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Abstract: According to the GLOBOCAN 2020 report, there is still a 50% mortality rate observed in cancer patients despite the
availability of various innovative cancer therapies. This highlights the need for specific therapies that can effectively kill cancer
cells without harming normal cells. One such therapy is cancer immunotherapy, which comprises immune checkpoint blockade,
adoptive cellular therapies, cancer vaccines, and CAR-T cell therapy. CAR-T cell therapy entails modifying T-cells from a can-
cer patient in a lab so that they attack cancer cells only. This therapy has been successful in treating some lymphomas and myelo-
mas, and is being explored for solid tumors as well. However, there are certain limitations to its efficacy for solid tumors due to
their heterogeneity. This review covers the most recent advancements and enhancements in CAR-T therapies for lymphomas and

solid tumors, as well as methods to get around their drawbacks.
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Introduction

GLOBOCAN 2020 has estimated around 19.3 million incidences
of cancer with 10.0 million deaths by cancer'”. Few examples of
immunotherapies that can be used to treat cancer are immune
checkpoint blockade, adoptive cellular therapy such as CAR-T
and TCR-T cell therapy based on the introduction of tumor-fight-
ing immune cells into the body and cancer vaccines™. Further-
more, a combination of surgical resection, systemic chemother-
apy, and local radiation therapy may be used as a treatment for
various malignancies™. The systemic toxicity and undesirable
side effects brought on by the therapeutic process are the primary
causes of this failure!®. Thereinto, Cancer Immunotherapy is an
innovative technology which activates immune system and kills
only cancer cells without harming normal cell of cancer patients'”.
A variety of substances, including lymphokines, vaccines, in vitro-
stimulated effector cells that are part of the immune system, or
antibodies, are used in immunotherapy approaches to comple-
ment or activate the immune system'®,

There are various immunotherapy techniques, including pass-
ive and aggressive approaches. Delivery of substances like mAbs,
lymphocytes, or cytokines that boost the body's natural anti-tu-
mor response are all included as types of passive immunothe-
rapy”'?. Active or aggressive immunotherapy activates the im-
mune system through vaccination, non-specific immunomodula-
tion, or the targeting of certain antigen receptors to destroy tu-
mor cells!""!. This review overviews the latest update on CAR-T
cell therapy and its significance in developing precise therapies
for the cancer in near future.
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About Car-T Cell Therapy

Chimeric antigen receptor T-cell (CAR-T cell) therapy is a form
of immunotherapy that entails genetically altering a patient's T-
cells to more effectively target and eradicate cancer cells. It func-
tions by removing T-cells from a patient's blood, altering them
genetically to express a chimeric antigen receptor (CAR) that re-
cognizes and targets cancer cells, and then reintroducing the
altered cells into the patient's body. PD-1 protein, expressed on T-
cells’ surface helps to regulate the immune response. Some can-
cer cells are able to manipulate the immune system by secreting
the protein PD-L1, which binds to PD-1 and effectively "turns
off" T-cells, enabling the cancer cells to avoid detection by the
immune system. Immunotherapy known as PD-1 inhibitors func-
tion by preventing the interaction between PD-1 and PD-LI,
which keeps T-cells activated and improves their ability to com-
bat cancer cells.

Antibodies such as pembrolizumab that target the pro-
grammed cell death protein 1 pathway (PD-1/PD-L1) and ipilim-
umab that targets cytotoxic T lymphocyte-associated antigen 4
(CTLA-4) have shown promising results as immune checkpoint
blockades in treating a number of cancers'”. As a novel T-cell
therapy, lymphocytes created from peripheral blood mononuc-
lear cells (PBMCs) that artificially express a desired TCR or chi-
meric antigen receptor (CAR) have been developed and used in
clinical settings. T-cells that have been transduced with TCRs
that are specific to an antigen are used in TCR-T therapy""..

Using gene-modified T-cells, CAR-T cells, or tumor-infiltrat-
ing lymphocytes (TIL), adoptive cell therapy (ACT) enables the
immune system to recognise tumour cells and act as an effector
against them!"l, CAR-T cell treatment was groundbreaking as it
led to effective and long-lasting therapeutic outcomes'”. Chimer-
ic antigen receptor (CAR) is a recombinant receptor which makes
immune cells to focus on and recognize antigens on surface of tu-
mor cells!"®. T-cells from patients (autologous) or donors (allo-
geneic) are altered to express a CAR to produce CAR-T cells!'.
Autologous CAR-T cells are produced using several production
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techniques, all of which adhere to the same fundamental prin-
ciples. The patient's white blood cells (WBCs) are first separated
and cleaned using leukapheresis. The T-cells are subsequently ac-
tivated, infected with the CAR transgene, multiplied to treatment
cell quantities, prepared, and administered. Following quality as-
surance testing and a prophylactic lymphodepleting chemother-

0 1. Blood isolation

apy regimen, the product is introduced into the patient!” (Fig.1).
y-retroviral or lentiviral transduction methods are majorly used to
introduce CARs into T-cells. However, other methods have also
been used, such as the Sleeping Beauty technique and electropor-
ation of naked plasmid DNA or mRNA!"®, MHC-unrestricted sur-
face structures are recognized by CARs!'".,
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Fig. 1. CAR-T cell manufacturing.

