therapies (such as Kymriah (tisagenlecleucel) and Yescarta
(axicabtagene ciloleucel) have received approval from regulatory agencies, including
the U.S. Food and Drug Administration (FDA), for the treatment of specific types of
leukemia and lymphoma, which allows for insurance reimbursement.

7. Ongoing research focuses on improving CAR design, addressing limitations, and
expanding the application of CAR-T therapy to other cancer types. Next-generation
CARs are being developed to enhance safety, efficacy, and applicability.

CAR-T cells are engineered to identify and target specific antigens on the surface of
cancer cells, offering a tailored approach that spares normal, healthy cells. This precision is
due to the CAR design, which is specific to an antigen found on cancer cells, ensuring that
CAR-T cell treatment has long-lasting effects. These cells can persist in the body, providing
ongoing surveillance and the potential to combat cancer cells if they reappear. Compared
to other available treatments, such as chemotherapy or radiation therapy, CAR-T therapy
offers numerous advantages, particularly for blood cancers. For example, CAR-T cells
can detect antigens without the need for MHC presentation, a significant benefit when
cancer cells downregulate MHC expression to evade the immune system. This capability
is important, especially when traditional treatments fail to yield long-term remission or
cure, highlighting the remarkable promise of CRA-T therapy for such challenges. As a
one-time treatment, CAR-T therapy involves extracting T cells from the patient, engineering
them to become CAR-T cells, and then reintroducing them into the patient’s body. This
process can significantly reduce the duration and intensity of treatment compared to
ongoing chemotherapy and radiation sessions. Additionally, CAR-T therapy avoids the
severe side effects associated with intensive chemotherapy regimens used during stem
cell transplantation, potentially improving the patient’s quality of life during treatment.
Once infused, CAR-T cells act as living drugs, remaining in the body to monitor and
eliminate any emerging cancer cells, thus providing a long-term defense. Currently, CAR-T
cell therapy is approved for patients where a transplant is not expected to be curative or
for those who have relapsed post-transplant. However, its efficacy and unique benefits
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suggest that it may eventually supplant many forms of transplantation [31,32]. CAR-T
therapy, initially successful in cancer therapy, could now become a therapeutic option for
some autoimmune diseases. Additionally, preclinical models have produced regulatory
CAR-T cells and chimeric autoantibody receptor T cells to target certain autoantibodies or
alter autoreactive immune cells. Clinical outcomes include B cell elimination in systemic
lupus, systemic sclerosis, rheumatoid arthritis, and myasthenia gravis using anti-CD19 and
anti-B-cell maturation antigen CAR-T cells [33].

3.5.1. CAR-T Structure

CARs, which are engineered receptors, can activate the immune system against can-
cerous cells by regulating T cell receptors. These receptors primarily consist of (a) an
extracellular antigen-binding domain, (b) a spacer or hinge region, (c) a transmembrane
domain, and (d) one or several intracellular signaling domains. Once the synthetic domains
are packaged into viral vectors, they are then integrated into T cells expressing the do-
mains on their surface. Afterward, these modified cells are administered to cancer patients,
triggering the immune system against tumor cells.

3.5.2. Antigen-Binding Domain

The extracellular antigen-binding domain is a crucial component of the CAR construct.
This domain imparts specificity for the target antigen as it is responsible for recognizing
and binding to specific antigens present on the surface of target cancer cells. This domain is
usually derived from the light (VL) and heavy (VH) chains of mAbs, which are joined by a
flexible, synthetic, single-chain antibody fragment to form a single-chain variable fragment
(scFv). The scFv of the CAR binds to the antigens on the extracellular surface of cancer cells,
activating T cells without the need for MHC molecules. However, several features of the
scFv significantly affect CAR performance beyond simply identifying and binding the target
epitope [34]. The scFv of the CAR affects its function not only by identifying and binding
the target epitope but also by other factors, such as the mode of association between the
VL and VH chains, the positions of the complementarity-determining regions, the antigen-
binding affinity, the target antigen density, the epitope location, and the avoidance of
ligand-independent tonic signaling [35]. These factors influence the specificity, efficacy,
and safety of the CAR-T cells. Therefore, the antigen-binding domain of the CAR must be
carefully designed to optimize its interaction with its target antigen [36,37].

3.5.3. Hinge Region

The spacer or hinge region is a structural region on the extracellular surface that joins
the antigen-binding region to the transmembrane domain. It allows for flexibility and
length for the antigen-binding domain to control steric hindrance and reach the targeted
epitope. The hinge region also affects CAR signaling, expression, flexibility, and epitope
recognition depending on its composition and length [38]. Moreover, the spacer length is
important for creating sufficient intercellular space for the formation of the immunological
synapse [39]. Long spacers can bind complex glycosylated antigens or membrane-proximal
epitopes better, while short spacers can access membrane-distal epitopes more easily [40].
However, the optimal spacer length varies for each pair of antigen-binding domains and
must be determined empirically. The most common hinge regions are acquired from amino
acid sequences of CD8, CD28, IgG1, or IgG4. Spacers derived from IgG can cause the
depletion of CAR-T cells and reduce persistence in vivo by interacting with Fcγ receptors.
However, these effects can be prevented by further developing the spacer region depending
on specific structural or functional requirements [41].

3.5.4. Transmembrane Domain

The transmembrane domain is a hydrophobic area that attaches the CAR to the T
cell membrane and is the least characterized region of all CAR components. It helps in
maintaining the structural integrity of the CARs and facilitates signal transduction, the
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CAR expression level, synapse formation, and dimerization with endogenous signaling
molecules. The transmembrane domain is commonly produced from natural proteins such
as CD28, CD4, CD8α, or CD3ζ [6]. However, its effect on CAR function is not completely
understood, as it is often modified depending on the requirements of the intracellular
signaling domains or extracellular spacer region. For example, the CD3ζ transmembrane
enhances CAR-mediated T cell activation by enabling CAR dimerization and integration
into endogenous TCRs [42]. However, it also reduces CAR stability, unlike the CD28
transmembrane [43]. Similarly, transmembrane domains and CD8α hinges decrease IFNγ

and TNF secretion and the activation-induced cell death (AICD) of CAR-T cells compared
to CD28-derived domains. Therefore, the spacer region and transmembrane domains
affect the production of cytokines and the activation-induced cell death of CAR-T cells.
Studies recommend that the optimal signaling of CAR-T cells may require joining the
transmembrane domain with the proximal intracellular domain, while the common CD28
or CD8α transmembrane domains can improve CAR stability and expression [43].

3.5.5. Intracellular Signaling Domain(s)

The intracellular signaling domain has received the most interest in CAR design for
developing effective antitumor immunity. It is an important part of the CAR construct be-
cause it determines CAR-T cell effector and activation pathways. The intracellular signaling
domain of CAR-T plays a crucial role in transmitting signals upon recognition of the target
antigen. This domain consists of components that activate various signaling pathways
within the T cell, leading to T cell activation, proliferation, and the destruction of target cells.
The primary intracellular signaling domain components are made up of co-stimulatory
molecules and one or more T-cell-receptor-derived signaling molecules. The CD3ζ chain is
a component of the T cell receptor (TCR) complex and is a fundamental signaling molecule
that activates T cells and produces cytokines. It includes immunoreceptor tyrosine-based
activation motifs (ITAMs) that are phosphorylated upon antigen detection. Phosphorylated
ITAMs serve as docking sites for signaling molecules and initiate downstream signaling
cascades. Many CARs also include co-stimulatory domains to provide additional signals
for T cell activation and enhancement of function. Two common co-stimulatory domains
employed in CAR-T therapy are CD28 and 4-1BB (CD137). The CD28 domain enhances the
early activation and effector functions of CAR-T cells and stimulates T cell proliferation and
cytokine production. The 4-1BB domain is associated with improved CAR-T cell persistence
and memory. Signaling through 4-1BB enhances the persistence of the CAR-T cell response.
These molecules can provide signals to the CAR-T cells that promote cell survival, increase
cytokine secretion, induce memory function, and boost metabolic activity. The combination
of diverse signaling molecules can influence CAR-T cell function and phenotype, enhancing
their antitumor effects. Different signaling molecules may have different pros and cons
in different tumor settings. Research on the ideal configuration and composition of the
intracellular signaling domain is still going on, with the aim of developing more powerful
CAR-T cells to combat cancer while minimizing its side effects.

4. Evolution of CAR-T Cells

CAR-T cells have evolved through many generations based on the modification of the
intracellular domain since its discovery in 1989. Figure 2 depicts different generations of
CARs and their endodomain components. The main features of each generation have been
discussed below.
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4.1. First-Generation CARs

First-generation CAR-T cells were the initial versions of CARs designed as cancer
immunotherapy. These molecules marked the beginning of the development of CAR-T cell
technology. The first-generation CARs have a simple endodomain structure made up of
either the CD3ζ-chain or FcεRIγ chain, which are the primary signal transducers of the
endogenous TCR. These CARs failed to produce sufficient endogenous interleukin-2 (IL-2)
for the survival and proliferation of T cells. Therefore, exogenous IL-2 was required to
eradicate the tumor. The addition of exogenous cytokines enhanced the performance of
first-generation CARs through various, aspects such as the following:

8. Exogenous IL-2 stimulates the survival and persistence of CAR-T cells in the tumor mi-
croenvironment by inhibiting premature cell death and improving their antitumor ability;

9. It enhances CAR-T cell growth, resulting in a bigger pool of effector cells capable of
targeting tumor cells;

10. It stimulates the differentiation of regulatory T cells (Tregs) and effector T cells. It is
important to balance these subgroups for efficient antitumor immunity.

11. It improves the capacity of CAR-T cells to identify and combat cancer cells.

Further studies demonstrated that removing the phosphorylation sites of ITAM A and
C in the CD3ζ signaling domain could reduce the apoptotic signal that affects transgene
expression. Despite this finding, most clinical trials used CAR-T cells with the CD3ζ-chain
rather than the FcεRIγ-chain because the former had three ITAMs while the latter had
only one [44]. Although having lower expression levels in vitro, CAR-T cells with the
CD3ζ-chain were more successful at triggering T cells and eliminating tumor cells. The
transmembrane domain of CAR-T cells was composed of a homologous or heterologous
dimer of CD28, CD8, or CD3, which could facilitate cellular activation by dimerizing and
interacting with the endogenous TCR [45].

Different tumors were treated with first-generation CAR-T cells targeting different
antigens, such as the alpha-folate receptor (FR) CAR-T cells, carcinoembryonic Ag-specific
CD3ζ (MFEζ) CAR-T cells, scFv(G250) CAR-T cells, CE7R CAR-T cells, CD10 CAR-T cells,
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and GD2 CAR-T cells. However, most of these trials did not achieve satisfactory results
due to insufficient proliferation, short in vivo life expectancy, and low cytokine secretion
by the first-generation CAR-T cells [46].

4.2. Second-Generation CARs

The second-generation CARs improved the endo-domain structure by adding a co-
stimulatory domain to the CD3ζ-chain, which provided the primary signal for T cell
activation. The co-stimulatory domain can be derived from different types of receptors,
such as CD137 (4-1BB), CD134 (OX40), or CD28, which produce the second signal for T
cell activation. The second signal is essential for producing IL-2, a cytokine that prevents
apoptosis and enhances T cell function. Without the second signal, T cells cannot respond
effectively to the antigen even if they recognize it through the TCR, which binds to the MHC–
antigenic peptide complex on the antigen-presenting cells (APCs) [47,48]. The addition
of the co-stimulatory domain to the CAR-T cells increased their cytotoxicity, proliferation,
persistence, and memory in vivo compared to the first-generation CARs. The co-stimulatory
domain also influenced the proliferation and persistence of effector and memory T cells.
For example, CD28 promoted lymphocyte expansion and development, CD134 enhanced
IL-2 production and sustained proliferation, and CD137 maintained the T cell response
and memory of CD8+ T cells [49]. Several trials used second-generation CAR-T cells that
targeted CD19, a marker of B cell malignancies, with different co-stimulatory domains, such
as 4-1BB or CD28 [50]. Although direct comparisons are lacking, studies suggested that
4-1BBζ-CAR-T cells had a longer survival than CD28ζ-CAR-T cells. However, CD28ζ-CAR-
T cells had more autonomous proliferation, stimulation, and growth while 4-1BBζ-CAR-T
cells might suffer from early depletion that could impair their antitumor activity [51].

4.3. Third-Generation CARs

The third-generation CARs were developed to enhance efficiency. The third-generation
CARs enhanced the endodomain structure by combining two co-stimulatory domains
(i.e., CD28-41BB or CD28-OX40) with the CD3ζ-chain, which increased their potency,
cytokine production, and cytotoxicity [52]. The primary concern was whether or not
the third-generation CARs had superior characteristics than the second-generation CARs.
Ramos et al. (2018) conducted an in vivo study comparing the third-generation CD19-
specific CAR-T cells with second-generation CD19-specific CAR-T cells in B cell non-
Hodgkin’s lymphomas. They employed two distinct constructs: one that had only the
co-stimulatory domain CD28 and the other that contained both CD28 and 4-1BB. The results
of the study demonstrated that third-generation CAR-T cells had a longer persistence (up to
40 times) and better expansion than second-generation cells [53]. Additionally, preliminary
trial data did not indicate significant increases in response rates over traditional CAR-T
treatments, despite positive overall outcomes. The currently available data are inadequate
and have been derived from heterogeneous populations; therefore, conclusive decisions
could not be made. However, third-generation CAR-T treatments still have a number of
shortcomings compared to the first generations, such as difficulties in manufacturing or
inadequate effectiveness, which justifies research into CAR-T cells from the subsequent
generations [53].

