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Abstract

Chimeric Antigen Receptor (CAR)-T cells are one of the most promising innovations in cancer
treatment. CAR-T cells are particularly suitable for treating hematologic cancers, including
leukemias and lymphomas. Experimental T-cells are modified genetically and show antennas
definite to cancer cells. It may, therefore, detect cancer cells more easily and destroy them. In
a patient, the T-cells are extracted, carriers of CAR are injected in vitro, and the altered cells
are reinfused through the blood. The procedure has expressed outstanding outcomes in certain
leukemias and lymphomas, with recuperative rates in patients who have completed all available
conventional therapies. Despite this, some difficulties remain, like cytokine explosion
syndrome, neurotoxicity, and low efficacy in solid tumors. This review aims to provide a brief
overview of the current status of CAR-T cell therapy and discuss prospective future

implications of the treatment in cancer.

Keywords: Chimeric Antigen Receptor (CAR)-T cells; leukemia; lymphomas; tumors;

cancer cells.
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Chapter 1

Introduction

1.1 What are CAR-T cells?

Chimeric Antigen Receptor (CAR)-T cell therapy represents a type of immunotherapy that
involves modifying the cells of the patients in a lab so that they can identify and destroy the
cancer cells that have particular proteins called antigens. T cells possess a notable capacity to
fight infections. Using CAR-T cells in cancer treatment, especially hematologic malignancies,
is an important advance in cancer treatment. This innovative approach targets cancer cells by
modifying a patient's T cells genetically so that they can produce a CAR therapy. Despite its
early success in blood malignancies, the area of CAR-T cell therapy has expanded rapidly since
its first FDA approval in 2017. From a projected $2.3 billion in 2022 to a predicted $10.3 billion
in 2030, the worldwide market for CAR-T cell therapies is desired to experience a growth rate

of over 21% annually (Singh et al., 2023).

Patients with B-cell malignancies, such as non-Hodgkin lymphoma (NHL) and relapsed or
resistant acute lymphoblastic leukemia (ALL), have shown exceptional response to CAR-T cell
therapy. By focusing on the clinical trials, as many as 90% of patients had full remission. There
have also been long-lasting effects, which could lead to permanent illness control or even a

cure in extreme circumstances (Porter et al., 2021).

The CAR-T cell treatment approach involves multiple steps as illustrated in Figure 1. At first,
the blood of a patient is drained of its T cells. The second step is to modify these T cells in a
lab by inserting the gene for a specific receptor known as a CAR. The patient's T cells are
transformed into CAR-T cells when the gene that encodes the modified CAR protein is showed

ontheir surface. In vitro cultivation of millions of CAR-T cells is a general practice. The patient



is administered these via intravenous infusion. Then CAR-T cells attack the cancer cells by

binding to their antigens (Mount et al., 2018).
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Figure 1: Treatment of Cancer using CAR-T Cell Therapy

The path of CAR-T cells starts with sampling T lymphocytes from the blood of patient. After
that, they are shipped to the appropriate laboratory, where they are converted. A viral vector
that carries a genetic plan for a CAR is injected into the T cells. The receptor itself was created
to see a targeted antigen in the best way feasible and is often present on the outside of cancerous
tissue. It is integrated into the DNA of the T cells, and they are endowed with a new receptor.
The CAR-T cells are ready for infusion back into the patient after being reproduced to the
millions (Mohamed Reda Benmebarek et al., 2019). After being reintroduced into the blood,
CAR-T cells undergo a search-and-destroy process. They have been modified to help their

artificial receptors attach to antigens in cancer with exceptional specificity. As a result, the



connection between cancer antigens and CAR-T cells’ receptors is the most important for
initiating killing. CAR-T does not need a Major Histocompatibility Complex (MHC) for the
introduction of antigens, unlike natural T cells, which provide CAR for destroying cancer cells
that are resistant to the humoral type of immune response. Once the CAR-T binds with the
targeted cancer antigen, there is a chain of signaling incidents in the cells. These processes
activate the cells and initiate the release of cytotoxic substances into the cancer cell, such as
granzymes and perforin. The components make pores in the cell membrane of cancer and
promote apoptosis, killing the cancerous cell. Secondly, the activated cells start to multiply,

increasing in number to improve the elimination of cancerous cells (Watanabe et al., 2021).