CARs that target the B lymphocyte antigen CD19 have had ex-
traordinary success in genetically rerouting patient T-cells in
many therapy-refractory hematologic disorders®”. This kind of
adoptive cell immunotherapy has revolutionized the management
of the lymphomas of B-cell and acute lymphoblastic leukemia
that originates from precursors of the B-lymphocytes®®'. There-
fore, CAR-T cell therapy could be one of the first commercially
viable examples of customized synthetic biology for cancer treat-
ment™. Within a year of the initial authorization of CAR-T cell
drug in August 2017 for acute lymphoblastic leukemia (ALL),
there have been two more FDA approvals for anti-CDI19
CARs™. Currently, six CAR-T cell products were approved for
treating R/R B-cell malignancies by the US FDA which target
CD19 antigen and B-cell maturation antigen (BCMA): tisagenle-
cleucel,  axicabtageneciloleucel,  brexucabtageneautoleucel,
lisocabtagenemaraleucel, idecabtagenevicleucel, and ciltacabta-
geneautoleucel™. Till December 2019, 284 CAR-T cell clinical
trials were still in progress worldwide, with majority of them tak-
ing place in the United States (130) and China (124). The major-
ity of these trials were focused on treating hematological malig-
nancies such as acute lymphocytic leukemia (ALL), non-hodgkin
lymphoma (NHL), and multiple myeloma, and they primarily tar-
geted CD19 as well as CD20, CD22, and BCMA. At least 24 na-
tions currently employ CAR-T cell therapy™..

Car T Cells Design
CAR-T cells can target any cancer cell surface antigen that can be
attacked by a mAb, such as proteins, carbohydrates, and glycol-
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ipids. Hence, they can react to more diverse targets”®. The funda-
mental idea behind CAR design is to connect an intracellular sig-
naling module with CD3 to an extracellular ligand recognition
domain (scFv) in order to activate T-cells on antigen binding for
mimicking co-stimulation provided during the recognition of T-
cell receptors by antigen presenting cells (APC) which is neces-
sary for total physiologic T-cell activation®. The four primary
parts of CARs are target antigen-binding domain, hinge region,
transmembrane domain and intracellular signaling domain!”

(Fig. 2).
Antigen binding domain

The receptor's ectoderm contains antigens that are recognized by
the antigen-binding domain. Target antigen interacts with this do-
main, which is constantly exposed to the outside. This domain is
obtained from the variable region of mAbs®*. Instead of the tar-
get antigen, single chain variable fragment (scFv) present on ex-
tracelluar side determines the CAR's capacity to bind antigens”.
scFvs found in CARs target antigens present on cancer cell sur-
face, activating T-cells without the need for the MHC. CAR’s an-
tigen binding affinity must be strong enough to recognize and
identify tumor-associated antigens, thereby initiating CAR sig-
nalling and, as a result, T-cell activation. However, it must not be
too high to cause activation-induced T-cell death or toxicities®".

Hinge region (spacer)

Compared to the other receptor domains, hinge area is minuscule
and typically lies between the T-cell's outer membrane and anti-
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Fig. 2. Design of Chimeric Antigen Receptor.

gen recognition domain®. It often provides stability for effect-
ive CAR expression and activity as well as versatility for access-
ing the targeted antigen. The ideal spacer length for a specific
CAR is also affected by the position where the targeted epitope is
located. Long hinge regions give the CAR more flexibility and
improve access to complex glycosylated antigens or membrane-
proximal epitopes. On the other hand, CARs with shorter hinge
region are better at binding epitopes that are far away from mem-
brane™. The hinge regions are typically built using amino acid
sequences derived from CD8, CD28, IgG1, or IgG4. But, [gG-de-
rived spacers have the potential to interact with Fc receptors,
which could lead to CAR-T cell degradation and subsequently re-
duced consistency in vivo. The solution to this issue is to either
select a different spacer region or to further modify the existing
spacer region in light of structural or functional issues.

Transmembrane domain

The intracellular signaling domain and hinge region are sand-
wiched by CAR’s transmembrane domain. The CD3, CD4, CDS,
and occasionally CD28 molecules are the main sources of the
transmembrane domain™®, It secures the binding of CAR to the T-
cell membrane. CAR transmembrane domains have an impact on
the level of CAR expression, stability, and potential for signaling
or synapse formation, as well as their capacity to dimerize with
endogenous signaling molecules!™.