In a pilot clinical trial, researchers tested third-generation CD20-specific CARs with
CD28 and 4-1BB co-stimulatory domains for lymphoma patients. The trial enrolled four
patients with mantle cell lymphoma. Three patients received the CAR-T cell treatment
after standard chemotherapy. The treatment was well tolerated, and two patients with
no detectable illness remained disease-free for 12 to 24 months, respectively. However, at
12 months, the third patient experienced a partial response and relapsed. The modified
CAR-T cells were identified in the patient’s blood for up to a year, but at low concentrations.
These third-generation CARs showed some anti-tumor effects but they did not show
significant improvement over the second generation. One possible reason for the lack of
improvement is the fewer number of studies conducted with these CAR-T cells compared
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to the second-generation CARs. More research is required to optimize the selection of
co-stimulatory molecules, which are essential for enhancing the activation, proliferation,
and survival of CAR-T cells. Moreover, the effectiveness and safety of these therapies need
to be evaluated in diverse patient groups.

4.4. Fourth-Generation CARs

Fourth-generation CARs are also known as TRUCKs (T cells redirected for univer-
sal cytokine-mediated death). Fourth-generation CARs were built on second-generation
CARs (containing 1-3 ITAMs) and associated with a constitutively or inducibly produced
chemokine (e.g., IL-12). This combination allowed them to secrete cytokines that can trigger
innate immune cells to eradicate antigen-negative cancer cells that escaped the CAR-T cell
recognition and enhance the activation of T cells in the tumor site. The potential of TRUCKs
to modulate the tumor microenvironment by inducing the expression of transgenic immune
modifiers (i.e., cytokines) is worth exploring. Above all, this transgenic cytokine is released
and stored in the CAR-T cells and only obtained when it is induced. Furthermore, the
fourth-generation CARs can be endowed with a self-withdrawal mechanism. For example,
the activation of a suicide gene (caspase-9 gene) enables the quick withdrawal of CAR-T
cells when the anti-tumor impact is attained. TRUCKs have been applied to autoimmune
disorders, metabolic conditions, and viral infections. The fourth generation of CAR-T cell
therapy is gaining substantial attention in the field of cancer immunotherapy due to its
highly promising potential [54].

4.5. Fifth-Generation CARs

The fifth generation of CAR-T cells introduced an additional intracellular domain that
consisted of a truncated cytokine receptor fragment (e.g., IL-2R chain fragment) with a
binding motif for transcription factors, such as STAT-3/5. This modification enabled the
cells to produce a signal that not only sustained their function and memory formation but
also reactivated and stimulated the immune system. IL-2 receptors activate the JAK/STAT
pathway in an antigen-dependent manner. Although various approaches have been tried,
the discovery of switch receptors is one of the field’s most intriguing developments. Recent
investigations have shown that a drug-dependent OFF-switch leading to CAR depletion or
an ON-switch leading to activation can be successfully integrated. Lenalidomide-gated
CARs were developed using these principles. Even though the efficacy of these cells is
marginally lower than that of previous CAR generations, greater control over the process
led to an improved safety profile and an expanded therapeutic window. It is pertinent to
mention here that the fifth generation of CARs is currently under evaluation [55].

5. Boolean Logic-Gated CARs

Boolean logic-gated CARs (BLG-CARs) are a new generation of CAR-T cells that go
beyond older generations of CARs in order to regulate the activity of conventional CARs.
In addition, BLG-CAR specificity has been increased concomitant with the limitations asso-
ciated with conventional CARs. BLGs are digital devices that execute logical operations on
binary inputs to generate outputs. The notion of BLGs enables medical devices, algorithms,
and data to execute logical operations based on binary values (0 or 1) that indicate true
or false statements. A BLG can assist in the design, processing, programming, analysis,
development, and evaluation testing of different aspects of healthcare, including optimiza-
tion, diagnosis, prevention, and treatment [56]. These state-of-the-art CAR technologies
are designed to increase the effectiveness of therapy and lessen its side effects. BLG-CAR-
related treatment employs engineering and synthetic biology to construct immune cells to
identify and eradicate cancer cells based on the presence of dual antigens rather than one.
The goal of this approach is to increase the safety and specificity of CAR-T cell treatment,
particularly for solid tumors devoid of antigens specific to the tumor. In this novel method,
intracellular proximal T cell signaling molecules are used instead of conventional CD3ζ
domains. ZAP-70 is one such molecule that is essential for phosphorylating a leukocyte
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protein of 76 kDa containing the SH2 domain (SLP-76) and linker for the activation of T
cells (LAT). These proteins serve as a scaffold for the proliferation of T cell signaling [57].

Though there are numerous variations of BLGs, AND-, OR-, NOT, and IF-Better logic
gates are the most widely used types. The AND gate CAR system operates by dividing the
different activation signals, ensuring that the main activation signal, CD3ζ, is present in one
receptor construct and the co-stimulatory domains, like 4-1BB and CD28, in the other. The
system is only activated when both antigens are expressed on a cancer cell, in which case T
cells are transformed with CD3ζ CAR oriented toward one antigen and the co-stimulatory
domain directed toward the other [58]. The OR gate CAR system uses a multi-antigen
strategy that requires one or more targeted CAR-T cell antigens. For example, dual or
bicistronic CARs are developed to introduce two CAR constructs in a single T cell, enabling
them to target multiple tumor-associated antigens (TAAs). Additionally, CAR-T cells can be
modified to express triCARs or quadCARs by this strategy to target three or more antigens.
NOT logic CARs are designed to include an inhibitory signal as the endogenous signal
of the off-target CAR construct rather than activation domains, and are also known as
inhibitory CARs (iCARs). The NOT logic gate is capable of identifying antigens that are
coupled to the signaling domain of an inhibitory co-receptor, such as CTLA-4 or PD-1,
which are expressed on normal tissue but absent on cancerous tissue. In order to avoid
auto-reactivity toward bystander tissues, iCARs are expressed in combination with CARs
that precisely target the specific antigen [59]. The IF-Better logic gate is a unique CAR
construct in which the presence of a high chimeric co-stimulatory receptor (CCR) target
expression is required for killing the cancer cells, as low CAR target expression will not
trigger this process. Higher CAR expression is made possible by the interaction of the
CCR with the target antigen, which also improves co-stimulation. However, this effect is
specifically limited to target cells that express both antigens. A preclinical study conducted
on AML reported the outperformance of the IF-Better gate than both single and dual CAR-T
cells in terms of anti-tumor effectiveness and prevention of tumor escape [59,60]. Boolean
logic-gated CARs are a new generation of CARs that aims to target both hematological
malignancies and solid cancers more precisely and safely. They are, however, not without
limitations. These limitations include the possible loss of potency and efficacy due to tumor
antigen heterogeneity, cost and complexity of developing the CARs, and the possibility of
side effects due to the activation of the CAR-T cell by normal cells. Hence, more research is
required before Boolean-gated CARs can be used routinely in clinical settings.

6. Manufacturing and Infusion of CAR-T Cells for Cancer Treatment

Since the 1970s, genetic engineering approaches have made great progress. Genetic
engineering has now moved from a simple laboratory procedure to a more sophisticated
approach in order to maximize transgene expression and minimize hazards. Initially,
researchers employed simple laboratory methods to insert foreign DNA into cells. This
included techniques such as electroporation and calcium phosphate precipitation. Although
cells could be infected with genetic material (DNA, RNA) using these methods, they lacked
the required specificity. With the development of CRISPR-Cas technology, genome editing
has become more accurate and effective. CRISPR precisely targets DNA regions to alter
genes. The manufacturing and infusion of CAR-T cells involves several key steps. Here is a
brief overview of the methods involved in the manufacturing of CAR-T cells (Figure 3).
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CAR genes. These modified CAR-T cells are grown in bioreactors and culture bags. CAR-T cells are
stored at extremely low temperatures following quality control and characterization. Chemotherapy
is used to decrease or eliminate lymphocytes in selected patients, and CAR-T cells are then delivered
into their bloodstream.

6.1. Sources of T Cells

The first step in the manufacturing of CAR-T cells is the collection of T cells from the
patient or a healthy donor. T cells are a type of white blood cell capable of recognizing
and eliminating aberrant or foreign cells. T cells isolated from the blood of the patient
(autologous T cells) or from a healthy donor (allogenic T cells) can be genetically modified
to express CARs using the same manufacturing process. Autologous T cells are widely
used since they are specific to the immune system of each patient. This approach offers
the benefit of avoiding GvHD or immunological rejection. Additionally, autologous T cells
can be customized to target the specific cancer cells of the patients, which can enhance the
effectiveness of therapy. Alternatively, allogenic T cells produced from the peripheral blood
or umbilical cord blood of healthy donors provide a higher risk of immunological rejection
or GvHD. However, it also offers the benefits of readily available T cells (off-the-shelf), thus
eliminating the need for CAR production for each individual patient. Allogenic T cells can
also be used for huge-scale manufacturing processes.
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6.2. Isolation of T Cells

T cells from the blood are isolated by several methods, such as density gradient
centrifugation, fluorescence-activated cell sorting (FACS), various microfluidic devices,
Dynabeads, leukapheresis (this method does not isolate T cells but rather all PBMCs),
and magnetic-activated cell sorting (MACS). Density gradient centrifugation involves
mixing the blood with phosphate buffer saline followed by layering it on a density gradient
medium and then centrifuging it. Lymphocytes (containing T cells), which are lighter, move
to the interface between the density gradient media and plasma and are isolated. FACS
uses fluorescence-labeled antibodies to specifically target different markers on the surface
of T cells. The cells are subsequently sorted using specific equipment according to their
fluorescence. Microfluidic devices selectively collect T cells while permitting other blood
cells to flow through the device by using certain surface coatings and microchannels. This
technique is very accurate and effective in isolating T cells. Dynabeads are magnetic beads
coated with antibodies that can specifically bind to T cells. When mixed with blood, T cells
expressing specific markers against the antibodies bind to antibodies, thereby adhering to
the magnetic beads, and are subsequently separated by a magnetic field.

Leukapheresis is the most common method employed in the isolation of T cells from
the peripheral blood of patients. During leukapheresis, blood is drawn through a needle
inserted into a vein of the patient. The blood is then passed through a leukapheresis
machine that isolates WBCs (including T cells) from the rest of the blood cells. The machine
separates the components of blood using filtration or centrifugal force. The machine spins
the blood rapidly, allowing lighter white blood cells, including T cells and plasma, to
separate from heavier blood cells, such as red blood cells. Following their separation, white
blood cells, including T cells, are collected and preserved for further use. The remaining
blood components, such as platelets and red blood cells, are returned to the body of the
patients using a second needle. After leukapheresis, T cells can be purified from other WBCs
using other techniques, such as MACS and FACS. MACS relies on magnetic beads that are
coated with T-cell-specific antibodies. The separation of T cells with MACS thus involves
the binding of antibody-coated magnetic beads with specific markers such as CD4 or CD3
on the T cells. The labeled T cells are isolated when they pass through a magnetic field.
These isolated T cells can then be used for various applications and treatment strategies,
including CAR-T cell therapy or other immunotherapies [61].

6.3. T Cell Activation

Isolated T cells can be activated using various methods that often involve stimulation
with antibodies against CD3 and CD28, as well as other activating agents. These methods
include cell-based T cell activation, beads-based T cell activation, antibody-coated magnetic
beads, antibody-coated nanobeads, expamer technology, and activation with anti-CD3
antibodies. This step is crucial for preparing the T cells for genetic modification. The T cells
must be activated to proliferate and become susceptible to gene transfer before they can be
genetically altered to express CARs. The activation of T cells requires both a primary signal
from a T cell receptor and co-stimulatory signals like CD28, X40, or 4-1BB. The activation of
T cells is also necessary for transducing the CAR cDNA utilizing retroviral vectors [62].

6.3.1. Cell-Based T Cell Activation

This method employs APCs such as dendritic cells (DCs). APCs are intrinsic activators
of T cell responses, capable of presenting antigens to T cells and stimulating the cells to
activate. The APCs are produced from either the donor or patient and are loaded with
anti-CD3 antibodies or tumor antigens to activate the T cells. The effectiveness of DCs
differs from patient to patient as its therapeutic applications are still being researched.
This constraint limits the use of DCs as a reliable source of T cell activation. Artificial
antigen-presenting cells (AAPCs) are another method for activating T cells. Irradiated K562-
derived AAPCs have been employed to promote the growth of CAR-T cells. However, the
development and selection of AAPC lines are complicated and require significant resources.
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6.3.2. Beads-Based T Cell Activation

Beads-based activation employs artificial beads coated with molecules that can activate
the T cells, such as anti-CD28 and anti-CD3 antibodies. The artificial beads imitate the
signals that T cells receive from APCs, which can result in the strong activation and growth
of T cells. Many companies have developed standard clinical-grade T cell activation
reagents, including Invitrogen’s CTS Dynabeads CD3/28, Miltenyi’s MACS GMP expact
Treg beads, Juno Stage Expamer Technology, and Miltenyi MACS GMP transact CD3/28
beads. These methods have significantly simplified the ex vivo activation of T cells.

6.3.3. Antibody-Coated Magnetic Beads

Magnetic beads coated with anti-CD3 or anti-CD28 antibodies can activate T cells
while also allowing for the easy separation of activated T cells from the beads using a
magnetic field. Dynabeads CD3/28 are homogenous large paramagnetic beads that are
covalently bound to CD3 and CD28 antibodies. When employed in combination with the
Dynal ClinExVivo MPC magnet, this reagent has added the benefit of allowing T cells to be
selected and activated in a single step. Dynabeads are the first-generation standard clinical-
grade reagent for the selection and activation of CD3+ T cells. They have been widely used
in preliminary clinical trials, although their availability is limited. Other commonly used
antibody-coated magnetic beads for the activation of T cells include Miltenyi ExpAct Treg
beads and Miltenyi MACS GMP ExpAct Treg beads. Removal of the magnetic beads is
essential at the end of the production process when utilizing any beads [63].

