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ABSTRACT

Plethora of advancements in cancer treatment have resulted in designing unique signature and personalized
therapies, tailored to patient-specific needs, using medications that target specific markers on cancer cells or
even retrain the body's immune system. Chimeric Antigen Receptor T-cell, also called as CAR T-cell, is one such
approach wherein a patient's own cells are modulated to kill the cancer cells. Conventional cancer treatments
invite issues like low specificity, increased chances of relapse, or issues with radiotoxicity and tolerance in the
case of chemotherapy. Currently, CAR T-cell therapy is under clinical investigation and different countries are
still coming up with their guidelines for the pragmatic application of CAR T. In this review, we present all one
needs to know about CAR T-cell therapy, its types, components, side effects, current authorization status in
different countries along with the technology being used with respect to the therapy. We also brief upon the
recent regulations or guidelines released by Europe and the USA, the countries who have actively initiated the
CAR T idea. This review aims to provide insight into this targeted therapy having the potential to boost cancer
research and to help researchers to develop more such patient-specific treatments to improve clinical outcomes
in cancer.
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INTRODUCTION

CAR T-cells also known as Chimeric Antigen
Receptor T-cells (CARs, also known as Chimeric
immunoreceptors or artificial T-cell receptors) are T-
cells engineered with chimeric receptor proteins that
increase the specificity to target a particular
antigen®. The term chimeric is used because these
are the fusion proteins that are constructed by
linking two genes that code for different proteinsi.e.,
antigen-binding gene and T-cell activating function
of a gene into a single receptor. CAR T-cells are
known to specifically identify cancer cells and
destroy them via their interaction with the Tumor-
Associated Antigens (TAAs) which are present on the
tumor cell surface. CAR- TAA binding occurs, then T-
cell activation takes place through the

phosphorylation of immune receptor tyrosine-based
activation motifs (ITAMs). This consequently induces
T-cell proliferation, cytokine secretion, and
cytotoxicity?. The components of a CAR T-cell include
four domains as follows:

1. Ectodomain- which is an extracellular antigen
recognition domain of the single-chain Fragment
variant (scFv) obtained from an antibody

2. Hinge region

3. Transmembrane domain- which is an anchor to
the T-cell membrane

4. Endodomain- which is an intracellular T-cell
activation domain of CD37%

CAR bridges the cell membrane systematically. It is
constructed in a way that partly the receptor lies
outside the cell and some part of it is within the cell.
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The part of the CAR that sticks out from the cell’s
surface is composed of domains or fragments of lab-
made antibodies. On the other hand, the internal
part of each CAR has signaling as well as
costimulatory domains. After receptor- antigen
interaction, these convey signals into the cell®.

CD4+ T-cells have the ability to enhance the
efficiency of CD8+ T-cell-mediated cytotoxicity. CAR
T-cells multiply in the patient's body and with the aid
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from their engineered receptor, recognize and later
kill any cancer cells that harbor the target antigen on
the surfaces®. By including various activation
domains in the CAR design, the T-cell response
intensity may be adjusted, making this device highly
tunable’. To enhance patient outcomes, researchers
have developed different generations of CAR T-cells
altering their domains. Table 1 shows the
characteristic features of every generation.

Table 1: Evolution of CAR T-cell therapy from First Generation to Fifth Generation

Generation

Features

Reference

First generation

Second generation

Third generation

Fourth generation

Fifth generation

Contains a single CD3 - chain or FceRly intracellular domain with the requirement of other
costimulatory domains.

CARs contain additional cytoplasmic domains like CD28, 4-1BB, or OX-40 which deliver a
secondary signal when a tumor antigen is encountered. This overcomes insufficient proliferation,
less cytokine production, and the short lifespan of conventional CAR T-cells by dual signaling.

This generation was made by combining multiple costimulatory signaling domains within the
endodomain which included CD3¢-CD28-OX40 or CD3(-CD28-41BB. The efficacy achieved was not
very different compared to second generation CAR T-cells.

They have a constitutive or inducible expression cassette which contains a transgenic protein like a
cytokine. These were designed in order to deliver the transgenic product to the targeted tumor site
and are called T-cells Redirected for Universal Cytokine-mediated Killing (TRUCK) CAR T-cells.