Intracellular domain

Binding of an antigen to the antigen recognition domain (extra-
cellular domain) results in assembly and clustering of CAR re-
ceptors, generating activation signal that is transferred to the in-
tracellular T-cell signaling domain, which further sends the sig-
nal inside the cell. Like other T-cells, CD-3(’s cytoplasmic do-
main is utilized as the primary intracellular signaling domain, and
the activation of CAR-T cells also requires co-stimulatory mo-
lecules or domains™®. The most common costimulatory endodo-
mains are CD28, CD27, and 4-1BB. Higher effector function and
self-limiting growth of CARs based on CD28 may be appropri-

] Single chain variable fragments (ScFvs)
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ate for temporarily treating disorders with quick tumor eradica-
tion and temporary CAR persistence. On the other hand, CARs
based on 4-1BB could be employed to treat conditions where pro-
longed T-cell persistence is necessary for full responses’™.
Different generations of the CAR model have been created,
based on the wide range of biomarker selection and structural
complexity (Fig.3).
First generation CARs: Developed by Israeli immunologists Ze-
lig Eshhar and Gideon Gross™'. The TCR's CD3 domain (T-cell
activating chain) is linked to the scFv of the B-cell receptor or an-
tibodies, to generate activating receptor molecules that are non-
MHC-restricted). These CARs were phased out due to insuffi-
cient durability, antitumor efficacy, and signaling capacity™.
Second generation CARs: Designed by Fenney et. al.”'!. These
contained a co-stimulatory domain, like CD28 or 4-1BB
(CD137), combined with the CD3 intracellular domain that medi-
ates potent anti-tumor activity in patients who diagnosed with B-
cell acute lymphoblastic leukemia and non-Hodgkin lymphoma.
In pre-clinical models, they improve T-cell persistence, cytokine
release, and anti-tumor efficacy'. These CARs are foundation of
the recently approved CAR T-cell therapy in the form of "living
drugs"?".
Third generation CARs: OX40 (CDI134), CD28, 4-1BB
(CD137), CD27, DAP10, or other sequences of co-stimulatory
signals were combined with CD3 to enhance the response of third-
generation CARs by enhancing cytokine production, T-cell pro-
liferation, and killing™.
Fourth generation CARs: Designed by Chmielewski and col-
leagues™. These CARs called TRUCKSs (T-cells redirected for
universal cytokine-mediated killing), include, among other
things, extra costimulatory ligands or transgenes for the release of
cytokines (such as TL-12)P!,
Fifth generation CARs: Developed by Kagoya et. al.””. These
CARs are made up of cytokine receptors that have had their intra-
cellular domains truncated (for example, the IL-2R chain frag-
ment), and have a motif for the attachment of transcription factors
like STAT-3/5. As a result, the secreted signal stimulates CAR-T
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Fig. 3. Five generations of Chimeric antigen receptor (CAR).

cells to carry out their functions and produce memory T-cells
while also reviving and activating the immune system'®. This re-
ceptor is activated by antigens in a manner that simultaneously
engages the TCR (via the CD3 domains), co-stimulatory (CD28
domain), and cytokine (JAK-STAT3/5) signaling pathways,
which provide all three synergistic signals necessary to promote
complete T-cell activation and proliferation™*.

Difficulties in Making Car for Solid Tumor

The difficulties posed by solid tumors are not yet sufficiently ad-
dressed by CAR-T cells such as high antigen heterogeneity in
these tumors, physical barriers and highly immunosuppressive tu-
mor microenvironments (TME) which have cellular, molecular,
and metabolic characteristics that eventually cause T-cell exhaus-
tion and dysfunction””. When CAR-T cell therapy is used, the
expression of the surface antigen is reduced or altered in cancer
cells. As a result, CAR-T cell therapy fails to recognize them, and
tumor cells can proliferate uncontrollably. Focusing on inhibitors
of T-cell activation, such as Diacylglycerol (DAG) kinase,
mutated tumor-specific antigens, such as epidermal growth factor
receptor variant 3 (EGFRVIII) and interleukin-13 receptor alpha 2
(IL13R2), and creating CAR-T cells devoid of these enzymes
may help CAR-T cell therapy for solid tumors be more
effective®. The abnormal vascularity, mismatch between
chemokines and receptors, and fibrosis brought on by cancer-as-
sociated fibroblasts (CAFs) are just a few of the barriers that tu-
mors present to T-cell trafficking. CAR-T cells that have been
transduced to express chemokine receptors that improve target-
ing to the tumor include GD2 CAR designed to express
CCR2b127, the CD30 CAR designed to express with CCR4128,
and the CX3CL1 gradient to trigger CAR trafficking®”. A secure
and efficient technique like regional injection in the local area,
such as delivery of TAG72-CAR-T cells intraperitoneally to treat
ovarian cancer and intracranial infusions of interleukin-13 recept-
or alpha 2 (IL13Ra2)-CAR-T cells to treat recurrent multifocal
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glioblastoma, can be used to elevate the quantity and concentra-
tion of CAR-T cells”™. Adenosine suppresses the immune sys-
tem by interacting with the prostaglandin 2 (PGE2)/EP2/protein
kinase A (PKA) signaling pathway, which activates PKA and
prevents TCR activation. A tiny peptide known as the "regulat-
ory subunit I anchoring disruptor" (RIAD), reduces PKA's negat-
ive effects on TCR activation. When immune checkpoint mo-
lecules like programmed cell death ligand 1(PD-L1) are overex-
pressed, such tumors frequently exhibit T-cell exhaustion. CAR-
T cells that express anti-PD-1, anti-PD-L1, or anti-CTLA-4 anti-
bodies as well as CAR-T cells that were engineered to lack PD-1
are currently being tested in clinical trials®”.

