~ International Journal of
Molecular Sciences

Review

CART Cell Therapy: A Versatile Living Drug

Rodrigo C. De Marco 12/*

check for
updates

Citation: De Marco, R.C.; Monzo,
H.J.; Ojala, PM. CAR T Cell Therapy:
A Versatile Living Drug. Int. J. Mol.
Sci. 2023, 24, 6300. https://
doi.org/10.3390/ijms24076300

Academic Editors: Elena Levantini

and Daniela Sanchez Basséres

Received: 28 January 2023
Revised: 11 March 2023
Accepted: 22 March 2023
Published: 27 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Hector J. Monzo 3 and Piivi M. Ojala 3*

1 Faculdade de Engenharia da Universidade do Porto (FEUP), 4200-465 Porto, Portugal

2 Instituto de Ciéncias Biomédicas Abel Salazar (ICBAS), Universidade do Porto, 4050-313 Porto, Portugal

Translational Cancer Medicine Research Program, Faculty of Medicine, University of Helsinki,

00014 Helsinki, Finland

*  Correspondence: rodrigocdemarco@outlook.com or up201806674@edu.fe.up.pt (R.C.D.M.);
paivi.ojala@helsinki.fi (PM.O.)

Abstract: After seeing a dramatic increase in the development and use of immunotherapy and
precision medicine over the past few decades, oncological care now embraces the start of the adoptive
cell therapy (ACT) era. This impulse towards a new treatment paradigm has been led by chimeric
antigen receptor (CAR) T cells, the only type of ACT medicinal product to be commercialized
so far. Brought about by an ever-growing understanding of cellular engineering, CAR T cells
are T lymphocytes genetically modified with an appropriate DNA construct, which endows them
with expression of a CAR, a fusion protein between a ligand-specific recognition domain, often
an antibody-like structure, and the activating signaling domain of the T cell receptor. Through
this genetic enhancement, CAR T cells are engineered from a cancer patient’s own lymphocytes to
better target and kill their cancer cells, and the current amassed data on clinical outcomes point to
a stream of bright developments in the near future. Herein, from concept design and present-day
manufacturing techniques to pressing hurdles and bright discoveries around the corner, we review
and thoroughly describe the state of the art in CAR T cell therapy.
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1. Introduction

Cancer, also referred to as malignant tumor, develops from neoplastic tissues and
can generally be defined as a group of transformed cells which present abnormal, uncon-
trolled growth and are capable of invading neighboring tissues and/or metastasizing to
regional lymph nodes and/or distant organs [1]. The term cancer actually encompasses
a wide variety of diseases, distinguishable by organ or tissue of origin and cell type and
morphology [2]. It is currently the largest contributor to disability-adjusted life years and
the second-highest cause of worldwide mortality [3]. In addition, it is expected to rise to
the leading cause of death in the next decades, surpassing ischemic heart diseases [3].

The fruit of frantic and unruly proliferation, many of the cancerous tumor cells become
riddled with a wide number of accumulated mutations that provide them with mechanisms
that exacerbate growth, prevent apoptosis and, among other hallmarks, help to evade im-
mune surveillance [4,5]. An example of the latter is the frequent downregulation of major
histocompatibility complex (MHC) molecule expression in cancer cells and alterations to
their antigen processing and loading, which result in hindered oncoantigen (or neoanti-
gen) presentation and subsequent reduced visibility to the immune system, leading to an
atrophied response [5,6]. On top of this, the increased mutagenesis that occurs due to the
intrinsic genomic instability of cancer cells contributes to the creation of distinct subclonal
heterogeneous lineages with different capabilities, such as invasion, increased proliferation,
drug-resistance, and oncoantigen/neoantigen presentation [4,7,8].

Throughout modern history, many different strategies have arisen for treating these
malignancies. Surgery, chemo-, and radiotherapy have had undeniable success in reducing
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cancer-related mortality and improving cure perspectives, with chemotherapy being a go-to
treatment for basically all hematological cancers and most cancers in general. However,
beyond unavoidable case-to-case variability and subsequent suboptimal efficacy, these
so-called conventional therapies are associated with severe side effects, caused by the
collateral damaging of healthy tissues, and sometimes long recovery [9,10].

Thus, development and employment of new treatment concepts have been initiated to
further improve overall survival and reduce cancer burden, while inducing lower systemic
toxicity. One of them was immunotherapy, which uses antibodies, cytokines, and immune
cells to modulate the host immune response to cancer [9,11,12].

Recently, and building upon the advent of targeted and immune therapies and their
advantages, adoptive cell therapies (ACTs) have gained considerable traction in the field
of oncology [13]. These strategies are based on the infusion of lymphocytes, usually
autologous T cells, to fight disease in patients. By selecting or modifying the lymphocytes’
specificity towards a target antigen, they are expanded and injected back into the patient,
where they exert their cytotoxic activity and help to mount a sustained immune response
against it [14].