1.2 History of CAR T cells

2013- first successful clinical

2002- 2™ generation CAR
evolved demonstration of tualofCART«seIlﬂxeﬁpy
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Figure 2: History of CAR-T Cell Therapy



Although the topic of CAR-T cell therapy has been talked about for several decades, the method
itself appeared quite recently. In the 1980s, the genetically engineered T-cell receptor was
discovered. It became known that the T-cell can recognize the cancerous cell itself and fight
only against it. Unfortunately, at that time, such a method was far from ideal. It was required
that the exact antigen of the cancerous cell be found, and based on this antigen, the T-cell
receptor was created. Zelig Eshhar and team created the first CAR today in the first version
using a monoclonal antibody with signalling. Pehlivan, Duncan, and Lee state that such CAR-
T cells, having originated as early as 1989, do not need MHC for detecting cancerous cells.
That is why this T-cell is more universal in comparison with T-cell engineered (Schepisi et al.,

2020). The history and evolution of the CAR-T cell therapy are shown in Figure 2.

The first reason why the first-generation CARs could not significantly target cancer cells is
first-generation CARs did not have the co-stimulatory actions that were critical for T-cell
proliferation and survival. When this was established, the idea of changing T-cell specificity
through chimeric antigen receptors was conceived. Towards the mid-1990s, researchers
designed CAR of the second generation. The urge to conduct clinical trials for CAR-T cell
treatment was supported by the enthusiasm of cancer researchers induced by impressive results
obtained in preclinical animal models of daring designs of CAR. In 2002, the first CAR-T cell
with a CAR made from the CD28 co-stimulatory domain was made (Shen et al., 2019). In 2003,
investigators demonstrated that CAR-T cells could irradiate B-cell lymphoma in mice by
targeting a B-cell antigen, CD19. Scientists studying the CAR-T cell treatment can base the
present study on these findings. A clinical trial was conducted for the first time in 2006, carried
out by the National Cancer Institute (NCI) under the supervision of Steven Rosenberg and his

research team, which was successful (Mount et al., 2018).

In this study, a participant with metastatic renal cell carcinoma was administered the trial’s

autologous T-cells engineered to indicate a chimeric antigen receptor CAR that targeted the
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carcinoma antigen carbonic anhydrase IX. Although it was a safe treatment, it did not markedly
improve the patient’s clinical condition. Clinical trials have focused on two primary
hematologic malignancies: leukemia and lymphoma. As a result, June and other researchers at
the University of Pennsylvania successfully treated patients with chronic leukemia CAR-T
cells in 2011. The aborted study that utilized autologous T-cells that expressed CARs Killed
three people, who all recovered a long-term, complete remission. As a result, the outcomes of
CAR-T cell therapy in clinical trials have contributed to the current use of adoptive cell therapy
in leukemia and myeloma treatment. The primary trial that demonstrated successful CAR-T
cell therapy on children with recurrent or chemotherapy-resistant acute lymphoblastic leukemia
BCAL was conducted in 2013 at BCCR. This trial was performed on two children, and their
T-cell cells were genetically engineered (Tchou et al., 2017). Both of them recovered a long-
term, complete remission after receiving CARs that focused on the anti-CD19-BCAL antigen.
In 2014, Adusumilli and colleagues developed CARs’ ability to detect mesothelin in solid
tumors. In 2015, researchers at BCCR improved the fourth generation of CARs. In 2017,
Sadalain’s group began making CRISPR-edited CAR-T cells. In that same year, the FDA
approved the assistance of Tisagenlecleucel Kymriah as adoptive therapy for cancer patients
who were already undergoing radiotherapy; this was another critical advancement (Schietinger

& Greenberg, 2024).

The objective of this review is to give a brief overview of CAR-T cell therapy, their current

status in cancer treatment and future implications.