Recent Advancements in Car-T Cell Therapy of Lymphomas
and Solid Tumors

As a result of their effectiveness in treating hematological malig-
nancies, genetic alteration and immune cell reprogramming are
fast expanding fields with the aim of expanding therapeutic indic-
ations, lowering toxicity and relapse, and improving accessibility
of the CAR-T cell therapy™”.

CAR T-cell therapy in lymphoma

CAR-T cell therapy has become more well-known recently as an
exciting new therapeutic alternative for patients with leukemias
and lymphomas that are CD19-positive. Axicabtageneciloleucel
and tisagenlecleucel, two CD19 CAR-T medicines, were ap-
proved in the US and subsequently throughout the world to treat
aggressive, large B-cell non-Hodgkin’s lymphoma and r/r diffuse
large B-Cell lymphoma based on the outcomes of phase II trials
in r/r NHL. The US Food and Drug Administration(FDA) most
recently approved the CD19 CAR-T product brexucabtagene
autoleucel for r/r Mantle cell lymphomas™!. Tisagenlecleucel,
initially known as CTLO019 was created as an anti-CD19 CAR
and contained a CD137 signaling domain, also called tumor nec-
rosis factor receptor superfamily member 9 (TNFRSF9), 4-1BB.
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Apoptosis prevention and T-cell proliferation/survival are both
influenced by CD137, which may all contribute to the protection
provided by CD137-expressing CARs in circulation. Axicabta-
geneciloleucel, in contrast, possesses a CD28 co-stimulatory do-
main. 4-1BB CAR-T cells are known to develop into central
memory T-cells, on the other hand, CD28 CAR-T cells are
known to generate a large significant portion of the effector
memory cells™*.

Lisocabtagene-Maraleucel (Liso-cel) is a CAR-T cell con-
struct generated from a specified ratio of CD4 and CD8 cells.
Despite the fact that long-term outcomes are unknown, prelimin-
ary data suggests that Liso-cel is an encouraging CAR-T design
for individuals with recurrent NHL. A multicenter phase II Liso-
cel experiment is already recruiting people based on these find-
ings. Using CAR-T cells earlier in the course of the disease, pos-
sibly even before an autologous stem cell transplant, may pro-
duce better outcomes. Patients are currently being enrolled in
TRANSFORM (NCT03575351), a large multi-center study that
examines the efficacy and safety of autologous stem cell trans-
plant (ASCT) with Liso-cel at first relapse and may offer solu-
tions to these problems™.

Antigens other than CD19 may be targeted for lymphoma ther-
apy for two main causes. First, there is no CD19 expression in
Hodgkin lymphoma, T-cell lymphomas, or even in some B-cell
NHLs. Second, the use of anti-CD19 CAR-T cells to treat CD19 "
lymphomas may not be effective if all lymphoma cells do not ex-
press CD19 before treatment or if this expression is lost during
treatment due to the persistence and quick expansion of resistant
clones. These reasons have led to the development of CARs that
target different lymphoma-associated antigens, such as CD20,
CD22, Ig k-light chain, and CD30"*.

The truncated epidermal growth factor receptor (EGFRt) or
CD20 can be targeted with the cognate mAb, and suicide
switches like inducible caspase 9 (iCASP9) or herpes simplex
virus-derived thymidine kinase (HSV-TK) can be activated to re-
move CAR-T cells shortly after giving an inducer drug. Unfortu-
nately, these traditional safety switches can only be activated

Table 1. Currently approved CAR-T products for CD-19- Lymphomas.

once to have an anticancer effect. Reversible inhibition by the
tyrosine kinase inhibitor dasatinib is a more sophisticated strategy
currently being used™. Numerous clinical trials are examining
the combination of approved CAR-T therapies with other addit-
ive or synergistic substances that may improve the anticancer
activity of CAR-T cells, lessen T-cell exhaustion, or lessen tox-
icity. Checkpoint inhibitors, immunomodulators, and Bruton tyr-
osine kinase (BTK) inhibitors are among the CAR-T products
currently undergoing phase 1/2 trials™*. Currently approved CAR-
T products for CD-19 Lymphomas have been shown in Table 11,

CAR T-cell therapy in Solid tumors

Target antigens present on solid tumors are typically heterogen-
eous, varying not only between primary and metastatic tumors
but even within a single tumor®. Also, the suitable antigens on
tumor cells are frequently shared with the healthy cells which
make possible toxicity a serious concern. In contrast to CD19 tar-
geting lymphoma vs. healthy B-cells, there is no healthy tissue
that can be sacrificed without harm in the case of solid tumors.
However, some rare tumor-specific antigens do exis" ",

Solid tumors’ oncofetal antigens make excellent targets for
CAR therapy since they are expressed primarily by tumor cells,
which make them extremely selective. This strategy is demon-
strated by CAR-T cells that target the mutant epidermal growth
factor receptor (EGFR). Only malignant tumor cells express
EGFR variant3 or EGFRVIII (mostly glioblastomas)™”. The anti-
cancer efficacy and safety of 2 distinct anti-EGFRvIII CAR
designs are being evaluated in ongoing trials. For patients with
HPV-16 " malignancies, a TCR study focusing on an A2-restric-
ted epitope generated from the high-risk HPV-16 serotype E6 on-
coprotein has been further initiated””.