They integrate an additional membrane receptor. Principle is based on the addition of IL-2 receptors
that allows JAK/STAT pathway activation which is antigen-dependent. This generation showed a
broader therapeutic window and a better safety profile than the previous generations.

(8

(8l

(8l

(8]

(9

Fabrication of CAR T-cells

CAR T-cells can be either derived from T-cells in a
patient's own blood-

autologous treatment or

derived from the T-cells of another healthy donor-
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Figure 1. Manufacturing of CAR T-cells
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allogeneic treatment®. The manufacturing of CAR T-
cells has been illustrated in Figure 1 and Table 2.
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Table 2: Making of CAR T-cells

Evans Syndrome- Demographics, Associations, and Outcomes

Steps Description References
Isolation of T-cells Leukapheresis (the separation and collection of white blood cells that include T- [112]
cells)
Incorporation of CAR CAR gene is incorporated followed by growth and multiplication. Checkpoint [12]
gene inhibitors (mabs) are added, the binding then leads to the elimination of a mostly
tumor-induced inhibition of T- lymphocytes and thereby, therapy response.
Infusion of CAR T- CAR T-cells are infused back into the patient and a weak chemotherapy regimen [13]
cells is subjected to them as the cells are prone to work well under some cancer cells.
Post infusion process CAR T-cells start binding with cancer cells and proliferate, destroying a greater [14,15]

number of cancer cells. To mitigate inflammatory toxicities caused during post-
infusion of CAR T-cells, checkpoint inhibitors like anti-PD-1 or anti-PD-L1 are

used.

The Call for CAR T-cells

The CAR identifies the antigen differently from
natural, unaltered T-cells, which do so by utilizing the
human leukocyte antigen (HLA) complex. CAR T-cells
can develop a memory phenotype as regular T-cells,
resulting in long-term persistence in the patient!®?’,
CAR T-cell treatments, in contrast to conventional
therapy, are living medicines that use the immune
system to lyse the tumor and prevent tumor
relapse!’*®, So far, CAR T-cell therapy is usually used
as a second line of treatment'®. Patients who are
incompatible with prolonged and intensive
chemotherapy may benefit from directed therapies
like CAR T%°. CAR T-cell therapy has demonstrated

The battle between Conventional and CART

long-lasting remissions in patients, extending over
several years?.

The delivery takes place through a single infusion,
necessitating a maximum of two weeks of inpatient
care. This treatment option is advantageous due to
its shorter duration, as there is no need for
preparatory procedures or recovery periods. It is
preferred over chemotherapy and stem cell
transplants since it avoids the use of aggressive
chemotherapy. Consequently, patients often
experience a faster recovery compared to those
undergoing stem cell transplants involving
aggressive chemotherapy?'?2,

Table 3: Comparison of Conventional Therapy for Cancer vs CAR T-cell Therapy?*2*

Conventional Therapy

CAR T Therapy

30-80% chances of relapse in cancer patients.
Less specificity
Issues with radiotoxicity and drug tolerance

Accompanied by fatal toxicities and side effects

Long term efficacy following infusion and lower chances of relapse

Highly specific
Lower chances of drug resistance or tolerance

Side effects can be clinically dealt with
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The Downside of CAR T-cell Therapy

Although CAR T-cell therapy is valued for its patient-
centric character, it adds to the complexity of the
platform and increases the length of manufacturing
time?>. Owing to the intricacies of CAR T-cell therapy,
the following are the major complications:

e Cytokine Release Syndrome (CRS):
Inflammatory cytokines like interleukin 6
waA(IL-6) and tumor necrosis factor alpha
(TNF-a) get overproduced overtime when
immune cells like macrophages are indirectly
activated by the proliferation of CAR T-
cells®®.

e CAR T-cell-related encephalopathy
syndrome (CRES): Incidence of this therapy
lies between 12-55% accounting for the
second most common adverse event?’. This
condition is commonly seen with a few days
of infusion. Symptoms of CRES vary rom
moderate disorientation and confusion to
deadly cerebral edema and regularly
encompass speech difficulties?.