Chapter 2

Architecture of CAR-T cells

The concept of CAR T-cell therapy was proposed in the late 1980s. These cells possess an
internal structure that is divided into ectodomain, which contains antigen-binding fragments, a
spacer region, an internal segment and a transmembrane domain. CAR T cells’ basic modular
organization has changed little since their inception, and there have been five generations of
development founded on the intracellular triggering field configuration (Schepisi et al., 2020).
The structural variations from the 1st to the 4th generation of the CAR-T cell design are shown

in Figure 3.
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Figure 3: Structural Variants of Various Generations of CAR-T Cells
The 1st generation: The initial CARs were equipped with either a solitary CD3 {-chain or a
FceRly intracellular domain and did not possess any supplementary costimulatory domains.
Practically, the complexes were likely to have the natural TCR and had the same drawbacks,
such as the incapability to produce the necessary quantity of IL-2. It is widely recognized that

a weak response can be addressed by adding exogenous IL-2 to first-generation CARs to get



the desired impact. In addition, despite being modified, the cells exhibited limited cell growth
and short in vivo survival. As a result, the formation of costimulatory regions was initiated

(Neelapu et al., 2017).

The 2nd generation: Incorporating the dual signalling that leads to high T-cell proliferation
in the natural process, the second generation was designed to solve these shortcomings. They
have extra cytoplasmic domains like OX-40, CD28, or 4-1BB, either alone or in combination,
to reverberate a secondary signal when they encounter a cancer antigen. Results from both
animal studies and human trials indicated that the existence of costimulatory signals increased
cytotoxicity and proliferation while also providing a longer half-life in living organisms,
leading to a more sustained response. These characteristics were also impacted by the
costimulatory domain features (Ramos & Gianpietro Dotti, 2011). Some research has
suggested that 4-1BB( cells might have a higher half-life in the bloodstream compared to
CD28( cells. The distinguish between the two is that the former results in constitutive activation
and the latter causes CAR-T cells to exhaust early. Improved costimulatory constructions have

resulted from this insight (Roybal et al., 2016).

The 3rd generation: A 3" generation CAR with many costimulatory signalling domains in
its endodomain was responsible for this accomplishment. Examples of these structures are
marked as CD3(-CD28-OX40 or CD30-CD28-41BB. Since 4-1BB endodomains promote
long-lasting CAR expression and CD28 costimulatory domains are known to permit rapid
tumor termination, the latter was determined to be particularly promising. While their
application in cancer treatment has been fruitful leading to fewer side effects and better
persistence and proliferation has surpassed the results achieved with second-generation

(Ritchie et al., 2013).



The fourth generation: Based on second-generation constructions, fourth-generation CARs
were designed since adding additional costimulatory domains did not improve the activity of
CAR-T cells. A transgenic protein, like a cytokine, is added to the second generation using an
inducible or constitutive expression cassette, which is the sole difference. The goal of these
chimeric antigen receptor T cells is to kill universal cytokine-mediated, and facilitate the

transportation of transgenic products to the specific location of the tumour (Roex et al., 2020).

The common method for accomplishing this is to insert the nuclear factor of activated T cell
(NFAT) responsive cassette into these cells. The targeted target is contacted by CD3(-
containing CARs, which stimulate transgene expression. Transgenic cassettes encoding the
CAR structure and the cytokine are transferred during the creation of TRUCK CAR-T cells,
rendering them conditionally expendable. In preclinical models, CAR-T cell therapies were far
more effective than second-generation CARs due to the cytokine transgene. Another advantage
of this method is that it prevents toxicity, which is the general side effect of the treatment (Rurik

et al., 2022).



Chapter 3

Advantages and Limitations of CAR-T therapy

3.1 Advantages of CAR-T therapy

CAR-T cell therapy is a progressive and innovative method in the area of cancer treatment that
provides hope for patients with some types of cancer. This personalized immunotherapy has

numerous advantages over traditional methods and existing therapies.

Targeted Precision: Primarily, it is characterized by a high specificity of action on cancer
cells. Common treatments, including chemotherapy and radiation, are destructive and can
affect not only harmful cells but also healthy ones. In contrast, CAR T-cells search for the so-
called antigens on the shell of cancerous cells to which they will bind and do not allow the

tumor to reproduce. Thus, the normal functioning of tissues is not impaired (Mount et al., 2018).

Durable responses: Persons with refractory or relapsed malignancies have achieved long-term
remissions, which is positive news on the potential of this therapy. For some patients, the period
of remission could last for years, granting them the quality of life obtained through other kinds

of therapy (Schepisi et al., 2020).