Tumor-associated glycoprotein 72 (TAG72) is a CAR-T cell
therapy target in ovarian cancer. MUC16-CAR-T cells, Her2-
CAR-T cells, and Meso-CAR-T cells are also being used to treat
ovarian cancer. It has been discovered that a novel target for
CAR-T cell therapy is carbonic anhydrase IX (CA-IX), which is
expressed in a number of renal malignancies. Bi-specific CART

Brand Target

Product Name Manufacturer - Targeted Disease Patient Population FDA Approval
Name Antigen
Novartis RIR B-cell acute . Children and adults
) lymphoblastic leukemia . August 2017
) Kymriah withR/R B-cell ALL
Tisagenlecleucel CD19 (ALL) .
. Adults with R/R B-cell
Novartis R/R B-cell non-hodgkin NHL May 2018
lymphoma (NHL)
Kite pharma R/R B-cell non-hodgkin ﬁ?_;:_lts T RN ] October 2017
Axicabtageneciloleucel . Yescarta  CD19 Iymphoma (NHL) Adults with R/R B-cell
Kite pharma R/R Follicular lymphoma ) March 2021
follicular lymphoma
R/R Mantle cell .
Kite pharma lymphoma (MCL) Q%ﬂts with R/R B-cell July 2020
Brexucabtageneautoleucel Tecartus CD19 R/R B-cell acute .
. ) . Adults with R/R B-cell
Kite pharma lymphoblastic leukemia October 2021
ALL
(ALL)

. Juno . R/R B-cell non-hodgkin  Adults with R/R B-cell
Lisocabtagenemaraleucel therapeutics Breyanzi CD19 lymphoma (NHL) NHL February 2021
Idecabtagenevicleucel BMS gnd . Abecma BCMA  R/R Multiple myeloma Adults with R/R multiple March 2021

bluebird bio myeloma
Ciltacabtageneautoleucel ETERE . Carvykti BCMA  R/R Multiple myeloma ARSI RIS WIEE February 2022
Pharmaceuticals myeloma
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cells, such as Trop2/PD-L1 CAR-T cells, can effectively inhibit
the growth of gastric cancer than Trop2-specific CAR-T cells.
Several target antigens, including CD133, CD24, PSCA, CEA,
MUC-1, mesothelin, FAP, and Her-2, were identified in preclin-
ical and clinical trials for pancreatic cancer CAR-T cell therapy™*.
Among many cytokines released by tumors, transforming growth
factor-B (TGFp) is essential for the maturation of suppressive reg-
ulatory T-cells (Tregs) and the upkeep of T-cell homeostasis. To
prevent TGF-B enriched TME from applying immunosuppress-
ive stress on CAR-T cells, researchers are investigating methods

Table 2. list of completed CAR-T immunotherapy studies in solid tumors.

to block the signal by developing a dominant-negative receptor or
to benefit from this signal by linking the extracellular domain of
the TGF- receptor to an intracellular stimulatory domain. Using
gene editing tools like CRISPR/Cas9 and transcription activator-
like effector nucleases (TALENSs) from xanthamonus bacteria for
editing the precise target gene loci is another approach being re-
searched to increase the effectiveness of CAR-T cell therapy™™.
List of completed CAR-T immunotherapy studies in solid tumors

is shown in Table2 P,

Cancer Type Clinical Trial Number Status Brief Title Cell Target
Completed recruiting/ CAR-T cell receptor immunotherapy that
NCT01454596 hasg | 9 targetsEGFRUVIII for patients having Malignant EGFRullI
Brain Cancers P Gliomas expressing EGFRuvIII
(Glioblastoma) Completed recruitina/ Cytomegalovirus (CMV)-specific cytotoxic T-cells
NCT01109095 has‘; | 9 that express CAR targeting HER2 in patients HER2
P havingGlioblastoma multiform (GBM)
Hepe.mtocellular NCT02723942 Completed/phase % CAR-T cell immunotherapy for Hepatocellular GPC3
Carcinoma carcinomathat targets GPC3
Pancreatic Cancer NCT02465983 Completed/phase 1 Pilot stqu of autologous T-cells in patients having Mesothelin
Metastatic pancreatic cancer
Breast Cancer NCT02547961 Completed/phase %2 Ch|‘mer|c antllgen FESERER Il 1 @2E el HER-2
patients having Breast cancer
?)aszzg?aar‘coma A phase | Trial of T-cells that express an anti-GD2
' NCT02107963 Completed/phase 1 CAR in children and young adults having GD2*  GD2
Neuroblastoma, :
solid tumors
Melanoma
Metastatic cancer,
Metastatic , CAR-T Cell receptor immunotherapy that target
Melanoma, Renal e et/ (Ol AT eI EEC) e VEGFR?2 for patients having Metastatic cancer RECH
Cancer