6.3.4. Antibody-Coated Nanobeads

These are nanosized beads coated with anti-CD3 and anti-CD28 antibodies, which
activate T cells while simultaneously increasing gene transfer efficiency by allowing for
contact between viral vectors and T cells. Miltenyi MACS GMP TransAct CD3/28 beads
consist of a polymeric nanomatrix that is coupled to CD3 or CD28 monoclonal antibodies.
The TransAct beads have the benefit of being biodegradable, which means that they do
not need to be removed prior to use; nonetheless, upstream T cell purification is required
before activation. It has been found that ExpAct Treg beads and TransAct CD3/28 beads
are as effective as Dynabeads CD3/28 for CAR-T cell production [63].

6.3.5. Expamer Technology

T cell activation is a key foundation in the production of T-cell-based therapies, and
accurate control over T cell activation is critical in the development of next-generation
T-cell-based therapies, including CAR-T cell therapies. This requirement cannot be met
by currently existing approaches for T cell activation, especially not in a time-dependent
manner. Expamers technology addresses these limitations. This method uses a novel
platform that consists of DNA-based structures called expamers that can bind to multiple
receptors on T cells and stimulate T cell activation. Expamers are diverse stimuli that
are highly soluble and can be rapidly bound and released from the cell surface, thus
allowing for the nearly immediate start and termination of the activation signal [64]. The
Expamer, developed by Juno Therapeutics, is the most contemporary T cell activation
reagent. Its distinctive core Streptamer technology has been utilized to separate viral-
specific lymphocytes. Expamers allow for the precise modulation of T cell stimulation time
and hold the potential of controlling T cell profiles in future products. Expamers are easily
adaptable to many T cell productions and have the potential to improve the efficacy of T
cell immunotherapy. The expamers can also carry the CAR gene and deliver it to the T cells
using electroporation [64].

6.3.6. Activation with Anti-CD3 Antibodies

This method employs soluble anti-CD3 antibodies that become attached to T cell
receptors and activate them. This is a simple and extensively used method; however, it may
not result in optimal T cell growth and may lead to cytokine release syndrome when used in
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patients. The interaction of CD3 molecules with anti-CD3 monoclonal antibodies increases
T cell activation in the presence of IL-2. Studies have shown that the anti-CD3 monoclonal
antibody OKT3 can effectively activate and expand the peripheral blood mononuclear cells
of patient for the generation of autologous and allogenic CD19-CAR-T cells [65].

6.4. Genetic Modification of T Cells

Activated T cells can be genetically altered to express CARs. This modification is
often performed using non-viral transfer methods, viral vectors (commonly lentiviruses or
retroviruses), transposons, and CRISPR-Cas9 to introduce the CAR gene into the T cells.
After the T cells are activated, they are genetically modified to express CARs, which are
synthetic receptors that can identify and bind to a specific antigen on the cancer cells. The
CARs consist of an extracellular domain that recognizes the antigen, a transmembrane
domain that binds the CAR to the T cell membrane, and an intracellular domain that
provides the activation signal to the T cell.

6.4.1. Non-Viral Transfer Methods

T cells can be genetically engineered using the non-viral transfer of plasmid DNA or
in vitro transcribed mRNA (IVT-mRNA), which have minimal risk of mutagenesis and low
immunogenicity. Malone and his team gave the first description of mRNA for gene therapy
applications in 1989, and used liposome-mediated transfection [66]. Later, in 2006, Zhao
et al. reported the electroporation of mRNA to transfer TCR genes into primary T cells [67].
However, developing therapeutic approaches using mRNA faced several challenges due
to its instability, negative charge, immuno-stimulatory effect, insufficient translation in
the host cells, and susceptibility to degradation [68,69]. To overcome these obstacles,
researchers have gained a better knowledge of the relationship between the stability and
structure of mRNA and developed various chemical modification techniques. Some of
the structural modifications of mRNA include anti-reverse cap analogues (ARCAs) and a
polyadenylate tail, which enhance the stability and translation efficacy of mRNA. The poly
(A) tail should have more than 100 residues for optimal results. Another modification is
replacing the less stable 3′UTR and 5′UTR from the β-globin gene with adenylate–uridylate
rice elements (AREs), which are common mRNA degradation signals found in the 3′UTRs
of most eukaryotic mRNAs. When AREs are substituted for the 3′UTR of a more stable
mRNA, like the mRNA for β-globin, the stability is increased. These modifications make
mRNA more stable and allow for longer-lasting expression [68].

mRNA can function in the cytoplasm without entering the nucleus. It is possible to
produce IVT-mRNA with structural alterations that can enhance its stability. Therefore,
advanced delivery methods are required for the development of mRNA as a therapeutic
tool. Protamine-mRNA, polymeric, lipid–polymer hybrid, lipid, and gold nanoparticles
are the different types of nanoparticles that can facilitate the endocytosis and distribution
of IVT-mRNA in the cells. Lipofectamine consists of cationic lipids that form liposomes
with positively charged surfaces, and is frequently employed as a cationic carrier for
IVT-mRNA to facilitate the mRNA entry into the eukaryotic cell via endocytosis. The
negatively charged phosphate groups form complexes with these liposomes that fuse
with the cytoplasmic membrane. The complex then builds up inside the cell, ruptures the
endosome, and releases the genetic material into the cytoplasm for expression [70].

Electroporation employs electric pulses to create pores in the cell membrane, allowing
the mRNA to enter the cytoplasm. It is one of the most effective methods for delivering
the CAR IVT-mRNA construct into T cells, and this method did not result in a significant
amount of electroporation-related apoptosis. Moreover, IVT-mRNA CAR electroporated
NK-cell- and T-cell-induced tumor toxicity successfully in pre-clinical studies [67]. mRNA-
mediated transfection technologies are safer than long-term integrated viral expression
systems and allow for rapid modifications in CAR design. Despite their transient expression
and shorter life expectancy, the IVT-mRNA transfection technique increases the safety of
CAR-T therapy and has a clinical advantage. Without the need for suicide genes, the
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degradation of IVT-mRNA over time assures that the CAR is eliminated from the patient.
As a result, it is simpler to convert IVT-mRNA-mediated transfection systems into a
good manufacturing practice (GMP) system with less complicated release testing and
potentially lower costs. In fact, patients only require a small number of repetitive CAR-
T cell infusions (three to nine infusions) to produce a robust and long-lasting response.
Initial clinical trials involved the use of mRNA to transfect T cells with CARs in blood
cancers at the University of Pennsylvania. Additionally, an effort was made to cure solid
tumors employing IVT-mRNA electroporated with CAR-T cells. However, electroporation
also has some limitations and challenges that need to be addressed. One of them is
irreversible electroporation, which occurs when the electric field permanently damages
the cell membrane and leads to cell death. Another common adverse effect of in vivo
electroporation utilizing surface plate electrodes is skin edema. Moreover, electroporation
efficiency depends on the electrical characteristics of different cell types, such as size and
conductivity. Smaller cells require stronger fields to be permeabilized while fat cells are
less sensitive. Therefore, heterogeneous tissues may have different threshold levels for
electroporation. Electroporation usually targets only the plasma membrane, but some
applications may require nucleoporation, which involves higher voltage and shorter pulse
lengths to penetrate the nucleus. It is preferable to use IVT-mRNA than CAR gene- and
plasmid-encoded transposase because it avoids intentional incorporation into the host
genome. The main drawbacks of these systems are the lengthy ex vivo culture time
required to generate therapeutic doses of T cells that have been genetically modified and
the serious cell damage that may occur after the electroporation of plasmid DNA [67].

6.4.2. Viral Transduction

Viral transduction is the recommended method for equipping T cells with CARs.
Adenovirus, retroviruses (γ-retrovirus and lentivirus), and adeno-associated virus are
examples of viral transduction approaches. Retroviridae viral vectors are the commonly
employed vectors in gene therapy. They provide major benefits, such as the ease of
engineering of viral gene transfer vectors along with the ability to successfully incorporate
genetic material into the host genome. Retrovirus vectors are used for gene transfer because
of two unique characteristics: (i) transgenes of interest can replace the majority of the
viral genome and (ii) the viral genome is permanently incorporated into the genome of
the host cell. Due to these factors, basic retroviruses like the Moloney murine leukemia
virus (Mo-MLV) were the primary effective advanced packaging system for gene transfer.
The human immunodeficiency virus is the most commonly used lentiviral vector. The
important genes env, gag, and pol are excised from the viral backbone and transduced
in helper plasmids for viral production in order to create a CAR vector. The CAR-T
transgene has been introduced in their place to replace these viral genes. Viral vector
systems must show low genotoxicity, an inability to replicate, and low immunogenicity
to meet safety standards in clinical settings [71]. The helper plasmids with env, gag, and
pol genes and the CAR-T transgene vector are transfected into a packaging cell line to
produce a stable virus-producing cell line for mass production. Then, retroviral particles
are incubated with stimulated T cells (using CD28\OKT3 beads) to promote genomic
integration, which allows the virion core to enter the cytosol and move along microtubules
to the nucleus after the viral membranes fuse with host membrane. This technique enables
the generation of T cells that express high levels of CARs. The efficiency of the CAR-T
transgene during transduction via retrovirus vectors can reach up to 68% depending on
the number of infected individuals. The control center for viral gene expression consists
of long terminal repeats (LTRs), which function as transcription initiation (capping), an
enhancer, promoter, polyadenylation signal, and transcription terminator. The 3′LTR
and 5′LTR have identical sequences but the 3′LTR usually acts in polyadenylation and
transcription termination rather than as a promoter [72]. One type of retroviral oncogenesis
depends on the conversion of the 3′LTR and disruption of the 5′LTR into a promoter. The
partial deletion of the U3 region of the 3′LTR and the replacement of the U3 region of the
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5′LTR with the cytomegalovirus (CMV) promoter to initiate transcription enhances the
safety of these vectors by significantly reducing the transcriptional activity from the viral
LTR. However, engineered T cells may still pose risks of immune-mediated toxicity and
insertional oncogenesis at random genomic locations as they persist and function over
time. Moreover, these vectors have limited efficiency and capacity for gene delivery and
they produce T cell populations with heterogeneous copy numbers and cytotoxic abilities
depending on the expression levels of the cell surface. Another challenge for manufacturing
is the high production costs of viral carriers, which may hinder the cost-effective and rapid
clinical translation of virus-mediated CAR-T treatment, despite being adequate for phase I
and II clinical trials [73].

6.4.3. Transposons

Transposons are dual mobile genetic components made up of two plasmids that
carry the transposase and the CAR transposon. To generate CAR-T cells, plasmid DNA
containing the transposase and the CAR is electroporated into T cells as a transposon. The
transposase removes and integrates the CAR sequence at a TA dinucleotide sequence in the
target cell genome by acting on the surrounding terminal inverted repeats (TIRs). These
dual vector systems can achieve stable incorporation of the transgene into T cells. Moreover,
compared to conventional plasmids, transposon-mediated CAR-T therapy is less toxic,
more efficient, faster, and cheaper when transfected into mammalian cells [74].

Monjezi’s team used minicircles to generate CD19 CAR-T cells. These minicircles use
the non-viral sleeping beauty stable transposition of CAR genes derived from minimal
supercoiled DNA vectors. Unlike LV, CAR transposons derived from minicircles integrate
into safe genomic loci, minimizing mutagenesis and genotoxicity risk. The piggyback
system is another transposon-mediated method that has higher gene transfer efficiency
and does not insert near proto-oncogenes, resulting in functional CAR-T cells [75].

6.4.4. CRISPR/Cas9

Gene/genome editing techniques have been popular among scientists since the early
2000s. The gene-editing methods involve the synthesis of restriction enzymes such as
zinc fingers (ZFNs) and transcription activator-like effector nucleases (TALENs). ZFNs
and TALENs can target specific genomic regions [76]. These enzymes, for example, can
be employed to eliminate the natural TCR from allogenic T cells transfected with CAR-T
treatment, thereby preventing the GvHD. This can be undertaken by reducing or eradicating
the expression of histocompatibility antigens on the donor T cells. ZFNs and TALENs,
however, face several challenges, thereby limiting the therapeutic potential of CAR-T
therapy. These challenges include the following: ZFN and TALEN manufacturing can be
more complex and expensive since custom protein synthesis and purification are required.
This may hinder scalability and increase total manufacturing costs; ZFNs and TALENs
have a more restricted targeting range than other genome editing techniques such as
CRISPR/Cas9. This constraint may make it difficult to alter specific genes or parts of
the genome, thereby restricting the therapeutic potential of CAR-T therapies; and ZFNs
and TALENs may be more likely to cause off-target effects, which means that they may
erroneously alter genes other than the intended target. This could have adverse effects that
impair the safety and efficiency of CAR-T therapy [77].

CRISPR/Cas9 technology represents a significant advancement in genome editing.
A short guide RNA (gRNA) directs the Cas9 protein of the type II CRISPR system to
target any location of the genome and act as an endonuclease [76]. Chemical transduction,
electroporation, liposome-mediated transfection, and viral vectors can all be used to deliver
this enzyme to cells. The gRNA can be a component of the ribonucleoprotein(RNP)/Cas9
protein complex or a plasmid that is transcribed in mammalian cells by H1 or U6 pro-
moters [78]. The desired transgene is subsequently incorporated in plasmid form via
homology-directed repair (HDR), employing a donor template. Nanomaterials can also
improve gene editing by binding the donor templates to the Cas9-modified cells with
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biotin–streptavidin, increasing transfer rates up to fivefold over conventional methods.
Moreover, some cells show higher genomic cleavage rates when Cas9 and a single gRNA
are co-injected as in vitro transcribed mRNA [79].