Rapid Recovery: Additionally, the therapy process is short since the patient receives only one
infusion of the engineered cells. Therefore, the chances of a quick recovery are higher in
comparison to patients receiving a stem cell transplant or extensive chemotherapy

(Benmebarek et al., 2019).

Living Drug: Being a "living drug" is the greatest amazing aspect of CAR T-cell treatment.

Staying in the Patient body, the genetically engineered T-cells can keep an eye on the cancer



cells and destroy any cancer cells that come back. The therapy’s long-term stability may help

avoid the need for repetitive treatments (Schietinger & Greenberg, 2024).

Personalized Medicine: CAR-T cell therapy reflects the essential nature of personalized
medicine. Indeed, this therapy involves the development of treatment for a specific person’s
cancer, which makes it more effective for the treatment and reduces the chance of adverse

reactions (Shen et al., 2019).

The benefits of CAR T-cell therapy support its transformative effect on cancer treatment, with
patients and healthcare practitioners gaining a new dimension of hope in fighting this

multifaceted illness.

3.2 Limitations of CAR-T therapy

CAR T-cell therapy is a new paradigm in the treatment of particular cancers, which are mainly
indicated for haematological malignancies. The perspective provided by this treatment is
viewed as remarkable, but only several nowadays limitations prevent its broader application

and success.

Target Antigen Limitations: The first problem that CAR T-cell therapy encounters is the
choice of proper target antigens. While CD19 has been demonstrated to be optimum for
hematologic malignancies like B-cell leukemias and lymphomas, antigens that share the same
degree of familiarity as well as specificity in solid tumours are not typical. The inability to
generate targetable antigens on solid tumours constrains the scope of the application in solid

tumours (Li et al., 2017).

Tumour Microenvironment: Another important obstacle is the tumour microenvironment.
Solid tumours form an immunosuppressive environment that can stop or minimize CAR T-cell

function and proliferation. The targets or the physical blockages within the TME, including
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stromal cells and extracellular matrix, may also prevent T cells from adequately penetrating

and infiltrating the tumour (Schepisi et al., 2020).

Toxicity and side effects: The CAR T-cell therapy causes serious, even fatal, side effects. The
two most prevalent and serious adverse effects are cytokine release syndrome and
neurotoxicity. Rapid and extensive cytokine release from enabled CAR T-cells causes CRS,
which manifests as low blood pressure, high fever, and malfunction in multiple organs.
Cerebral edoema, convulsions, and disorientation are some of the signs of neurotoxicity (Mount

et al., 2018).

Persistence and Relapse: Although CAR T-cells can help attain remission in a majority of
cases, the type of response is not uniformly durable. Unfortunately, many patients tend to
experience relapse after CAR T-cell therapy. Relapse is predominantly caused by target antigen
loss or mutual exclusive reduced antigen expression; this is also referred to as continuous
antigen escape. Moreover, CAR T-cells, like other immunotherapies, are not frequently
detected in the patient long after discovery. Hence, this limits their efficiency (Roex et al.,

2020).

Manufacturing and Accessibility: Due to the difficulty and resource-intensiveness of the
technique, creating CAR T-cells demands specialized facilities and personnel. As a result, it is
very costly and the number of patients who can get advantage from the treatment is much lower
than it could be otherwise. Additionally, how this treatment is created does not allow it to be
mass-produced due to narrow personalization. Thus, it takes more time and resources to

produce the necessary dosage (Rurik et al., 2022).
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Chapter 4

Current Status

4.1 FDA approved CAR T cell therapies

The Food and Drug Administration (FDA) approved the CAR T cells after successful pre-

clinical and clinical trials. The first approved CAR T cell was Kymriah on August 30, 2017.

The FDA was able to approve the CAR T-cell therapy because of its success in clinical

treatments. This kind of treatment is individualized and reconditions the body’s natural

defensive mechanisms to act exclusively on cancerous cells. For example, Kymriah helped

children who were diagnosed with ALL relapse achieve complete remission from cancer.

Indeed, such therapies are not cheap, but they assist the immune system to fight various

malignancies thus giving hope. Table 1 shows the list of CAR-T cell therapies approved by the

U.S. FDA for different types of malignancies from January 2017 to June 2024.