Limitations of the Cart-Cell Therapy

CAR-T resistance linked to antigen escape, antigen-positive re-
lapses linked to poor persistence of CAR-T cell, inability to
timely inject a CAR-T cell product into patients, non-responsive-
ness or incomplete responses, and toxicities are some of the chal-
lenges connected to CAR-T cell therapy"™. The two most fre-
quently noted adverse reactions of CAR-T cell therapy in hemat-
ologic cancer studies were neurotoxicity and cytokine release
syndromeP”. Furthermore, because of T-cell exhaustion, the in-
fused T-cells may cease to perform their effector functions™”.

CAR-T cell Toxicity

Neurotoxicity and cytokine release syndrome (CRS) are two side
effects of CAR-T cells. CAR-T cell activation and overexpan-
sion, as well as increased production of cytokines by CAR-T cells
as well as other immune cells, such as IL-6, IL-10, interferon-
gamma (IFN-y), tumour necrosis factor-alpha (TNF-a), and
granulocyte-macrophage colony-stimulating factor, all contribute
to CRS' ", Initial symptoms of the cytokine release syndrome are
noninfectious flu-like symptoms, but they can progress to poten-
tially lethal capillary leakage with hypoxia and hypotension™®.
Headache, aphasia, delirium, cerebral hemorrhage, seizures, and
even death are some neurological symptoms of neurotoxicity. Ac-
cording to autopsy results that demonstrate disrupted endothelial
function and blood-brain barrier disruption, the activation of en-
dothelial cells may facilitate the development of neurotoxicity*.

Relapse

Relapses come in two flavors, antigen-positive and antigen-neg-
ative. Typically, antigen-positive relapse is accompanied by short
CAR-T cell persistence and low potency. The potency and per-
sistence of CAR-T cells can be affected by CAR construct com-
ponents like costimulatory domains and scFv. When tumor cells
lose or have their antigens altered, they exhibit an additional re-
lapse pattern known as antigen-negative relapse, making them
resistant to CAR-T cell recognition. Gene mutation, lineage
switching, immune selection, selective splicing, trogocytosis, and
antigen escape are among the potential causes®. In antigen es-
cape, patients experience a relapse of their disease with a pheno-
typically similar phenotype but without the surface expression of
a CD19 molecule that can bind the anti-CD19 antibodies built in-
to the CARs. Lineage switch is a relapse of a genetically similar
but phenotypically distinct malignancy, most frequently acute
myeloid leukemia (AML), in a patient®”,

Tumor microenvironment

Numerous factors limit the efficacy of CAR-T cells in the tu-
mour microenvironment. Transforming growth factor (TGF)-B
stimulates stromal cells to create a thick, fibrogenic tumour mi-
croenvironment (TME), which starts the production of extracellu-
lar matrix (ECM) proteins. ECM blocks T-cell trafficking and
motility and irregular vasculature of solid tumors result in tissue
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hypoxia blocking T-cell extravasation into the TME"®. The ef-
fector capabilities of cytotoxic T-cells within tumors are de-
creased by immunosuppressive cells such as T regulatory cells,
tumor associated monocytes (TAMs), tumor associated neutro-
phils (TANs), and myeloid-derived suppressor cells (MDSCs)
along with inhibitory cytokines and factors like IL-10, TGF-B,
prostaglandin E2 (PGE2), arginase, cyclooxygenase 1 (COX1),
galectin-9, and indoleamine 2,3-dioxygenase (IDO)*". Majority
of the tumor stroma is made up of cancer-associated fibroblasts
(CAFs), which are also in charge of encouraging the buildup of
extracellular matrix (ECM), which physically inhibits immune
cell infiltration®”. In addition to serving as a physical barrier to
stop immune cells from entering the tumor, they also naturally
produce growth factors (VEGF and PDGF) that promote growth,
angiogenesis, invasion, and metastasis of the tumor'®,

Tumor heterogeneity

Due to the heterogeneity of the CAR target antigen in solid tu-
mors, CAR-Ts are unable to effectively detect cancer cells and
are unable to produce an appropriate CAR-T mediated anti-tu-
mor response to cancer cells that express that specific target anti-
gen. Such ineffective antitumor responses may cause the treat-

ment to be unsuccessful and cause the tumor to grow more™®”.,

Poor CAR-T infiltration rate

In solid tumors, a number of tumor-applied mechanisms result in
a decrease in the secretion of a number of vasculature-related
factors, which prevents CAR-Ts from penetrating the vascular
endothelium and reaching the tumor tissue. In accordance with
additional studies, a number of solid tumor types are resistant to
T-cell infiltration at the tumor site when the WNT/B-catenin sig-
naling pathway is active (including metastatic melanoma and
colorectal cancer)'®”. Successful immune cell trafficking requires
the appropriate chemokine receptors on the T-cells and the co-
ordinated expression of chemokines secreted by the tumor. Simil-
arly, how T-cells and tumor endothelium express adhesion re-
ceptors and ligands in a coordinated manner drives the infiltra-
tion process. Sadly, tumors frequently suppress the expression of
chemoattractant molecules, allowing them to evade immune sur-
veillance™”.