Using CRISPR technology, scientists have developed CAR-T cells with high homo-
geneity and adequate survival rates in mice models. More particularly, the cytotoxicity of
the CAR-T cell was increased by incorporating the CAR sequence into the alpha constant
TRAC endogenous T cell receptor locus. However, gene editing for CAR insertion is still
not very efficient, with only 20% success rates and the risk of off-target mutations. The first
CRISPR/Cas9 clinical trial resulted in the inactivation of the endogenous TCR and PD-1
in T cells in lung cancer patients. However, in this trial, T cells were not modified with a
CAR or TCR. Similar studies using PD1-knockout autologous T cells are also being started
for bladder, prostate, and renal cell carcinoma. The main challenge is the management
of CAR integration, as well as the eradication of the integration of random viral delivery.
Another concern is whether removing signals that inhibit T cells could cause uncontrolled
cell growth or serious autoimmunity [80].

Despite CAR-T cell therapy showing promising outcomes, various challenges, includ-
ing Cas9 protein immunogenicity, double-strand breaks, and off-target mutations, limit its
use in clinical cancer immunotherapy. Therefore, large-scale research to assess the safety,
accessibility, and effectiveness of CRISPR/Cas9-engineered CAR-T cells should be con-
ducted. Next-generation treatments utilizing CRISPR/Cas9-engineered CAR-T cells will
ultimately become more affordable, increase antitumor effectiveness, and reduce off-target
toxicities [80].

6.5. Expansion of CAR-T Cells

Genetically modified T cells can be cultured to produce a sufficient quantity for
therapeutic purposes. This step is essential for producing a significant number of CAR-T
cells for a successful treatment. The genetically altered T cells are cultured in a carefully
monitored lab setting to stimulate their growth and expansion. The expansion process
may take a few days to several weeks depending on the mechanism of activation and gene
transfer. The expansion process can also impact the CAR-T cell phenotype and function,
including their exhaustion, persistence, and memory conversion. Therefore, they must
be cultured in specific media that contain growth factors and cytokines to promote cell
division. The CAR-T cells are extracted, processed, and formulated once they have reached
the desired level of expansion before being infused into the patient [61,62].

CAR-T cell production can be efficiently and carefully scaled up with the use of spe-
cialized systems like culture bags and bioreactors. Compared to conventional laboratory
flasks, these systems offer better control over the growth conditions and a larger culture
capacity. Three different bioreactor culture systems, including G-Rex, WAVE Bioreactor,
and CliniMACS Prodigy, can be used to culture CAR-T cells. One of the main drawbacks
of the first two systems is that cell inoculation requires opening the flask. However, the
CliniMACS Prodigy system is a single device that can successfully enrich, activate, trans-
duce, and grow cells [81]. Culture bags are flexible containers designed to accommodate a
greater volume of cells and culture media. They are frequently used to streamline the cell
culture procedure in combination with bioreactors. CAR-T cells are normally expanded
in culture bags within the bioreactor. The bioreactor system is connected to culture bags,
making it simple to exchange the medium and monitor the parameters of the culture. The
materials used to make the culture bags are compatible for cell growth and provide the
cells with a sterile environment [61,62]. Researchers and manufacturers can increase the
efficiency of CAR-T cell production and increase the availability of these cells for patients
in need by employing culture bags and bioreactors [61,82].

6.6. Quality Control and Characterization

CAR-T cells must undergo extensive quality control and characterization before being
infused into patients to ensure that they meet the required specifications. This includes
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assessing the expression of the CAR, T cell viability, and functionality. The quality control
methods may differ based on the type of CAR-T cell product and the regulatory require-
ments. The manufacturing environment, the quality and availability of supplementary
reagents and raw materials, and donor variation have a significant effect on the quality of
CAR-T cell products. In addition to being able to support the manufacturing process and
carry out sufficient quality control tests, the manufacturing equipment and facilities also
need to be adequately maintained. A wide range of ancillary components are employed
in the generation of CAR-T cells, including formulation media, cytokines, culture media,
one-time use disposables, and reagents for genetic alterations. Therefore, cellular therapies
require a reliable, stable, and controlled manufacturing infrastructure to be successful. The
controlled manufacturing includes the selection of raw material, in-process and end-process
sampling plans, batch-production-controlled records, equipment qualification, facilities,
utilities, an environment monitoring plan, and monitored quality control and analytical
assays [83].

6.7. Cryopreservation

Cryopreservation is a method of freezing and preserving cells at extremely low temper-
atures to maintain their viability and functionality for future use [84]. Cryopreservation can
be performed either after manufacture or before shipping. The preservation of CAR-T cells
is a challenging step following quality control and characterization without losing their
effectiveness. It helps to ensure the consistency and availability of CAR-T cell therapies for
patients. The viability of the cryopreserved CAR-T cells has been observed to be more than
50% upon thawing. CAR-T cells that have been cryopreserved can be kept and expanded
again at a later date [85].

Traditionally, cryoprotective agents (CPAs) such as dimethyl sulfoxide (DMSO), ethy-
lene glycol, or glycerol were used to preserve CAR-T cells by preventing cell damage and
ice formation at low temperatures. However, these methods encountered a few drawbacks,
such as the potential toxicity of cryoprotective agents, loss of cell viability, and need for
long ex vivo culture periods. Nowadays, cryopreservation techniques have been improved
to overcome these constraints [86]. By maintaining the immunophenotype of the input
leukapheresis, this method increases the capacity of CAR-T cells to proliferate and exhibit
anticancer activity while preserving a greater number of naïve and memory stem cells. Slow
freezing has been replaced with a rapid cooling method known as vitrification. Vitrification
occurs at the so-called “glass transition temperature,” which is between −80 and −130 ◦C.
It is a different physical process from freezing. Samples solidify in vitrification without
forming ice crystals. This technique increases the post-thaw viability and functioning of
CAR-T cells while reducing cryoinjury and CPA toxicity. The most effective methods of
combating the toxicity of CPAs in small tissues involve combining different CPAs to lessen
the toxic effects of each agent separately, using CPAs with mutual toxicity neutralization
effects, employing CPAs with weak water interactions to reduce the disruption of hydration
layers surrounding biomolecules, and lowering the concentrations of penetrating CPAs by
combining them with non-penetrating CPAs and ice blockers [87,88]. Nevertheless, there
are still difficulties in scaling up the use of cryopreservation for complex tissues and huge
volumes [89]. Consequently, in order to define the optimum procedures and guidelines for
CAR-T cell cryopreservation, more investigation and development are required.

6.8. Lymphodepletion

Lymphodepletion is a process in which lymphocytes are either depleted or their
number is reduced before receiving CAR-T therapy. This phase is also an important part
of CAR-T cell therapy as it increases the survival and potency of infused CAR-T cells.
Prior to CAR-T cell infusion, patients undergo a conditioning regimen, which involves
high-dose chemotherapy or a combination of radiation and chemotherapy. This regimen
reduces both healthy and malignant lymphocytes in the patient. When the lymphocyte
count is reduced, the space frees up for the infused CAR-T cells to proliferate and exert their



J. Clin. Med. 2024, 13, 3202 24 of 47

therapeutic effect. With fewer competing lymphocytes, CAR-T cells have a better chance
to survive. The infused CAR-T cells continuously target the cancer cells for a long period
of time. A possible side effect of CAR-T cell therapy called cytokine release syndrome
(CRS) can also be managed with the use of lymphodepletion. Lymphodepletion reduces the
severity of CRS by decreasing the quantity of lymphocytes, thus contributing to the release
of cytokines. Lymphodepletion can help to lessen the severity of CRS by decreasing the
quantity of lymphocytes that can contribute to the release of cytokines. Lymphodepletion
can improve the engraftment, expansion, and function of the CAR-T cells and reduce the
immunosuppression and competition from the own T cells of patients [90,91].

6.9. CAR-T Cell Infusion

The final step of CAR-T cell therapy is the infusion of the CAR-T cells into the blood-
stream of the patients, where they can circulate and reach the tumor sites. The cryopre-
served CAR-T cells are thawed and injected back into the patient. Once in the body, these
engineered T cells identify and target those cancer cells that express the specific antigen
targeted by the CAR. The infusion process is usually carried out in a hospital setting, and
it may take from 30 min to a few hours depending on the type and dose of CAR-T cell
therapy. The patient is monitored for any adverse reactions or side effects, such as tumor
lysis syndrome or any neurotoxic infection. It might take some time for the CAR-T cells to
reach their full effect, and the patient might need to undergo frequent tests to monitor the
durability and response of CAR-T cells in the bone marrow or blood [89].

7. Clinical Applications of CAR-T Cells
7.1. Hematological Malignancies

CAR-T cell therapy represents a significant advancement in cancer treatment, particu-
larly in hematological malignancies such as acute myeloid leukemia (AML), lymphoma,
and Hodgkin’s lymphoma. B cell maturation antigens (BCMAs) and CD19 are frequently
targeted in CAR-T cell therapy for B cell cancers. However, relapse remains a common
challenge, prompting ongoing investigations into alternative targets.

7.2. Lymphoblastic Leukemia/Lymphoma

T cell acute lymphoblastic leukemia and T cell lymphomas are malignancies of T
cells. These malignancies have a poor prognosis. The poor prognosis associated with
T cell acute lymphoblastic leukemia (T-ALL) and T cell lymphomas can be attributed to
several factors, such as their aggressive nature, clinical heterogeneity, limited treatment
options, chemo-resistance, diagnostic challenges, genetic complexity, relapse rates, and
lack of specific biomarkers, making the development of precision medicine approaches
more challenging. Unlike the remarkable clinical results of anti-CD19 CAR-T cell treatment
for B cell cancers, the safety and efficacy of CAR-T cell therapy for T cell cancers are still
under evaluation. One of the potential targets for T-ALL treatment is CD7, which is highly
expressed in 95% of T-ALL patients. In an open-label, one-arm clinical trial, two T-ALL
patients were treated using allogeneic anti-CD7 CAR-T cells. One of the treated patients
relapsed 48 days after the treatment, while the other patient stayed in remission for more
than a year [92]. According to another clinical study, anti-CD5 CAR-T cells successfully
eradicated cancerous T cells. A relapsed T cell lymphoblastic lymphoma (T-LBL) patient
with involvement of the central nervous system was treated in a phase I clinical trial using
anti-CD5-specific CAR-T cells [93]. Preclinical studies have demonstrated that anti-CD4
CAR-T cells are more effective against T cell malignancies [94,95]. As CD7, CD5, and
CD4 are also expressed on normal T cells, targeting them not only kills leukemia but also
decreases the number of normal T cells [96].

TRBC1, the T cell receptor β chain constant domain 1 expressed by tumor-associated
T cells, is another target for T cell malignancies. Anti-TRBC1 CAR-T cells were found to
specifically eliminate malignant T cells without targeting the healthy T cells [97]. CCR9
is another innovative target for T-ALL that is not expressed on normal T cells. A study
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reported that only 5% of the normal T cells and over 70% of T-ALL patients express the
chemokine receptor CCR9. CCR9 is also associated with poor prognosis and multidrug
resistance. Therefore, it is a potential target for CCR9-positive T-ALL. Anti-CCR9 CAR-T
cells were developed to target the CCR9 receptor to eliminate malignant cells. These CAR-T
cells were resistant to fratricide and exhibited strong anti-leukemic efficacy [98]. Overall, in
preclinical research, anti-CCR9 CAR-T cells demonstrated strong efficacy against leukemic
cells. This efficacy could include the effective targeting and killing of CCR9-positive T-ALL
cells. Furthermore, CD30 is a target for some subtypes of peripheral T cell lymphoma,
especially anaplastic large-cell lymphoma, where it is highly expressed. Interestingly, the
expression of CD30 is low on normal T cells. Patients with newly diagnosed peripheral T
cell lymphomas (PTCLs) responded significantly well to the anti-CD30 antibody–drug com-
bination brentuximab vedotin (BV), indicating that CD30 is an acceptable target for these
subtypes of lymphoma. The remarkable clinical success of BV prompted the development
of anti-CD30 CAR-T cells, which, in preclinical studies, displayed increased cytotoxicity
against CD30-positive lymphomas [99].

7.3. Acute Myeloid Leukemia

Acute myeloid leukemia is the most common type of adult leukemia. However,
CAR-T cell treatment has not attained similar success in AML as in acute lymphoblastic
leukemia. Several targets have been studied for CAR-T cell therapy in AML, such as
LILRB4, FLT3, CLL-1, Siglec-6, CD33, CD38, CD70, and CD123 [100]. CD33 and CD123 are
highly expressed on leukemic stem cells but targeting them may increase the long-term
risk of myelosuppression [101,102]. CD123 is a cell surface antigen often overexpressed in
certain hematological malignancies, making it a potential target for CAR-T cell therapy. The
administration of anti-CD123 universal CAR-T cells resulted in a quick recovery of all three
patients when the co-stimulation mediated by the universal switch was withdrawn [103].
The CAR-T cells used in the treatment were described as “universal”, suggesting that
they may have been engineered to target CD123 universally across patients. The term
“universal switch” implies the presence of a mechanism that provides co-stimulation to
enhance the activation and function of the CAR-T cells. Another stage I clinical trial used
autologous anti-CD33 CAR-T cells [103]. However, all three patients died as a result of
disease progression. Anti-CD38 CAR-T cell treatment has also been demonstrated in
relapsed AML after allogenic hematopoietic stem cell therapy [104]. A total of 30% of
patients with AML express the transmembrane tyrosine kinase known as FMS-like tyrosine
kinase 3 (FLT3). FLT3-specific CAR-T cells eradicated FLT3-positive AML cells successfully
and enhanced their anti-tumor effects with the inhibitor crenolanib. However, because
FLT3 is expressed on hematopoietic stem cells and healthy progenitor cells, FLT3-targeted
CAR-T cells can also impact normal hematopoiesis [105].