Table 1: List of CAR-T Cell Therapy for Cancer approved by the FDA

(tisagenlecleucel)

SI. | Product name | Approval Indication
Year

1. | ABECMA 2021 Adult patients with relapsed or refractory multiple
(idecabtagene myeloma.
vicleucel)

2. | BREYANZI 2021 Adult patients with relapsed or refractory large B-cell
(lisocabtagene lymphoma after two or more lines of systemic therapy
maraleucel) including diffuse large B cell lymphoma (DLBCL)

not otherwise specified (including DLBCL arising
from indolent lymphoma), high-grade B-cell
lymphoma, primary mediastinal large B-cell
lymphoma and follicular lymphoma grade 3B.

3. | CARVYKTI 2022 Multiple myeloma relapsed and/or refractory after at
(ciltacabtagene least 4 cycles of prior therapeutic modalities.
autoleucel)

4. | KYMRIAH 2017 For adults with relapsed or refractory DLBCL and for

young adult patients up to age 25 with relapsed or
refractory ALL.
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5. | TECARTUS 2020 In adult patients who have relapsed or fail to respond
(brexucabtagene to initial therapies for B-cell precursor acute
autoleucel) lymphoblastic leukemia. Used in adult patients with
mantle cell lymphoma that has relapsed after first line
of treatment or fail to respond to initial therapy.

6. | YESCARTA 2017 As a third-line treatment in limited populations for
(axicabtagene adult patients with bulky DLBCL that is either
ciloleucel) primary refractory to first-line chemoimmunotherapy

or relapsed within 12 months of first-line
chemoimmunotherapy.

Source: https://www.fda.gov/

4.2 Ongoing Clinical Trials

Currently, several CAR-T cell clinical trials are ongoing. Lymphomas and leukemias are
among some of the blood cancers that have been treated effectively using CAR T-cell therapies.
CAR-T therapy has mainly shown promising results in treating blood cancers but as for now,
there are ongoing trials of solid tumor too. Some of the included types of cancer are
glioblastoma, lung cancer, liver cancer, stomach cancer, renal cancer, prostate cancer,
osteosarcoma, and others. For example, in March 2024, scientists got an effective outcome on
brain tumor by using CAR T cells. Table 2 shows the list of current CAR-T clinical trials for

hematological malignancies and table 3 shows the list of current CAR-T clinical trials for solid

tumors.
Table 2: Current CAR-T Clinical Trials for Hematological Malignancies
Sl. | ClinicalTrials.gov | Target Target Disease Status
Identifier Strategy

1. | NCT02445248 CD19-specific | Relapsed or refractory DLBCL Completed

2. | NCT02601313 CD19-specific | Relapsed/refractory mantle cell | Active
lymphoma
3. | NCT02348216 CD19-specific | DLBCL, primary mediastinal | Completed
(internal  medicine) common
mediastinal large B cell lymphoma
(PMBCL), transformation
follicular lymphoma (TFL), high-
grade B-cell lymphoma (HGBCL)
4. | NCT02631044 CD19-specific | NHL, DLBCL, follicular Active
lymphoma, mantle-cell
lymphoma, PMBCL
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5. | NCT02926833 CD19-specific | DLBCL Completed
6. | NCT02614066 CD19-specific | Relapsed/refractory  B-precursor | Active
acute lymphoblastic leukemia
7. | NCT03105336 CD19-specific | Refractory/relapse large B cell | Active
lymphoma

8. | NCT03287817 CD19- and | DLBCL Active
CD22 specific

9. | NCT03310619 CD19-specific | Aggressive B-NHL Completed

10. | NCT03568461 CD19-specific | Refractory follicular lymphoma Active

Table 3:Current CAR-T Clinical Trials for Solid Tumors
Sl. | ClinicalTrials.gov | Target Strategy Target Disease Status
identifier

1. | NCT00004178 CEA CAR Adenocarcinoma Completed

2. | NCT00019136 Folate receptor CAR = | Ovarian cancer Completed
IL-2

3. | NCT00085930 GD2 CAR, EBV T cells | Neuroblastoma Active

4. | NCT0064196 PSMA CAR Prostate cancer Completed

5. | NCT03170141 EGFRuvllI-specific CAR- | Glioblastoma Active
T cells producing PD-1 | multiforme
and PD-L1 antibodies