e Immune effector cell-associated
neurotoxicity syndrome (ICANS): ICANS
involves different neurological toxicities in
conjunction with CRES rising from other
therapies like bispecific antibodies and
cellularimmunotherapies that present same
kind of side effects mediated by immune
cells®,

e 'On-target/off-tumor' toxicity: Substantial
on-target off-tumor risk is enhanced by
wanting tumor antigen specificity®*. When
the target antigen expressed cells which are
non-tumor in nature are attacked, then this
toxicity occurs. Cancerous B-cells and
normal cells, both possess CD19, which is the
target for CAR T-cells because of which,
healthy antibody-producing B-cells are also
affected along with cancer cells increasing
the risk of infection in the patient.

e Tumor Lysis Syndrome (TLS): Metabolic
complications can manifest as a group when
dying cells break down, often observed
during the initiation of aggressive cancer
treatments. TLS, which can lead to organ
damage and pose a life-threatening risk, can
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arise as a complication in any therapy that
triggers the cancer cell break down, along
with CAR T-cells3Z.

e B-Cell Aplasia- CAR T-cell therapy specifically
targets antigens present on B cells' surfaces,
leading to the elimination of both cancerous
and healthy B cells. Consequently, a
reduction in B cell count, known as B cell
aplasia, is an anticipated outcome indicating
the effectiveness of CD19-specific CAR T-cell
treatment. This outcome can result in a
diminished capacity to produce antibodies
that play a crucial role in safeguarding the
body against infections®2.

CAR T-cell Therapies approved by FDA
1. Abecma

Abecma is the brand name with l|decabtagene
vicleucel being the generic name. This medication is
prescribed for individuals with multiple myeloma
who have previously undergone four or more
treatment regimens that have been unsuccessful or
are no longer effective®. It is a form of personalized
immunotherapy in which for the expression of
Chimeric Antigen Receptor, lentiviral vector is used
for modification of patient’'s own T-cells
genetically34.

Mechanism of Action
The CAR construct includes

e atransmembrane domain,

® a2 4-1BB costimulatory domain,

® an anti-BCMA scFv-targeting domain for

antigen specificity,

® 3 CD3-zeta T-cell activation domain.
Activation of Abecma, which targets specific
antigens, leads to the activation of CAR-positive T-
cells. This activation leads to the production of
cytokines and the cytolytic death of cells expressing
BCMA (B-cell maturation antigen) 3. BCMA, a highly
promising therapeutic target, is found on the surface
of both healthy and cancerous plasma cells involved
in multiple myeloma®®. Increased expression of this
antigen promotes the growth, proliferation, and
survival of myeloma cells. Activation of Abecma, a
specific antigen-targeting therapy, leads to the
development of CAR T-cells, production of chemical
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messengers, and induction of cell death in BCMA-
expressing cells®®,

Multiple Myeloma

Multiple Myeloma is distinguished by the buildup of
atypical plasma cells within the bone marrow,
resulting in the development of bone tumors®’. The
bone marrow fails to produce an adequate number
of normal blood cells, leading to a compromised
immune system33°, Poor clinical outcomes, such as
response rates that are only 20% to 30%, responses
that last only two to three months, and short survival
times are usually seem in individuals with relapsed
or refractory multiple myeloma receiving treatment
from all three major drug classes, such as an
immunomodulatory agent, a proteasome inhibitor,
and an anti-CD38* %1, Development of Abecma
REMS (Risk Evaluation and Mitigation Strategy) has
also been initiated because of CRS and neurologic
toxicities risks*.

2. Kymriah
Kymriah® is the brand name while the generic name
of this therapy is Tisagenlecleucel.
This two domains included:

e costimulatory domain- 4-1BB

e intracellular signaling domain

(Endodomain)- CD37*

Mechanism of Action:
The CAR contains a murine single-chain antibody
variable fragment (scFv) that detects CD19, which is
attached to 4-1BB (CD137) and CD3 intracellular
signaling domains*. The intercellular signaling
domain CD3 induces T-cell activation and anticancer
action. 4-1BB promotes the growth and survival of
Tisagenlecleucel cells*®. Due to the nature of
individual components present in therapy, the CAR
binds to CD19-positive cells precisely and transmits a
signal to drive activation and development of T-cell,
enhances the long-term viability of Tisagenlecleucel
cells*®48,