Ways to Overcome the Limitations

There are various ways which are being used and further being
investigated in order to overcome the limitations associated with
CAR-T cell therapy and to improve its efficacy in patients.

Removing Toxicity

A less toxic antigen for CAR-T cells or dual-targeted CARs that
increase the tumor selectivity of CAR-T cells may be effective in
reducing toxicity. Local (intratumoral) administration of CAR-T
cells that are specifically directed towards cancer stem cells
(CSCs) can also reduce toxicity. Additionally, adding suicide
genes to CAR-T cells as a "safety switch" in the event of unman-
ageable adverse responses may restrict on-target, off-tumor tox-
icities”. By including surface proteins like RQR8/CD20 in the
CAR design, a target is created for their removal by antibodies
like rituximab. With this method, the bulk of CAR-T cells disap-
pear in a matter of hours. Improved control over effector re-
sponses and tumor target sensing is made possible by tetracycline-
inducible systems or AND/NOT Boolean logic gates (Syn-Notch

receptors in CAR-T cells and iCAR) in CAR-T cells”". Early ad-
ministration of tocilizumab can reduce the risk of serious cy-
tokine release syndrome (CRS) and end-organ dysfunctions
without affecting the growth, persistence, and response times of
CAR-T cells".

Relapse

Co-expressing a CD28-based CAR with a 4-1BB ligand in-
creased therapeutic efficacy, reconciling the tumoricidal function
provided by CD28 co-stimulation with the improved T-cell per-
sistence provided by 4-1BB engagement””. T-cells that co-ex-
press two distinct chimeric receptors specific for two different tu-
mor associated antigens (TAAs) or CAR-T cells with tandem bis-
pecific targeting domains (Tandem CAR or TanCAR) can cyto-
toxically attack tumor cells that are concurrently expressing either
antigen or both antigens. UniCAR-T cells can launch cytotoxic
responses against escaping tumor cells when new tumor antigen-
specific targeting modules are introduced, as opposed to those
that are alternatively spliced, have expression loss, or are ex-
pressed at low levels”. Multi-targeted CAR-T cells may be a
significant way to reduce tumor immune escape given the variety
of antigenic phenotypes present in solid tumors”*. Increasing an-
tigen expression on target cells is another approach. By reducing
cleavage of surface-expressed B-cell maturation antigen
(BCMA), small-molecule y-secretase inhibitors enhance B-cell
maturation antigen (BCMA; also known as TNFRSF17) expres-
sion on myeloma cells".

Overcoming the immunosuppressive tumor microenvironment

A concept-based tactic called "switch receptors" changes an in-
hibitory signal into a stimulatory one. The anti-TGF-f CAR,
which is intended to function as a switch receptor, is composed of
an anti-TGF-f scFv and intracellular signaling domains obtained
from the T-cell co-stimulatory molecules used in traditional
CAR. ShRNA or the CRISPR-Cas9 gene-editing system can also
be used to reasonably interfere with immune checkpoint mo-
lecule expression on CAR-T cells!””. Epidermal growth factor re-
ceptor class Il variant (EGFRvIII)-targeting CAR-T cell has the
ability of significant intratumor regulatory T-cells (Treg cell) in-
filtration following CAR-T cell infusion. An EGFR-bispecific T-
cell engager (BiTE) was created which is produced by EGFRVIII-
targeted CAR-T cells and directs regular T-cells and Tregs to ex-
ert cytotoxic effect against the tumor'®. Fibroblast activation pro-
tein (FAP) is a protein that can be targeted by CAR-T cells in or-
der to lessen the amount of CAFs in the microenvironment'®”,
Cancer associated fibroblasts produce the chemokine CXCL12
that keeps T-cells away from tumor tissue. T-cells can enter the
tumor bed more easily and effectively if the CXCL12 and CX-
CR4 interaction is prevented. In contrast, when modified CAR-T
cells and CXCR4/CXCL12 inhibitors like AMD3100 and NOX-
A12 were used to co-target the tumor, the anticancer activity was
more potent and CAR-T cell accumulation in the tumor microen-

vironment was greater than with adoptive T-cell therapy alone!**.