6. | NCT00730613 IL-13Ra2 targeting | Glioblastoma  with | Completed
CAR-T cells Hy/TK suicide switch

7. | NCT00889954 Her2 CAR, EBV T cells | Her2 + lung cancer Completed
+ TGFb DNR

8. | NCT02414269 Meso-CART cells, | Malignant pleural | Active
modified with disease
iCasp9/M284

9. | NCT00902044 Her2 CD28 Her2 + sarcoma Active

10. | NCT01822652 GD-2-CAR-T with iCas- | Neuroblastoma Active
pase9 suicide safety
switch

11. | NCT01460901 GD2 CAR multivirus- | Post-allo HSCT | Completed
specific neuroblastoma

12. | NCT01140373 PSMA CAR 2nd Castrate metastatic Active

13. | NCT01373047 CEA CAR CEA + liver | Completed

metastases
14. | NCT01454596 EGFRvIII CAR 3rd 28 | Glioblastoma Completed

and 4-1BB = IL-2

Source for Table 2 and Table 3: https://clinicaltrials.gov/
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Chapter 5

Future Implications

Chimeric Antigen Receptor treatment is anticipated to change the field of oncology profoundly
and eliminate all types of malignancies. CAR T therapy has seen triumph in treating some kinds
of blood cancers and providing hope for patients with no other options. The future will
inevitably mean expansion into the majority of solid tumours, which are more complex due to
their microenvironment and difficulty in identifying universal target antigens. Nevertheless,
the future of this therapy is likely to bring an audience of 1.6 billion viewers and billions in
revenue within the next decade (Roex et al., 2020). First off, major innovations in cell
engineering, including methods of genetic engineering, will enable the production of cells that
are not only efficient but also more resilient and capable of overcoming the tumour’s
microenvironment (Ramos & Gianpietro Dotti, 2011). Multi-targeting CAR T-cells and so-
called ‘armored” CAR T-cells, enhanced with additional genes to make them more effective in
their function, are currently in development. These changes are aimed at increasing the efficacy

and the duration of the T-cell response.

Secondly, the future will likely see the switch from patient-specific autologous CAR T-cells to
allogeneic products. Allogeneic CAR T-cells can be made from healthy donors in large
amounts and at a lower cost, making it possible to provide a cost-effective and widely available

treatment option (Shen et al., 2019).

In the future, with the development of the field, methods of managing side effects will emerge,
especially those referring to cytokine release syndrome or neurotoxicity. In the future, the CAR
T cells may be engineered to include certain safety clocks which enable doctors to regulate
and/or essentially turn off the CAR T cells. This will increase the safety and personal

perceptions of the therapy among patients and clinicians (Roex, et al., 2020).
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The current manner of cultural manufacture of CAR T cells has flaws and must take additional
time to meet the demand. Pharmaceutical companies are currently developing ways to fast-
forward the generation process or in other words cut down the time it takes to generate CAR T
cells to several days from weeks. This will enhance the delivery log and may also lower the
cost as well compared to direct presentation from the author. However, as the therapy
progresses, oversight measures will be relevant to enforce formal boundaries on the safe and
ethical use of CAR T therapy. The novel nature of these therapies will require discussions and
deliberations between scientists, regulatory and licensing authorities, clinicians, and patients to

guide the ethical use of CAR T cells (Roybal et al., 2016).

The future of this therapy is extensive and promising in the field of oncology. In the years to
come, CAR T cells will be highly efficient, safer, and more common. The options and
opportunities for curing previously incurable cancers are almost boundless. CAR T therapy is
at the forefront of this medical revolution. Moving forward, the future of the therapy virtually
rewrites the patient experience, giving much hope to those infected with cancer worldwide

(Rawla, 2019).

The breakthroughs in CAR T therapy are not just another step in the development of cancer
treatments; they are a new stage in our fight against the disease. Every discovery brings
humanity one step closer to the day when cancer is no longer a deadly diagnosis but a

manageable condition and, maybe, one day, a treatable one.
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