Interestingly, hematopoietic stem cells do not express CLL-1; therefore, CLL-1-specific
CAR-T cells have been demonstrated to be a successful treatment for eliminating CLL-
1-positive leukemia [100]. CD70 is also a potential target for AML treatment as it is not
expressed on normal myeloid cells but only on AML blasts. However, the efficacy and
safety of anti-CD70-specific CAR-T cell therapy are still under evaluation [106]. Siglec-6 is
absent in hematopoietic stem cells and healthy progenitor cells but expressed in about 60%
of AML patients. Preclinical investigations revealed that Siglec-6 CAR-T cells successfully
eliminated AML blasts in a mouse xenotransplantation model of AML. Therefore, it could
be a promising target for CAR-T cell treatment in AML [107]. Moreover, nucleophosmin 1
(NPM1) mutations are found in almost 35% of patients and are thought to represent the
first mutations in leukemic cells. CAR-T cells that targeted a nucleophosmin neoepitope
that is expressed by HLA-A2 showed potent and highly targeted anti-leukemic activity in
preclinical mouse models [108].
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7.4. Multiple Myeloma

Multiple myeloma (MM) is a lethal cancer. However, the survival rates of MM pa-
tients have been improved by innovative treatments, such as anti-CD38 monoclonal an-
tibodies, immunomodulatory medications, and proteasome inhibitors. BCMA, which
is uniquely expressed on malignant plasma cells, is one of the highest-potential treat-
ment targets for MM [109]. The FDA has approved two anti-BCMA-specific CAR-T cell
products, ciltacabtagene autoleucel (cilta-cel) and idecabtagene vicleucel (ide-cel), for the
treatment of relapsed MM. They are designed to target B cell maturation antigens (BC-
MAs), which are highly expressed on the surface of malignant plasma cells in multiple
myeloma. Although anti-BCMA CAR-T cell treatment has been successful in the treatment
of relapsed/refractory(R/R) MM, BCMA expression is reduced under clinical pressure in
MM patients. Therefore, more research should be evaluated to target novel antigens [110].

Several promising target antigens, such as GPRC5D, APRIL, SLAMF7, CD229, CD138,
and CD38 have been studied for CAR-T cell treatment in MM patients. CD138 is present
on MM cells and supports their proliferation and survival. A small clinical study using
anti-CD138 CAR-T cell treatment on five patients revealed that four of them stayed stable
for at least three months after achieving a clinical response [111]. CD38 is also highly
expressed on activated lymphocytes and hematopoietic cells. However, anti-CD38 CAR-T
cells significantly reduced tumor growth in mouse models but also negatively affected
healthy lymphocytes and hematopoietic cells. Clinically, the risk of antigen escape is
decreased by combining CD38 with additional targets, such as CD138 and BCMA, to
produce bispecific CAR-T cells [112].

CD229 and SLAMF7 are highly expressed on MM cells. Anti-CD229 CAR-T cells have
been demonstrated to successfully eradicate MM cells in preclinical studies [113]. However,
SLAMF7 is also present on normal lymphocytes, such as NK cells, B cells, and activated
T cells, similar to CD38. Therefore, SLAMF7 CAR-T cells can kill both CAR-T cells and
normal lymphocytes. A natural ligand called APRIL can directly bind to TACI and BCMA,
which are expressed on MM cells [109]. APRIL-targeted CARs can target both TACI and
BCMA on MM cells, which can reduce the risk of antigen escape and enhance anti-tumor
activities by preserving its trimeric conformation [114]. The G-protein-coupled receptor,
class C, group 5, member D (GPRC5D), is another promising target of MM that is expressed
on almost half of CD138-positive tumor cells in the bone marrow of patients. Anti-GPRC5D
CAR-T cells targeted this receptor and have shown remarkable results even in patients who
have relapsed after traditional cancer treatments [115].

7.5. Hodgkin’s Lymphoma

CD30 is a universal antigen expressed in classical Hodgkin’s lymphoma (HL). Several
clinical trials have tested the safety and effectiveness of anti-CD30 CAR-T cell therapy in
Hodgkin’s lymphoma. The first clinical trial from China treated six Hodgkin’s lymphoma
patients with third-generation anti-CD30-specific CAR-T cells. Three of them had long-
term remission of over 24 months [116]. Another clinical trial treated 27 patients with
anti-CD30-specific CAR-T cells. Within 6 weeks, 67% of the patients attained complete
remission. Moreover, CD30 expression in HL patients was downregulated after CAR-T
cell treatment [117]. These clinical trials are still in the early stages and further large-scale
validation is required.

8. Solid Tumors

CAR-T cell therapies have shown remarkable outcomes in patients with hematological
malignancies. This finding has encouraged researchers to explore the potential of innovative
CAR-T cells in solid cancers. However, solid tumors are more challenging and require
different strategies and targets. Unlike blood cancers, solid tumors can suppress the
expression of antigens targeted by T cells and can lack antigen-presenting mechanisms
due to genomic instability. In addition, adoptive CAR-T cell treatment has shown only
minimal effectiveness in treating solid tumors due to the strong immunosuppressive
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microenvironment, a shortage of specific antigens, tumor histopathological features, tumor
heterogeneity, and insufficient trafficking of CAR-T cells to tumor sites [107,118].

8.1. Prostate Cancer

The PSCA antigen is frequently present in prostate cancer, which makes it a target for
CAR-T cell therapy. For instance, one phase I clinical trial of CAR-T cells showed tolerability
and safety in patients with PSCA-positive metastatic cancer that is resistant to treatment and
suggested a phase II clinical trial [115]. Furthermore, results were compared with another
study evaluating the effect of CAR-T cell dose developed to target another antigen called a
prostate-specific membrane antigen (PSMA). However, a phase I clinical trial of anti-PSMA
CAR-T reported that IL-2 also has a significant role in tumor destruction [119,120]. Five
patients in this clinical trial received a low dose of IL-2 after treatment with lymphodepletive
chemotherapy, with the aim of a ≥20% engraftment of CAR-T cells. CAR-T cell activation
was inversely correlated with IL-2 depletion. No anti-CAR reactivities and toxicities were
reported. The response rate of the patients was evaluated as being directly correlated with
plasma IL-2 levels, inversely correlated with the stimulation of CAR-T cells, and unrelated
to dose size [121].

The applications of focal CAR-T therapy instead of conventional therapies such as
focal laser ablation and high-density focused ultrasound have gained much attention.
Focal therapy is an alternative to conventional treatments such as surgery or radiation
that aims to preserve the normal prostate tissue and reduce side effects. However, there
are significant disadvantages of focal therapy, such as the lack of long-term studies and
the risk of not eliminating multifocal lesions. If administered locally, CAR-T cell therapy
may overcome these obstacles by selectively targeting and destroying tumor cells. Robotic
biopsy systems based on MRI-TRUS fusion can be used to guide the injection of CAR-T cells
into the prostate gland. The robotic device employs a combination of magnetic resonance
imaging (MRI) and transrectal ultrasound (TRUS) to generate a 3D image of the prostate
gland that can be used to guide the injection of CAR-T cells into the correct location in the
prostate gland. The implementation of a robotic biopsy system can help in the reduction in
side effects and improvement in treatment efficacy. However, more research is required to
evaluate the feasibility and usefulness of this approach [122].

8.2. Breast Cancer

Breast cancer is the most prevalent cancer in women worldwide, and it frequently
develops resistance to current available treatments. Therefore, novel therapies that can
target specific molecules and antigens associated with breast cancer cells are being re-
searched [123]. One of these antigens is mesothelin (MSLN), which is overexpressed in
many solid tumors and has been shown to be a promising target for CAR-T cell treatment in
breast cancer. Other potential targets include HER2, c-Met, ROR1, MUC1, NKG2D, CD133,
HGFR/cMET, TROP2, CSGP4, ICAM1, TEM8, GD2, CD44v6, FRα, CEA, EpCAM, AXL,
CD70, and EGFR [124].

Several studies have investigated the efficacy, safety, and tolerability of CAR-T cells
specific for these antigens in breast cancer patients. However, CAR-T cell treatment for
breast cancer still faces many challenges and limitations, such as toxicity, off-target effects,
tumor heterogeneity, and immune evasion. More clinical trials are needed to overcome
these obstacles and to bring CAR-T cell therapy closer to clinical application for breast
cancer patients [125].

8.3. Renal and Hepatic Cancers

Two receptor kinase targets, ROR2 and AXL, are being tested for their feasibility
for use in CAR-T cell treatment for early-stage renal cell carcinoma. These targets are
involved in tumor migration, cell survival, and proliferation. Their efficacy and safety are
being evaluated in a two-arm phase II/I clinical trial in adult patients with refractory and
relapsed stage IV metastatic renal cell carcinoma. Another possible target for CAR-T cell
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therapy is glypican-3 (GPC3), which is expressed in hepatocellular carcinoma (HCC). Two
prospective phase I clinical trials have used GPC3-specific CAR-T cells after fludarabine-
and cyclophosphamide-based lymphodepletion in adults with progressive GPC3+ HCC.
The results showed an overall survival rate of 10.5% at 3 years, 42% at 1 year, and 50.3%
at 6 months. The combination of checkpoint inhibitors with GPC3 CAR-T therapy for
PD-L1-positive HCC is now being investigated in clinical trials [126].

CD133, a type I transmembrane glycoprotein, is a promising target for CAR-T cell
therapy in advanced metastatic solid tumors. A phase I clinical trial study used CD133-
specific CAR-T cells in patients with various cancers (23 of which had HCC). Three HCC
patients experienced partial remission, whereas fourteen experienced persistent disease.
Five months was the median progression-free survival, with a disease control rate of
65.2% after three months. Repeated CAR-T infusions were found to prolong disease
stability, particularly in patients who had tumor reduction after the first administration.
CD147, another type I transmembrane glycoprotein, is expressed in liver cancers and
stimulates tumor invasion, metastasis, and progression by activating the secretion of
matrix metalloproteinase [127]. An innovative inducible control system called Tet-On can
reversibly regulate the expression of CAR gene by the presence or absence of doxycycline
(Dox). Xenograft experiments showed that Dox administration could control the function of
CAR-T cells both in vitro and in vivo and that Dox+ Tet-CD147 CAR-T treatment effectively
inhibited the progression of cancer cells [128].

8.4. Ovarian Cancer

CAR-T cell therapy is a powerful treatment for ovarian cancer but its effectiveness is
still under investigation. One of the challenges is to target the right antigen on the cancer
cells. A phase I experiment evaluated the safety of CAR-T cells that target the alpha-folate
receptor (FR), which is expressed by the majority of ovarian malignancies. The trial enrolled
patients with metastatic ovarian cancer who had failed platinum-based chemotherapy and
infused them with FR CAR-T cells through a peripheral vein. However, the trial did not
show any tumor reduction or targeted recruitment of CAR-T cells to the tumor location.
Instead, it caused IL2-activation-related toxicities and a rapid decline in CAR-T cells from
the blood [129]. To improve the localization of CAR-T cells to the tumor, another trial
explored the direct peritoneal infusion of FR CAR-T cells, and its feasibility and safety is
being evaluated in another clinical trial. The Mucin 16 (MUC16) antigen has been reported
in 70% of ovarian cancer and a clinical trial is also evaluating the efficacy and safety of
CAR-T cells targeting MUC16 after standard chemotherapy [130].

8.5. Colorectal Cancer

One of the most common tumor markers in colorectal cancer (CRC) and other solid
tumors is the carcinoembryonic antigen (CEA). Targeting the CEA with CAR-T cell therapy
is a potential strategy for treating relapsed or refractory CEA+ cancers. A phase I clinical
trial evaluated the efficacy and safety of this approach in various CEA+ cancers including
CRC patients. In this trial, CAR-T therapy was applied to 10 CRC patients. Seven out of ten
patients who did not have any effect of earlier treatments had persistent disease after CAR-
T cell therapy. Most patients showed a decline in serum CEA level even after long-term
observation. The findings of the clinical trial showed that CEA+ CRC patients tolerated
the CEA CAR-T cell treatment even in high doses and that the majority of them showed
some degree of therapeutic benefit [131–133]. Another phase I clinical trial evaluated
the tolerability and safety of CYAD-101, a CAR-T receptor encoding the natural killer
group 2D (NKG2D) receptor within its intracellular domain. CYAD-101 is an allogenic
CAR-T cell product that combines a peptide-based approach with the wide range of tumor
targeting of the NKG2D-based chimeric antigen receptor. NKG2D binds to ligands that are
frequently overexpressed in most cancers, including colorectal cancer. In this trial, fifteen
patients with incurable metastatic CRC were given three doses of CYAD 101 cells after
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standard chemotherapy. Two patients achieved a 50% response while nine had persistent
disease [134].

8.6. Pancreatic Cancer

Pancreatic cancer is a lethal and aggressive disease that has a limited response to exist-
ing immunotherapies such as PD-L1, PD-1, and CTLA-4 inhibitors. CAR-T cell treatment is
a promising alternative to supplement previous treatment of this disease. Pancreatic ductal
adenocarcinoma contributes to more than 90% of cases of pancreatic cancer [135]. PDAC
has been extensively studied in clinical trials because of its high mortality rate and poor
prognosis. Several antigens, such as PSCA, MUC1, claudin, CEA, and carcinoembryonic
antigen-related cell adhesion molecule (CEACAM7), have been discovered as potential
targets for CAR-T cell treatment in pancreatic cancer [136]. CEACAM7-specific CAR-T cells
have induced remission of PDAC xenograft tumors derived from late-stage patients both
in both in vivo and in vitro studies [137]. Another ongoing phase I clinical trial is testing
the efficacy, safety, feasibility, and clinical activity of CAR-T cells specific for prostate stem
cell antigens (PSCAs), which are expressed by some metastatic pancreatic cancers [138].