Overcoming tumor heterogeneity

Anti-EGFR BiTEs and universal CARs can be used to target mul-
tiple antigens, including avidin-linked CARs coupled with biot-
inylated antibodies, CARs containing scFvs that recognise a
fluorescein isothiocyanate fluorophore combined to TAA-bind-
ing molecules, CARs that contain FcRys as the antigen-binding
domain, and SUPRA (split, universal, and programmable) CARs
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in which leucine zipper motifs are used to match CARs (zipCAR)
with free scFvs (zipFv)"™. Diverse capabilities of physiological
immune receptors like NKG2D (natural killer group 2 member
D) of binding ligands can be used as a replacement for the tradi-
tional antibody-based CAR limitation. A CAR having NKG2D as
targeting moiety recognizes a number of ligands that are induced
by stress and are expressed inside the TME of cancers and has the
potential to eradicate an extensive array of cancers while simul-
taneously modifying the tumor and its supporting structure. A
second ligand-based CAR approach is based on the ErbB recept-
or family, which has at least one member expressed in 88% of

solid tumors!*.

Improving CAR-T infiltration rate

Recent studies profiled the cytokine/chemokine profiles of vari-
ous tumors in order to better pinpoint the tumors that CAR-T
should target. One example that is noteworthy is the generation of
anti-CD70 CAR-T cells which express high levels of IL-8R and
are more effective at recruiting to the tumor site than CD70-CAR
alone, considering that CD70 + gliomas produce high levels of
interleukin IL-8. Similar to this, CAR-T cells that target mesoth-
elin and concurrently express the CCL2 receptor CCR2b can ef-
fectively eradicate lung tumors that secrete high amounts of
CCL2. Oncolytic viruses, which only infect tumor cells, are the
basis of another tactic®”. Local administration of CAR-T cells in
tumor sites has favored CAR-T cell trafficking and tumor penet-

ration™,

Table 3. List of some CAR-T cell combination therapies*,

Combination therapies to enhance CAR-T cell efficacy in solid
tumors

CAR-T cell-secreted PD-1 blocking antibodies can bind to PD-1
in a competitive manner, enhancing CAR-T cell growth and cyto-
toxicity!®™. CRISPR-Cas9-mediated disruption of the PD-1 locus
in CAR-T cells has been shown to improve therapeutic efficacy
in vitro and in vivo. Several clinical trials are currently underway
to investigate these methods™'). Another strategy is to genetically
modify CAR-T cells to express PD1 dominant-negative recept-
ors (DNR) or PD1:CD28 switch receptors (by switching the
transmembrane and intracellular domains of PD1 with CD28),
which disrupt PD1 inhibitory signaling and are thus tolerant to
PDLI upregulation®™. CAR-T therapy can be combined with
chemotherapy and radiotherapy to improve the outcomes in solid
tumors. Chemotherapy has an immunomodulatory effect when
used sparingly; it promotes dendritic cell activation and tumor an-
tigen presentation to CAR-T cells, blocks immunosuppressive
cells and hence increases CAR-T cell persistence, and sensitizes
tumor cells to CAR-T cell activity by encouraging granzyme B
penetration into tumor cells. Radiotherapy can explicitly induce
apoptosis which promote tumor antigen presentation and dendrit-
ic cell maturation and activation. Damage-associated molecular
patterns (DAMPS) and INF-y are released following radiation,
causing CAR-T cells to migrate and infiltrate the tumor more ef-
fectively™. Some of the CAR-T cell combination therapies are
listed in Table 31%+%.

Drug Class Combination Strategy CAR-T cell Target Antigen
Pembrolizumab GD-2
CD-19
Mesothelin
PD-1 inhibitor EGFRuvIII
Atezolizumab CD-19
Durvalumab CD-19
Nivolum B-cell Ag
CTLA-4 inhibitor Ipilimumab IL13Ra2
. . BCMA
Lenalidomide cs1
CD20
CD19
Immunomodulators cD133
HER-2
s EGFRuvIII
Decitabine CD19/CD20
GM-CSF inhibitor Lenzilumab CD19
Galunisertib CD133
TGF-beta inhibitor HER2
SD-208 ROR1
Imovax Rabies B-cell Ag
Vaccine \/4Y) GD2
PCV13 CD19
Oncolytic virus (OV) Binary OAV HER2
Fludarabine
Chemotherapy Cyclophosphamide CD19/BCMA
ALLO-647 (anti-CD52)
mAb Rituximab CD19
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Conclusion

In CAR-T cell therapy, T-cells are fused with CAR to instruct the
immune system to target tumor cells and perform an effector
function against tumors. Despite the fact that this therapy has
been very effective in treating cancer patients, there are some
drawbacks to its therapeutic efficacies, including relapse, tumor
heterogeneity and associated toxicities. Numerous clinical trials
are looking at the interaction of approved CAR-T therapies with
additional additive or synergistic drugs that may improve CAR-T
cell anticancer activity, reduce T-cell exhaustion, or reduce tox-
icity. CAR-T efficacy can be improved in patients in a number of
ways, including using multi-specific CAR-T-cells to lower the
toxicity, antigen escape, and tumor heterogeneity, using an auto-
mated system (CliniMACS Prodigy System) to speed up produc-
tion, etc. For improving the specificity and efficacy of CAR-T
cell therapy, many more approaches are being used and further
researched. Given how new this type of immunotherapy is, there
is still much to learn about its efficacy.
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