Acute Lymphoblastic Leukaemia (ALL)

ALL is the result of a clonal buildup of immature
blood cells in the bone marrow®. Clinical trials for
Central Nervous System (CNS) Leukaemia have been
conducted using CAR-T, and individuals with

Evans Syndrome- Demographics, Associations, and Outcomes

asymptomatic CNS illness have shown remission of
cerebrospinal fluid blasts with intravenously
delivered CD19 CAR T-cells®®. Several patients
reacted without experiencing considerable
neurotoxicity, although others developed severe
neurotoxicity, indicating that factors other than CNS
disease load should be considered®" >2,

3. Tecartus
Tecartus is the brandname of brexucabtagene
autoleucel. It is prescribed to adults who have
refractory mantle cell ymphoma®3. Coupling of CD28
and CD3-zeta costimulatory domains to a murine
anti-CD19 single-chain variable in the anti-CD19
CAR®.
Tecartus comprises a hinge, which connects an
exterior domain containing a single-chain variable
segment to a transmembrane domain and two
intracellular CD28/CD3 domains.

e (D28 is a costimulatory domain

® (CD3is a signaling domain

[ ]
Mechanism of Action
To transduce it into T-cells, a gamma-retrovirus
vector is used. CAR T-cells stimulate T-cells by
promoting pathways of signalling via the CD3 domain
after adhering to the CD19 receptor on lymphoma
cells®®. By releasing the granzyme B and perforin,
CAR T-cells start a chain reaction of cytokines leading
to neoplasm breakdown and lymphoma demise. The
costimulatory domain of CD28 boosts CAR T-cell
development and anti-CD19 function®® %7,

Mantle cell lymphoma

A non-Hodgkin lymphoma variant. Mantle cell
lymphoma frequently starts gradually (indolently)
and then expands quickly (aggressively)®®. The FDA
granted approval based on the consequences of a
clinical study entitled ZUMA-2, which investigated
brexucabtagene in 60 patients with mantle cell
lymphoma who had previously received up to five
therapies. In the experiment, 87% of patients
reacted to a single administration of
brexucabtagene, and 62% had a complete response,
which means they no longer exhibited indications of
the illness, at least momentarily®®. All of the patients
had previously received treatment with a medication
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that inhibits the action of Bruton tyrosine kinase, a
protein that contributes to the proliferation and
recurrence of some malignancies®.

4. Breyanzi
Breyanzi is used to treat Diffuse Large B-Cell
Lymphoma, Primary Mediastinal Large B-Cell
Lymphoma, and Follicular Lymphoma Grade 3B.

Mechanism of Action

It is an amalgam of two distinct kinds of white blood
cells from the patient cells. It has a 4-1BB
costimulatory domain, which activates promotion of
Breyanzi development and endurance®’. When the
patient is administered Breyanzi, the transformed T-
cells interact with CD19 proteins on tumor cells and
destroy them, assisting in the removal of
malignancies from the patient's body®%>,

B-Cell Lymphoma

It occurs when healthy B-cells transform into rapidly
multiplying cancer cells that do not perish. Cancer
cells multiply and eventually overpower cells that are
healthy®*®,

5. Yescarta
Yescarta, generic name being Axicabtagene
Ciloleucel, is a prescription medicine used to treat
two kinds of non-Hodgkin lymphoma:

e When the initial treatment did not work
leading to resurfacing of cancer within a
year, or when a minimum of two forms of
treatment are unable to manage the
malignancy®’.

e follicular lymphoma when a minimum of two
forms of treatment are unable to suppress
the disease®® .

Mechanism of Action

Yescarta is a CD19-directed and genetically altered
allogeneic T-cell immunotherapy, adheres to CD19-
expressing cancer cells and normal B cells. Following
anti-CD19 CAR T-cell involvement with CD19-
expressing target T-cells, the CD28 and CD3-zeta co-
stimulatory domains are triggered, resulting in T-cell
activation, development, takeover of effector
functions, and discharge of inflammatory cytokines

182

[JHOSCR, 1 April. Volume 19, Number 2

and chemical messengers. As a consequence of this,
CD19-expressing cells are eliminated”.