8.7. Thoracic Cancer

Clinical trials of CAR-T cell therapy in thoracic cancers have primarily targeted malig-
nant pleural mesothelioma (MPM) and advanced-stage non-small cell lung cancer (NSCLC)
so far. These trials are in phase I and evaluating the safety and efficacy of these targets
in solid tumors, particularly lung cancer. Moreover, several of the targets previously dis-
cussed with other solid tumors, such as HER2, EGFR, ROR1, MSLN, PD-L1, MUC1, and
CEA, are also currently being studied for CAR-T cell treatment for lung cancer. MSLN-
and EGFR-specific CAR-T cells are higher-potential targets due to the higher specificity
of the antigen and lower on-target and off-tumor toxicity [139]. Although studies have
highlighted the key developments of CAR-T cells in treating solid tumors, more research
would be beneficial in making evidence against this approach and treatment. Nevertheless,
a more comprehensive evaluation is required to determine their long-term validity [140].

8.8. Solid Pediatric Tumors

CAR-T cell treatments for hematological malignancies and solid tumors represent sig-
nificant advances in cancer research. Therefore, developing CAR-T cells to target pediatric
solid tumors is the next frontier. Central nerve tumors are the most common solid tumors
in children. Traditional chemotherapy, surgery, and radiation therapy are ineffective due to
long-term negative effects. CAR-T cells have the potential to revolutionize the treatment
of CNS malignancies in children. However, the drawbacks of this therapy include the
heterogeneity of the tumor, the co-expression of antigens in the tumor and normal tissues,
and the absence of target antigens. Investigating BTIC-specific antigens, using suitable
preclinical controls, and creating novel strategies for multivalent CARs are some potential
solutions. With continuing innovation and creative implementation of novel therapies,
CAR-T cell therapy has the potential to improve treatment and reduce toxicity in children
with CNS malignancies [141].

9. Registered Clinical Trials Using CAR-T Cell Therapy

CAR-T cell therapies are among the most advanced cancer treatments available today.
Their development and success have led to FDA approval for treating blood cancers and
expanding their potential for solid tumors. Many targeted therapies are becoming standard
treatment for cancer. The success rates can vary depending on various factors, including
the cancer type and individual response to therapy. While relapses occur in certain patients,
the treatment shows remarkable promise for long-term survival in others. The FDA-
approved anti-CD19 CAR-T cell treatments, tisagenelcleucel for the treatment of acute
lymphoblastic leukemia (ALL) and axicabtagene ciloleucel for patients with lymphomas,
are prime examples of the efficacy of CAR-T cell therapy in cancer treatment. In pediatric
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and young adult ALL, for example, CAR-T targeting CD19 and CD22 antigens has shown
remarkable outcomes. Studies indicate that overall remission rates are between 60% and
32%, respectively, and that responses are sustained after a year [142]. Furthermore, in 2021,
CAR-T therapy obtains another significant achievement with the FDA-approved axi-cel
for the treatment of patients with non-Hodgkin’s lymphoma because of its outstanding
efficacy and low rate of high-grade toxicity. When axi-cel was used to treat non-Hodgkin’s
lymphoma, this phase 2 trial obtained a 94% overall response rate and an 80% complete
response rate [143]. Recently approved by the FDA, BCMA-targeted CAR-T cells have an
overall response rate of 81%, with 63% of patients exhibiting a full response in multiple
myeloma patients [144]. A further research utilizing tisa-cel for follicular lymphoma
revealed an overall survival rate of 86.2% [145]. It is pertinent to note that while CAR-T
therapy can be highly effective, research is still ongoing to optimize its applications and
manage its risks.

Since the approval of the first CAR-T therapy in 2017, there have been a total of
1412 registered clinical trials with different statuses, including not yet recruiting (n = 129),
recruiting (n = 611), active, not recruiting (n = 143), completed (n = 102), terminated
(n = 53), enrolling by invitation (n = 18), suspended (n = 15), withdrawn (n = 36), and
unknown (n = 295) studies (www.clinicaltrials.gov). Table 1 shows the major completed
trials with results (n = 24). The information of these clinical trials was collected from
the www.clinicaltrials.gov website, dated 29 January 2024. The following search was
performed: “CAR-T cell therapy for cancer” OR CAR-T cell treatment for cancer” OR
“Chimeric antigen receptor therapy for cancer”.

Table 1. Completed clinical trials of CAR-T therapy for cancer.

Trial ID Trial Subjects Phase Intervention Enrollments

NCT02659943 B Cell Lymphoma, NHLs Phase1
Biological: Anti-CD19 CAR-T cells,
Drug: fudarabine,
cyclophosphamide

27

NCT02926833 Refractory DLBCL Phase1, Phase 2
Biological: KTE-C19,
Drug: atezolizumab,
cyclophosphamide, fludarabine

37

NCT02215967 Myeloma Phase1
Biological: anti-BCMA CAR-T cells,
Drug: Fudarabine,
cyclophosphamide

30

NCT00924326 B cell Lymphoma types Phase1, Phase2

Biological: Anti-CD19, Drug:
fludarabine, cyclophosphamide,
aldesleukin, fludarabine,
cyclophosphamide

43

NCT01865617

Recurrent Adult ALL, CLL, DLBCL, MCL,
NHL, and Small Lymphocytic Lymphoma;
Refractory ALL, Chronic Lymphocytic
Leukemia, DLBCL, MCL, NHL, and Small
Lymphocytic Lymphoma

Phase1, Phase2
Biological: Autologous
Anti-CD19CAR-4-1BB-CD3zeta-
EGFRt-expressing T lymphocytes

204

NCT03049449
Lymphoma, Large-Cell, Anaplastic,
Enteropathy-Associated T cell Lymphoma,
DLBCL, Extranodal NK-T cell Lymphoma

Phase1

Biological: anti-tumor necrosis factor
receptor superfamily member 8 (CD
30) CAR-T cells, Drug:
cyclophosphamide, fludarabine

26

NCT02348216 Refractory DLBCL, Relapsed DLBCL, TFL,
PMBCL, HGBCL Phase1, Phase2

Biological: axicabtagene ciloleucel,
Drug: fludarabine,
cyclophosphamide

307

NCT02761915 Relapsed or Refractory Neuroblastoma Phase1
Procedure: leukapheresis, Drug:
cyclophosphamide, fludarabine,
Genetic: 1RG-CART

17

NCT01626495 B Cell Leukemia, B Cell Lymphoma Phase1, Phase2 Biological: CART-19 73

www.clinicaltrials.gov
www.clinicaltrials.gov
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Table 1. Cont.

Trial ID Trial Subjects Phase Intervention Enrollments

NCT03338972 Refractory Plasma Cell Myeloma, Recurrent
Plasma Cell Myeloma Phase1

Biological: autologous
anti-BCMA-CAR-expressing
CD4+/CD8+ T-lymphocytes
FCARH143, Procedure:
leukapheresis Drug: fudarabine,
cyclophosphamide

28

NCT01593696 Large-Cell Lymphoma, ALL, B Cell Lymphoma,
Leukemia, Non-Hodgkin’s Lymphoma Phase1 Biological: anti-CD19 CAR-T cells 53

NCT03289455

Recurrent Childhood Acute Lymphoblastic
Leukemia, B Acute Lymphoblastic Leukemia,
B cell Acute Lymphoblastic Leukemia,
Refractory Childhood Acute Lymphoblastic
Leukemia

Phase1, Phase2 Biological: AUTO3 (CD19/22)
CAR-T cells 23

NCT03019055
B Cell Chronic Lymphocytic Leukemia,
Non-Hodgkin’s Lymphoma, Small
Lymphocytic Lymphoma

Phase1
Biological: CAR-20/19-T cells,
CAR-20/19-T cells, CAR-20/19-T
cells.

26

NCT02030847 Patients with refractory or relapsed B Cell ALL
with no available curative treatment options Phase2 Biological: CAR-T19 42

NCT02614066 Refractory/Relapsed B-precursor Acute
Lymphoblastic Leukemia Phase1, Phase2

Biological: brexucabtagene
autoleucel, Drug: cyclophosphamide,
fludarabine

125

NCT03958656 Myeloma, Multiple Myeloma Phase1

Biological: anti-signaling
lymphocytic activation molecule f7
(SLAMF7) CAR-T cells Drug:
fludarabine, cyclophosphamide,
fludarabine, rimiducid,

13

NCT03483103 NHL, DLBCL Phase 2 Biological: lisocabtagene maraleucel 74

NCT03761056 B- ell Lymphoma Phase2
Biological: axicabtagene ciloleucel,
Drug: fludarabine,
cyclophosphamide

42

NCT04456959 Precursor Cell Lymphoblastic Leukemia,
Lymphoma Drug: inotuzumab ozogamicin 28

NCT04030195

Non-Hodgkin’s Lymphoma Refractory,
Non-Hodgkin’s Lymphoma, Chronic
Lymphocytic Leukemia, Lymphoma,
Non-Hodgkin’s, Leukemia, B cell
Non-Hodgkin’s Lymphoma, B cell Chronic
Lymphocytic Leukemia, Small Lymphocytic
Lymphoma

Phase1, Phase2 Genetic: PBCAR20A, Drug:
fludarabine, cyclophosphamide 18

NCT01454596 Brain Cancer, Malignant Glioma, Glioblastoma,
Gliosarcoma Phase1, Phase2

Biological: epidermal growth factor
receptor (EGFRV)iii CAR-transduced
PBL, Drug: fludarabine, aldesleukin,
cyclophosphamide

18

NCT01460901 Neuroblastoma Phase1 Biological: GD2 CAR-modified
tri-virus-specific cytotoxic T cells 5

NCT02601313 Relapsed/Refractory Mantle Cell Lymphoma Phase2

Biological: autoleucel,
brexucabtagene Drug:
cyclophosphamide, fludarabine,
axicabtagene ciloleucel

105

NCT02650999 CD19+ DLBCL, Follicular Lymphomas, Mantle
Cell Lymphomas Phase1, Phase2 Drug: pembrolizumab 12

The FDA accepted two therapies using CAR-T cells: axicabtagene ciloleucel and
tisagenlecleucel, which targeted CD19 in 2017 in order to treat Hodgkin’s B cell lymphoma
(HGBCL) and relapsed acute lymphoblastic leukemia (ALL), respectively. Axicabtagene
ciloleucel (axi-cel) was the first FDA-approved phase II clinical trial of CAR-T therapy. The
trial included 111 patients with transformed follicular lymphoma and Hodgkin’s B cell
lymphoma. Patients received a single dose of axi-cel after receiving standard chemotherapy
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with cyclophosphamide and fludarabine. The overall response rate (ORR) after infusion
was 82% and overall survival rate was 52% after a median follow-up of 18 months [146].
Tisagenlecleucel (tisa-cel) was initially reported in a phase II clinical trial for pediatric
patients with ALL. The overall response rate was 81% after 3 months, 90% after 6 months,
and 70% after 6 months of follow-up, respectively [147]. The second approval of tisa-cel
was reported in late 2017 after a study conducted on 93 patients with HGBCL. The overall
RR was 52% across all of the disease group [148]. Brexucabtagene autoleucel, the first
anti-CD19 CAR-T cell therapy, was permitted for adult patients with relapsed mantle cell
lymphoma (MCL) in 2020. The trial included 60 patients who had received this therapy
after standard anthracycline-based chemotherapy. The ORR after infusion was 93% and
overall survival rate was 83% after a median follow-up of 18 months [149].

Lisocabtagene maraleucel was accepted for diffuse large B cell lymphoma (DLBCL)
in 2021. This single-arm multicenter trial included 192 patients who had received at least
two or more infusions of therapy. The overall RR was 73%, with 66% patients in remission
for 6–9 months [150]. All these therapies, however, are also associated with CAR-T-related
toxicities such as neurotoxicity syndrome and cytokine release syndrome. Other completed
and online clinical trials have also focused on targeting CD4, CD5, CD7, CD20, CD21,
CD33, and CD123 for different types of blood cancer. Even if only some of these clinical
trials showed encouraging results in cancer patients, many studies are evaluating other
CAR-T cells targeting various antigens. Many clinical trials are also evaluating the safety
and efficacy of CAR-T therapy in solid tumors such as renal cancer, pancreatic cancer,
hepatocellular carcinoma, breast cancer, colorectal cancer, ovarian cancer, brain cancer, and
lung cancer by targeting various antigens, including CEA, GD2, mesothelin, TnMUC1,
PSCA, HER2, glypican 3(GPC3), GUCY2C, and CD19 [151,152].

IMPT-314, a Boolean logic-gated CAR-T cell therapy, is the most advanced type of CAR-
T cell treatment for aggressive B cell lymphoma, including NHL as described above in the
CAR generation section. The first FDA-approved clinical trial of IMPT-314 (NCT05826535)
was recently launched on 9 May 2023 and is expected to be completed on 1 December
2029. There are currently 100 people enrolled in this interventional study, and more are
being recruited. The study will evaluate the safety and preliminary success of IMPT-314, a
drug that targets two antigens: CD20 and CD19. Although CD20 and CD19 are common
targets for CAR-T cell therapy, they can also be expressed by normal B cells, resulting in
undesirable side effects. By combining these two targets, IMPT-314 aims to generate a more
selective and effective anti-tumor response [8]. Advancements in technologies have opened
up new avenues for the development of CAR-T treatments that target novel antigens in a
variety of cancers. Future generations of CAR-T treatments may be able to save patients
who have failed present CAR-T therapy. Multi-antigen-targeted CAR-T therapy has the
ability to address the problem of antigen escape relapses following single-antigen-targeted
CAR-T treatment.

10. Drawbacks of CAR-T Cell Therapy

While CAR-T therapy has presented tremendous success, it is essential to acknowledge
that challenges and limitations exist, including potential toxicities, a lack of efficacy in
certain cancers, and the need for further optimization. Researchers are actively working on
addressing these challenges and enhancing the success of CAR-T treatment to a broader
range of malignancies.

10.1. Antigen Escape

One of the key challenges of CAR-T cell therapy is tumor resistance to single-antigen-
directing CAR designs. Many patients who initially responded well to these CAR-T cells
later developed malignant cells that lose or reduce the expression of the target antigen. This
condition is called antigen escape. For example, CAR-T cells that target CD19 can produce
lasting responses in 70–90% of refractory ALL patients, but 30–70% of them may relapse
with CD19-negative disease. Similarly, BCMA expression may be downregulated in patients
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who receive BCMA-targeted CAR-T cells [153]. Solid tumors have also shown evidence of
antigen escape. For instance, in a case study, CAR-T cell therapy for glioblastoma patients
revealed that IL13Ra2 expression was decreased following tumor recurrences. To overcome
this issue, many strategies have been established that target multiple antigens in CAR-T
cell treatment for both blood cancers and solid tumors [154].

Simultaneously targeting several tumor antigens can be achieved by using tandem or
dual CARs. Tandem CARs have two scFvs in a single CAR construct, while dual CARs
have two separate CAR constructs. Both strategies can enhance the likelihood of durable
remission. Some clinical trials using dual-targeted CARs (CD19/BCMA or CD19/CD22)
have reported outcomes. For instance, CD19/CD22 CAR-T cell treatment has shown
favorable results in adult patients with diffuse large B cell lymphoma and ALL in terms of
safety and efficacy [155]. Likewise, CD19/BCMA-targeted CAR-T cells have exhibited high
efficacy and favorable safety in treating multiple myeloma. Several tandem CARs, such as
MUC1 and HER2 in breast cancer and IL13Ra2 in glioblastoma, have been evaluated in
preclinical models in solid tumors. Dual targeting has boosted the anti-tumor responses,
unlike single-antigen targeting. In the glioblastoma study, CARs targeting IL13Ra2 and
HER2 decreased antigen escape and boosted anti-tumor activity. This study indicates
the significance of selecting target antigens that can reduce antigen escape and enhance
antitumor response to prevent relapse [156].

10.2. On-Target Off-Tumor Effects

On-target off-tumor toxicity ensues when genetically targeted T cells attack normal
tissues that express the identical antigen as the cancerous tissue. Solid tumor antigens
are often not exclusive to tumor cells but are also present on normal cells at different
levels. Therefore, antigen selection is important in CAR design to balance therapeutic
effectiveness and toxicity. One possible strategy to overcome this challenge is to target
tumor-specific post-translational variations. Some of the targets that have been tested for
CAR-T cell therapy include TAG7228, MUC1, B7-H3, and MUC16 [157]. A new type of
second-generation TAG72-specific CAR-T cells is currently under evaluation after the first
generation failed to produce any anti-tumor response in colorectal cancer. More research is
required to develop new strategies to select antigens that can provide adequate antitumor
efficacy and reduce antigen escape while minimizing toxicity issues. This approach will
help to improve the clinical use of CAR-T cell therapies in solid tumors and hematological
malignancies [158].

10.3. Tumor Infiltration and CAR-T Cell Trafficking

CAR-T cell trafficking to the target site is a vital step in mounting an effective immune
response against cancer [159]. T cell trafficking is strongly associated with tumor infiltration.
CAR-T cell therapy applications in solid tumors are more limited than in hematological
malignancies because CAR-T cells can only travel to infiltrate solid tumors by passing
through physical tumor barriers like an immunosuppressive tumor microenvironment
and the tumor stroma. One way to overcome these obstacles is to use local administration
instead of systemic delivery because this can (i) reduce on-target off-tumor toxicities by
directing CAR-T cell activation to tumor cells and avoiding interaction with healthy tissues
and (ii) eliminate the need for CAR-T cell trafficking to disease sites [160]. The intraven-
tricular injection of CAR-T cells directed against IL13Ra2 and HER2 has demonstrated
efficacy in the treatment of glioblastoma and breast cancer brain metastases in preclinical
models. Likewise, a phase I clinical trial is currently being carried out based on preclinical
models that showed enhanced intrapleural CAR-T cell treatment of malignant pleural
mesothelioma. However, this method is only suitable for oligometastatic disease or tumor
lesions, and local injection may have better efficacy [161].

The development of chemokine receptors on CAR-T cells that are compatible with
and responsive to tumor-derived chemokines is another emerging technique for improving
CAR-T cell trafficking. For instance, studies have demonstrated that CAR-T cells that are
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specific to integrin v6 and have been engineered to overexpress CXCR1 or CXCR2 can
boost trafficking and significantly enhance anti-tumor activity. Physical barriers like the
tumor stroma additionally prevent tumor penetration and limit the use of CAR-T cell
treatment. The extracellular matrix makes up the stroma and contains heparin sulfate
proteoglycan (HSPG), which CAR-T cells must knock down in order to infiltrate the tumor.
Heparinase, an enzyme that breaks down heparin sulfate proteoglycan, has been added to
CAR-T cells, increasing their anticancer activity and tumor invasion. Similarly, in animal
models, CAR-T cells that specifically target the fibroblast activation protein (FAP) exhibit
improved cytotoxic efficacy by reducing tumor fibroblasts. However, more research is
needed to develop new delivery techniques to extend therapeutic efficacy to complicated
solid tumors [162].

10.4. Immunosuppressive Microenvironment

Immunosuppressive cells are present in the tumor microenvironment and can sup-
press the immune system. These cells include myeloid-derived suppressor cells (MDSCs),
regulatory T cells (Tregs) and tumor-associated macrophages (TAMs). Solid tumors are
infiltrated by many types of cells that suppress the immune system. These cells produce
growth factors, chemokines, and cytokines that facilitate tumor growth [163]. Moreover, im-
mune checkpoint mechanisms such as CTLA-4 and PD-1 can suppress antitumor immunity.
Short-term persistence can result in a poor expansion of T cells and poor or no response
to CAR-T cell treatment. Co-inhibitory pathways can induce T cell exhaustion. Therefore,
combining immunotherapy with checkpoint blockade and CAR-T cells is suggested to be a
promising immunotherapy strategy because it provides the two components necessary to
boost the immune response: (i) PD-L1/PD-1 blockade, which can maintain function, and
(ii) the persistence and infiltration of T cells and CAR-T cells. In children with pre-treatment
B-ALL, CD19 and PD-1 CAR-T cell therapy blocking increased CAR-T cell survival. One
interesting study found that pre-treating 11 mesothelioma patients with cyclophosphamide
followed by a single dosage of mesothelin and three doses of CAR-T cells targeted against
the PD-1 receptor showed a 72% response rate. However, other immunotherapies may still
be needed to counteract the inhibitory signals [164].

Additionally, scientists are aiming to create CARs that can withstand immunosuppres-
sive elements, including TGF-mediated inhibitory signals in the tumor microenvironment.
A different cutting-edge approach entails creating CAR-T cells capable of transmitting
immunostimulatory signals in the form of cytokines, which increase proliferation, survival,
and the activity of antitumor T cells. Studies that emphasize creating pro-inflammatory
cytokines instead of inhibitory signals have used IL-15 expression, IL-12 secretion, and
rerouting the signaling of immunosuppressive cytokines (like IL-4) toward proinflamma-
tory cytokines. However, the combination of CAR-T cell therapy and checkpoint blockade
is not enough to stimulate effector function and T cell infiltration. More research is required
to evaluate the effectiveness of combining the checkpoint blockade and CAR-T cell therapy
with other immunotherapies in solid tumors or complex hematological malignancies [165].

10.5. Toxicities Associated with CAR-T Cells

CAR-T cell therapy has presented promising results in some tumors, but it is also
associated with substantial side effects that limit its usage as a first-line treatment. The
type of cancer, the target antigen, and the CAR design influence the risk and severity of
two major toxicities: hemophagocytic lymphohistiocytosis (HLH) and cytokine release
syndrome (CRS). These toxicities have been observed in patients who were administered
with the first FDA-approved CD-19-directed CAR-T cell treatment [166]. In clinical trials,
some patients had potential responses to the therapy but also experienced life-threatening
complications. These patients who had ALL/LBL had a massive expansion of T cells
in their bodies and a very high production of cytokines. Almost all patients had some
symptoms of toxicity but 23–46% of them had severe reactions. The excessive activation of
immune cells and the release of toxic levels of cytokines caused (i) immune effector cell-
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associated neurotoxicity syndrome characterized by increased cerebrospinal fluid (CSF) and
impairment to the blood–brain barrier, (ii) a hyperinflammatory syndrome, macrophage
activation syndrome (MAS), characterized by high serum ferritin, CRS, liver enzymes, renal
failure, hemophagocytosis, low NK cell activity and pulmonary edema, and (iii) cytokine
release syndrome (CRS), characterized by a large proliferation of T cells and cytokines [167].

Patients with mild cytokine release syndrome may experience fever, diarrhea, fatigue,
arthralgia, headache, myalgia, rashes, cardiac dysfunction, multiorgan system failure,
hypotension, respiratory failure, and renal failure as clinical symptoms, and eventually
progression to death in more severe cases [168]. Pathophysiologically, IL-6 mediates the
cytokine release syndrome and thus management depends on the use of the anti-IL-6
receptor with corticosteroids and tocilizumab. However, in order to cure MAS/HLH
secondary to CAR-T cell therapy, chemotherapy may be required if IL-6 suppression is
ineffective. The exact incidence of MAS/HLH caused by CAR-T cell therapy is unclear,
but it has been observed in 1% of patients who had the treatment [169]. The underlying
mechanisms and pathophysiology of neurotoxicity are not well understood. However, its
symptoms range from attention deficits, headache, confusion, focal neurological deficits,
encephalopathy, or word-finding difficulties to transient coma, seizures, or life-threatening
cerebral edema. Neurotoxicity secondary to CAR-T cell treatment has been reported in up
to 67% of patients undergoing treatment for lymphoma and leukemia. Since IL-6 inhibitors
are unsuccessful in treating CAR-T-cell-therapy-related neurotoxicity, corticosteroids are
required for the management of this condition [170].

Tumor lysis syndrome (TLS) is another negative effect of CAR-T cell therapy. TLS is a
group of metabolic complications that can occur when cancer cells are rapidly killed due to
chemotherapy or other treatments. TLS can develop between hours to days of CAR-T cell
infusion and is characterized as either clinical TLS (symptoms or organ damage caused
by TLS) or laboratory TLS (abnormal blood tests without symptoms). TLS causes large
amounts of cellular components, such as potassium, calcium, phosphate, and uric acid, to
be released into the bloodstream. These substances have the potential to overwhelm the
kidneys, resulting in acute renal damage, convulsions, arrhythmias, electrolyte imbalances,
and even death. CAR-T cells cause TLS particularly in patients with a quick tumor response
and high tumor burden. The risk of TLS after CAR-T cell therapy is determined by several
factors, such as the stage and type of cancer, timing and dose of CAR-T cell infusion,
use of prophylactic measures, and presence of other comorbidities. The prevention and
management of TLS after CAR-T cell therapy involves patient selection, careful monitoring,
and intervention [170]. CAR-T cell therapy is a promising treatment option for individuals
with relapsed or refractory malignancies, but it must be carefully monitored and managed
to avoid side effects. There are currently no approved treatments for eliminating the
toxicities; hence, it is critical to improve the CAR design and investigate new approaches to
eliminating CAR-induced toxicities.

10.6. Cost of CAR-T Therapy

One factor contributing to the high cost of CAR-T cell treatment is the expenses associ-
ated with its production and administration. With startling price tags of over USD 373,000
for a single injection, CAR-T cell therapies have produced extraordinary response rates in
patients with B cell ALL since the FDA approved the first of them in 2017. The cost does not
cover the costs associated with producing the medicine, handling any possible long-term
side effects, or continuing other therapeutic lines following a relapse. Leukapheresis is
the first stage in the multistep process of making CAR-T cells. Next, T cells are obtained
through genetic engineering, which involves the use of viral vectors or non-viral ways
to add CAR expression. Finally, the transformed T cells are expanded in a controlled
environment [171]. Each of these procedures may call for specialized tools, knowledgeable
staff, and stringent quality assurance protocols. Local cell manufacturing facilities that
generate experimental goods face higher production costs due to the continued high cost
of reagents and lentiviral vectors, which are often related to individual items or groups
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of products. This is in contrast to commercial manufacturers, who manufacture cellular
therapies at scale. The customized nature of autologous CAR-T cell treatment drives up
production costs. Additional logistical costs for the apheresis procedure, cryopreservation,
transporting patient-derived cells to specialized manufacturing facilities, and returning the
finished therapeutic product to the clinical site are also imposed by patient-specific features.
This also raises the expenses associated with research and development since, though it
is difficult to say by how much, the costs of conducting clinical trials for cellular therapy
are probably higher than those of small-molecule medicines [172]. Numerous CAR-T cell
products have been developed thus far along similar lines. Medications with encouraging
early-phase data that were introduced by universities and/or small biotech businesses
have frequently been acquired by large pharmaceutical companies, who have subsequently
carried out the late-phase clinical trials and mass-marketed the medications [173]. There is
a need for future research and advancements in CAR-T therapy to address these economic
hurdles. This will pave the way not only to improving the cost-effectiveness of therapy but
also to ensuring financial support for the patients and healthcare system.