Follicular lymphoma

It is a subtype of B-cell lymphoma, a form of non-
Hodgkin's lymphoma. It progresses  via
transformation and relapse’’. CAR T-cell therapy
provides clinicians with another treatment option for
follicular lymphoma’2. It may be beneficial for people
whose cancer did not respond to the initial therapies
they attempted, a condition known as refractory
follicular lymphoma. It may also benefit people who
went into remission on another treatment but had
their illness return, a condition known as relapsed
follicular lymphoma’ 74,

Green Signal for CAR T-cell Therapy Worldwide

The various approved CAR T-cell therapies in
respective countries are listed in Table 4.

Table 4: Approved CAR T-cell Therapies Worldwide

Countries Approved Therapies References
Singapore Kymriah for B cell Acute Lymphoblastic [80]
Leukaemia
UK Kymriah, Yescarta, and Tecartus for B-cell Acute [81]
Lymphoblastic Leukaemia and specific types of
lymphomas
China Yescarta for Non-Hodgkin's lymphoma [81]
Australia Kymriah, Yescarta, Tecartus for Acute [81]
Lymphoblastic Leukaemia, large B cell
lymphoma, and mantle cell ymphoma
respectively
Techy CART

Currently, the production of CAR T-cells requires two
weeks to make a clinical dose. They are collected for
cryopreservation through a series of procedures
before being infused®. The CliniMACS Prodigy is a
closed automated system that abides by Good
Manufacturing Practises (GMPs) and can make CAR
T-cells outside of a cleanroom environment in an
unclassified  location®.  O'Connor, et al.
demonstrated sufficient ex vivo expansion of CAR T-
cells. This eight-day experiment showed better anti-
leukemic activity of CAR T-cells with shorter culture
durations®. This technology not only offers sample
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monitoring, but also enables the delivery of non-
frozen cells, and rapidly yields a functional product
within two weeks®>. Miltenyi Prodigy® and the Lonza
Cocoon®, are closed, semi-automated systems which
follow a “one-device-per-patient approach” to
minimize the risk of cross-contamination®.

Artificial Intelligence (Al) and CAR T

With more control and customized process rules, Al
can get vital process insights about the properties
and behavior of the cells®”. Furthermore, Al can
optimize manufacturing schedules and resource
management. As a result, several Al applications will
be developed as part of AIDPATH (Al driven
Decentralised Production for Advanced Therapies in
the Hospital) across the CAR T-cell production and
therapy process®. A digital twin will follow the
product through the full production process and run
simulations on the cell behavior to gain deeper
process insights into the CAR T-cell process and
comprehend how patient-specific characteristics
influence it. The control software may adaptively
control the bioreactor during the time-consuming
cell expansion process based on these observations.
The status of the cells can be ascertained from the
bioreactor's recorded process data, such as lactose
or oxygen, and potential expansion methods can be
predicted®. Metabolomics data are added to the
process data due to their promising qualities for
quality control in personalized medication®.
Notably, compared to standard non-automated CAR
T-cell manufacturing campaigns, the operator hands-
on time is significantly reduced®..

A possible approach to increase the accessibility of
CAR immunotherapy is the flexible connection of
various devices that perform distinct stages of the
CAR T manufacturing process in a machine-driven
street. This would enable each device to operate at
high capacity and allow the processing of material
from multiple patients concurrently®” %, In manual
handling, production failure and product
contamination are frequent occurrences. On an
extended CliniMACS Prodigy platform with an in-line
electroporation unit, an automated T-cell
engineering procedure can generate off-the-shelf
CAR T-cells®. In this configuration, a Transcription
Activator-Like Effector Nuclease (TALEN) that targets

Evans Syndrome- Demographics, Associations, and Outcomes

the TRAC locus was transferred along with mRNA
that encoded a CD19-targeting CAR by lentiviral
delivery. In summary, it is possible to develop an
automated, Good Manufacturing Practices (GMP)-
compliant procedure that combines lentiviral
transduction with electroporation of TALEN mRNA to
create functional, TCR/-free CAR19 T-cells on a
clinical scale®%®,

Navigating Regulatory Hurdles

The regulatory approach taken for these cell
therapies is dictated not only by the manufacturing
of the products but also by their intended clinical use
and method of clinical delivery”® %7-%,

US FDA

According to the FDA's current framework for
biological products, CAR T-cells are governed as
Gene Therapy (GT). The general considerations for
GT product manufacturing and testing are outlined
in the FDA guidance document "Chemistry,
Manufacturing, and Control (CMC) Information for
Human Gene Therapy Investigational New Drug
Applications (INDs): Guidance for Industry".