11. Methods to Reduce CAR-T-Cell-Therapy-Related Side Effects

To achieve effective therapeutic responses, it is a requisite that the target epitope
is bound by the CAR-T cell antigen-binding domain and reaches the minimal threshold
level necessary to cause cytokine production and CAR-T cell activation. CAR-T cells must
persist within their therapeutic window to maintain their clinical effectivity [174]. From an
engineering perspective, both the degree and kinetics of CAR-T cell activation are highly
affected by numerous factors, including tumor burden, the extent to which the tumor
antigen is expressed on the malignant cells, co-stimulatory elements of the CAR, and the
affinity of the antigen-binding domain for target epitopes. Hence, to limit toxicity and
achieve optimized therapeutic levels, the CAR’s modular structure needs to be further
evaluated [175].

11.1. Modifying CAR Structure

One method to lessen toxicity is via fluctuating the affinity of the antigen-binding
domain of CAR-T cells. In cases of decreased affinity, there would be an increased require-
ment on tumor cells for a higher antigen density in order to achieve elevated activation
levels. Consequently, this could also help to avoid targeting healthy tissues that have fewer
antigens. According to some research, antigen-binding domains with micro-molar affinity
were more selective for cancers with high antigen expression than those with nano-molar
or sub-nano-molar affinity. Another way to control the cytokine levels produced by acti-
vated CAR-T cells is to change the transmembrane and hinge regions. For example, in a
CD19-targeted CAR, changing the amino acid sequences of the transmembrane and CD8-α
hinge reduced the proliferation of CAR-T cells and release of cytokines. This approach
could be a useful strategy for lowering toxicity. In fact, 54.5% of B lymphoma patients
receiving these modified CARs experienced a full remission in a phase I clinical trial [176].

The co-stimulatory domain is another part of the CAR design that can be adjusted
depending on the tumor characteristics, toxicity concerns, and antigen density. Specifically,
4-1BB domains are linked to better T cell survival, lower toxicity, and a slower peak of T
cell expansion while CD28 co-stimulatory domains are related to faster and more intense
CAR-T cell activity. Consequently, 4-1BB co-stimulatory domains with lower toxicity could
be more suitable for tumors with a high antigen density or high disease burden. On the
other hand, CD28 co-stimulatory domains could achieve a necessary threshold level of T
cell activation for the low-affinity antigen-binding domain of the CAR or low density of
total surface antigens [177].

11.2. CAR Immunogenicity

The term “CAR immunogenicity” refers to the potential for the chimeric antigen
receptor (CAR) construct to elicit immunological responses. When the host immune system
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recognizes the CAR constructs, it might lead to the generation of cytokine-related toxicities.
However, CARs constructed using human or humanized antibody fragments rather than
CARs generated from mice reduce CAR immunogenicity and the production of cytokine-
related toxicities. Moreover, the transmembrane or hinge domains can also be modified for
lessening the CAR’s immunogenicity and improving the survival of CAR-T cells [178].

11.3. Neurotoxicity and CAR-Transduced T Cell Modification

A recent possibility for reducing or preventing CAR-T cell cytokine toxicities is to
change the CAR-transduced T cells themselves. Myeloid cells and cytokines are also
involved in the neurotoxicity triggered by CAR-T cells as studies have found higher levels
of CD14+ cells in patients with severe or grade-3 neurotoxicity. A key clinical trial on CAR-T
cell therapy for large B cell lymphoma showed that CD14+ cells were more abundant in
patients with grade-3 or severe neurotoxicity. Furthermore, a key clinical trial on CAR-T
cell treatment for large B cell lymphoma discovered that GM-CSF elevation was the blood
biomarker most closely related to neurotoxicity among those associated with severe or
grade-3 neurotoxicity [179].

Experiments in animals have shown that blocking the cytokine GM-CSF, which ac-
tivates monocytes and macrophages, with lenzilumab reduced the levels of CRS and
neurotoxicity and improved the function of CAR-T cells. Similarly, mutating GM-CSF
in CAR-transduced T cells had the same effects. These results recommend that block-
ing GM-CSF can help to lower neurotoxicity and CRS. Moreover, deleting or inhibiting
tyrosine hydroxylase, an enzyme in myeloid cells, lowered the levels of cytokines and
catecholamines. Experiments in animals also showed that blocking the IL-1 receptor re-
duced neuro-inflammation in mice with lymphoma/leukemia treated with CD19-targeted
CARs [180].

11.4. CAR Off-Switches

Implementation of the suicide gene or off-switches is another promising approach to
improve CAR-T cell toxicity. These switches can selectively kill engineered cells when se-
vere events happen with the help of a secondary agent. For example, some CAR constructs
can express CD20 mimotopes that make them sensitive to rituximab treatment. However,
immediate reversal is necessary for this therapy to be beneficial in patients with acute
cytokine-mediated toxicities. This need resulted in the development of faster switches, such
as inducible Cas9, which eliminated >90% of changed T cells within 30 min in a clinical
trial [181].

Other strategies have used protease-based CAR off-switches (SMASh-CARs), which
can be turned off by small molecules. The main issue with CAR off-switches is that they end
the therapy suddenly and may let the disease grow quickly. However, a promising strategy
is to use a tyrosine kinase inhibitor such as dasatinib, which can stop T cell activation by
blocking TCR signaling kinases. In animal models, dasatinib given immediately following
CAR-T cell infusion greatly reduced the death of mice from deadly CRS. Moreover, dasa-
tinib quickly and reversibly stopped the CAR-T cells. As a result, this approach offers a brief
suppression of CAR-T cell function and allows for the recovery of CAR-T cell treatment
when toxicities have decreased. In the future, CAR-T cell therapy will need to improve in
this aspect to become a first-line treatment for both blood cancers and solid tumors. This
improvement will require more novel strategies that can quickly stop CAR-T cell function
and enable the recovery of CAR-T cell therapy after the toxicity has passed [182].

12. Application of Artificial Intelligence in Manufacturing CAR-T Cells

The ability of computer systems to carry out tasks normally associated with human
intellect, such as language translation, visual perception, learning, and decision making,
is known as artificial intelligence (AI). AI in healthcare is the use of machine learning
models to find insights and analyze medical data to improve patient experiences and health
outcomes. AI has gained popularity in medical sciences in recent years because of its ability
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to analyze massive amount of data and problem-solving capabilities [183]. In particular,
the use of AI has much potential and might eventually improve the production of CAR-T
cells. Although having significant outcomes in cancer treatment, CAR-T cell therapy faces
numerous limitations, such as avoiding immune toxicity and rejection, finding suitable
targets for different types of cancer, and improving the efficiency and survival of CAR-T
cells. Integrating AI applications can help to overcome these limitations by providing
new insights and tools to improve accuracy, reduce costs, streamline logistics, enhance
manufacturing efficiency, and improve the evaluation of CAR-T cell therapy. Some of these
applications include finding a suitable target, cell manufacturing, gene editing, clinical
trials, etc. [9].

AI finds novel specific targets for CAR-T therapy by exploring large-scale proteomic,
transcriptomic, and genomic data from normal and cancer cells. For instance, a recent
study employed AI to identify new targets for CAR-T therapy against a blood cancer
know as acute myeloid leukemia that encountered challenges with conventional CAR-T
cells [184,185]. AI assists in optimizing and standardizing the manufacturing process of
CAR-T cells by managing and monitoring the quantity and quality of cells. AI, for example,
can assist in automating the procedures of cell culture, purification, and expansion, in
addition to detecting and eliminating defects or impurities in the cells [9]. Moreover, AI
facilitates the gene-editing process of CAR-T cell by optimizing the development and
delivery of CRISPR-Cas9, a genome editing tool that allows for the DNA modification
of CAR-T cells. Immunological checkpoint molecules that inhibit the immune response,
like PD-1, can be removed by using CRISPR-Cas9 to increase the anti-tumor effects of
CAR-T cells. It can also be used to eliminate the TCR and MHC molecules to produce
off-the-shelf or universal CAR-T cells that can be produced from healthy donors and
prevent immunological rejection [186]. The clinical trials of CAR-T cell treatment can be
designed and executed with the help of artificial intelligence by determining the ideal dose,
schedule, and combination therapies, as well as managing and predicting the risk factors
and outcomes of the therapy. AI analyzes patient data, including imaging, biomarkers, and
symptoms, in order to determine the toxicity and response of CAR-T therapy and to offer
personalized treatments [9].

Despite the integration of AI systems into current production and workflows, the
validation of AI-based decisions still needs to be evaluated. The validation of AI models
and data in the clinical settings and the ethical, legal, and societal implications of employing
AI and gene editing in human cells are some of the challenges and limitations that must
be overcome. The integration of AI in CAR-T cell treatment has the potential to accelerate
further advancements in the field and increase the impact of this promising treatment for a
variety of cancer types.

13. Conclusions and Future Prospects

CAR-T cell therapy has revolutionized the treatment of B cell hematological malignan-
cies, but it also faces many challenges that limit its effectiveness and safety in solid tumors.
Given the significant activity in the clinical settings of prostate, breast, renal, ovarian,
colorectal, pancreatic, and thoracic cancer, the field is expected to overcome the challenges
in a relatively short time, thus fulfilling the potential of CAR-T treatment for the curing
of patients with aggressive forms of cancer, in addition to hematological malignancies.
The field of CAR-T cell therapy is constantly evolving and new strategies and solutions
are emerging that could improve the potential of this promising immunotherapy in the
future. We discussed some of the most recent and promising treatment options of CAR-T
cell therapy, such as the following.

The combination of CAR-T cell treatment and traditional immunotherapies has enor-
mous promise for improving cancer outcomes and promoting personalized medicine. The
future of CAR-T cell treatment is expected to be associated with its advancement as a com-
bination therapy. Moreover, combination therapies, together with continuing innovation to
reduce CAR-T toxicity and improve the efficiency of CAR-T cells, promise to bring out the
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best in each treatment, respectively. Thus, combination medicines may pave the way for
safer and efficient medications, giving hope to cancer patients who have not responded to
conventional therapies.

CRISPR-Cas9 offers a powerful gene-editing tool to engineer CAR-T cells in various
ways, such as modifying the CAR structure, reducing the CAR immunogenicity, introducing
CAR off-switches, improving CAR-T cell activity, and reducing the side effects. CRISPR-
Cas9 holds promising applications for producing next-generation universal allogeneic CAR-
T cell products that can be used for any patient and any tumor type, as well as the delivery
of therapeutic genes to specific genomic locations and the targeting of negative regulators
of T cell function. However, this approach still faces many challenges and limitations,
including Cas9 protein immunogenicity, double-strand breaks, and off-target mutations,
that need to be overcome before it can be translated into clinical practice. Researchers
have developed multiplex prime editing, another gene editing technology to address the
limitations associated with the CRISPR-Cas9 system. Multiplex prime editing has the
potential to introduce precise alterations in various genomic regions without creating
double-strand breaks and off-target mutations. This approach of multiplex prime editing
could be used to insert therapeutic genes or fix mutations in CAR-T cells, broadening the
usefulness and scope of this innovative immunotherapy. Thus, multiplex prime editing has
the potential to significantly improve the efficiency and safety of CAR-T cell treatment for
a variety of malignancies, especially solid tumors, in the near future.

The huge costs of the manufacturing process make CAR-T cell production a consider-
able problem. Furthermore, autologous CAR-T therapy is constrained to a made-to-order
model, making economic manufacturing difficult to scale. Artificial intelligence (AI) tech-
nologies address the manufacturing challenges of CAR-T cell therapy by finding new
targets for the optimal designing of CAR-T cells and monitoring the safety and effective-
ness of CAR-T cell treatment in real time. A possible future treatment option is employing
artificial intelligence in conjunction with combination therapies, multiplex prime edit-
ing, and Boolean-gated advanced-generation CARs, which could have the potential to
completely transform the therapy of CAR-T cells.
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B cell maturation antigen; BLG: Boolean logic-gated; CAR: chimeric antigen receptor; CEA: car-
cinoembryonic antigen; CCR: co-stimulatory receptor; CD: co-stimulatory domain; CEACAM7:
carcinoembryonic antigen-related cell adhesion molecule; CRC: colorectal cancer; CRISPRs: clustered
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EGFR; epidermal growth factor receptor; FDA: Food and Drug Administration; FLT3: FMS-like
tyrosine kinase 3; gRNA: guide RNA; GPC3: glypican-3; GvHD: graft versus host disease; GPRC5D:
G protein-coupled receptor, class C, group 5, member D; HER2: human epidermal growth factor
receptor 2; HCC: hepatocellular carcinoma; HDR: homology-directed repair; HL: Hodgkin’s lym-
phoma; IFNγ: interferon gamma; IL: interleukin; ITD: internal tandem duplication; ITRs: inverted
terminal repeats; IVT mRNA: in vitro transcribed mRNA; LILRB4: leukocyte immunoglobulin-like
receptor-B4; LTRs: long terminal repeats; mAb: monoclonal antibody; MAS: macrophage activation
syndrome; MHC: major histocompatibility complex; MM: multiple myeloma; Mo-MLV: Moloney
murine leukemia virus; MSLN: mesothelin; MUC: mucin; NHEJ: non-homologous end joining; NHL:
non-Hodgkin’s lymphoma; NK: natural killer cells; PD-1: programmed cell death protein 1; PSCA:
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prostate stem cell antigen; RR: response rate; R/R: relapsed/refractory; scFv: single-chain variable
fragment; Siglec-6: sialic acid-binding immunoglobulin-like lectin 6; TAAs: tumor-associated anti-
gens; TALENs: transcription activator-like effector nucleases; T-LBL; T cell lymphoblastic lymphoma;
TAMs: tumor-associated macrophages; TCR: T cell receptor; TIL: tumor-infiltrating lymphocyte; TNF:
tumor necrosis factor; TRAC: T cell receptor alpha chain; TLS: tumor lysis syndrome; Tregs: regula-
tory T cells; TRUCKs: T cells redirected for universal cytokine-mediated killing; TRUS: transrectal
ultrasound scan; TGF: tumor growth factor; VL: variable light chain; VH: variable heavy chain; WBC:
white blood cell; ZFNs: zinc fingers.
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