For the manufacturing process to be controlled and
kept under control, appropriate in-process testing is
essential. Multiple factors, including vitality, cell
qguantity, cell phenotype, and CAR expression, are
frequently evaluated as part of CAR T-cell in-process
testing regimens. The specificity and affinity for the
target antigen should be evaluated as part of the
preclinical assessment of the antigen recognition
domain in order to determine the possibility of on-
target/off-tumor and off-target toxicity’>.

The variables that determine the safety and activity
of CAR T-cells are multifaceted. The vector
construct's design, vector distribution technique, cell
source, biological activities (such cytokine expression
patterns, cytotoxicity, and proliferation), and the
incorporation  of novel components like
immunomodulatory factors are all factors to take
into account’®. Sponsors are encouraged to use
National Cancer Institute (NCI) Common
Terminology Criteria for Adverse Events (CTCAE) for
the purpose of checking the severity of adverse
events. The underlying condition, the durability of
the CAR T-cells, and the CAR vector all influence how
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long patients who have received CAR T-cells must be
followed up. After receiving CAR T-cells with an
incorporated transgene, subjects should be
monitored for 15 years”’.

European Union

CAR T-cell Therapy is considered Gene Therapy
Medicinal Products (GTMPs) under Advanced
Therapy Medicinal Products (ATMP)’®. The two
authorized CAR T Therapies are Yescarta and
Kymriah as of yet. The starting materials are
procured by hospitals or blood banks and operated
apheresis activities products are passed through EU
Tissues and Cells Directives after which, it is
considered for ATMP Regulation.

All phases of the transplant procedure are covered
by the Tissues and Cells Directives, including
donation, sourcing, evaluation, processing,
preservation, storage, and distribution. When it
comes to patient or donor care, starting material
procurement, processing, intermediate storage,
packing, release, and testing, document completion,
and ATMP receipt, storage, thawing, and
administration, manufacturers typically train
individuals involved. In order to ensure that patients
have access to the innovative therapies covered by
ATMP, the Hospital Exemption (HE) is established
under Article 28 (Individual Prescription). Minimizing
patient risks related to CAR T-cell treatment is a
shared objective of the responsible authorities and
manufacturers®.

CONCLUSION

CAR T-cells are rightly attributed as living medicines
because of their ability to utilize the patients'
immune system to target tumor antigens. Currently,
CAR T-cell therapy is the second- line treatment for
advanced cancers following chemotherapy.
Although highly specific, this therapy suffers the
disadvantage of on- target/off- target toxicity. The
advancements in technology in manufacturing CAR
T-cells will help in overcoming the challenges of this
therapy. Research in India on this therapy is at a
primitive stage but is likely to gain momentum in the
near future. On the contrary, the US is the leading
country where abundant research and development
have been carried out to leverage this therapy for
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maximizing patient efficacy and safety. Amongst the
existing CAR T-cell therapies, Australia, China,
Singapore, and the UK have approved one or more
therapies. To summarize, CAR T-cell therapy
withstands a lot of potential in cancer treatment and
hence should be further explored in terms of
extensive research to develop it into a robust and
cost-effective regimen.

List of Abbreviations
CAR Chimeric Antigen Receptor

CAR T-cells Chimeric Antigen Receptor T-cells

CAR- TAA Chimeric Antigen Receptor -
Tumor Associated Antigens

CRES CART-cell-related
encephalopathy syndrome

ICANS Immune effector cell-associated
neurotoxicity syndrome

TLS Tumor Lysis Syndrome

BCMA B-cell maturation antigen

CRS Cytokine Release Syndrome

CNS Central Nervous System

TALEN Transcription Activator-Like
Effector Nuclease

GT Gene Therapy

ATMP Advanced Therapy Medicinal
Products
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