In chimeric antigen receptor (CAR) T cell therapy, autologous T cells are isolated
from the patient’s peripheral blood, endowed with enhanced specificity and killing ef-
ficacy towards the patient’s cancer cells, and then reinjected into the host, where they
will aid in tumor clearance. This is achieved through genetic modification of the T cells
so that they express the CAR, a receptor engineered to recognize a given antigen of the
patient’s cancer cells and activate the CAR T cells’ expansion and cytotoxic potential upon
recognition [15,16].

Though the basic structure of the CAR is relatively well-defined, a chimeric receptor’s
specific design can be reshaped anew with ease, as it is composed of several regions of
different proteins stitched together into one fusion protein [17,18], or “chimera”. Part of the
CAR's tailoring involves deciding on an appropriate and effective recognition domain, so
that the modified T cells target a desired predefined antigen, like a tumor-associated antigen
(TAA), for example. This represents a great advantage as, opposed to regular T cells that
rely on antigen presentation through MHC expression, CAR T cells are unbound by these
constraints and are instead capable of recognizing all expressed surface antigens, even if
they are not MHC-presented [14]. Thus, even the more “invisible” cells that downregulate
antigen presentation are detected, resulting in a greater pool of targets and therefore
enhanced overall killing efficacy.

2. How Do CAR T Cells Kill?

The way in which CAR T cells activate and kill is usually thought to be quite similar to
normal T cell receptor (TCR) signaling. Yet newly found discrepancies keep being brought
up by novel studies [19]. For example, the protein pattern in CAR T cell immune synapses is
more disorganized than that of physiological T cells, accelerating lytic action and affecting
effector—target dissociation kinetics [20].

Briefly, upon initial ligand recognition, a non-classical immune synapse between the
effector and target cell is formed, a small and tight space where multiple receptor-ligand
associations occur in proximity. This synaptic receptor-clustering event leads to activation,
a complex cellular program that includes clonal expansion and target cell killing. Cytotoxic
effects can be achieved through two important pathways (see Figure 1 below): membrane
expression of TNF ligands, which induce apoptosis when recognized by their receptor (such
as FasL/FasR), called “slow-acting killing mechanisms”; and the “fast-acting” exocytosis of
perforin and granzyme granules, which open pores in the target cell’s plasma membrane
and force apoptosis through caspase-dependent and caspase-independent pathways [21].
Moreover, activated CAR T cells secrete cytokines, such as IL-2, IL-6, and IFN-y, that recruit
and potentiate the action of other immune cells, like NK cells, macrophages, and other T
cells, orchestrating a more robust tumor-suppressive environment [22].
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Figure 1. Schematics of T cell and CAR T cell killing mechanisms. (A) TCR recognition of a cancer
cell’s TAA epitope presented on MHC-I induces killing of the target cell; (B) Downregulation of MHC-
I by the cancer cell prevents T cell activation and subsequent target cell killing; (C) CAR recognition
of the surface-expressed TAA triggers killing mechanisms despite MHC-I downregulation.

3. Currently Available CAR T Cell Therapies

Within the different types of ACTs, CAR T cell therapy stands as the only one that has
received commercialization approval from either the FDA (Food and Drug Administration)
or EMA (European Medicines Agency), with six different products authorized for use in
the USA and in Europe, used for the treatment of a total of seven B cell malignancies (see
Table 1). Most approved products use anti-CD19 CAR T cells, engineered to target and kill
cells that express the pan-B cell marker, and the results have proven to be quite impressive.
The outstanding success associated with this target therapy can mostly be explained by the
following two reasons:

1.  CD19 expression is both quite limited to, and ubiquitous in, B cells [23]; therefore, its
targeting avoids toxicity to other tissues while assuring the targeting of malignant B
cells;

2. As the anti-CD19 CAR T cells target all B cells in the patient’s body, the therapies
will frequently cause B cell aplasia and consequent hypogammaglobulinemia (low
serum antibody levels) [24]. Fortunately, although debilitating as they may be, these
conditions are compatible with resuming a relatively normal life, especially with the
use of immunoglobulin infusions [25].

Antigens like CD20 and CD22, which have had some success in immunotherapies, are
also under investigation for possible CAR T development [26], along with HER2, IL13Ra2,
and others.

It is also worth noting that hematological malignancies have been far better targets
for CAR T cell therapies than solid tumors, partly due to the massive differences in tumor
stroma permissiveness. Briefly, in blood malignancies, CAR T cells are not required to
penetrate through dense layers of extracellular matrix (ECM) to get to the tumor cells, so
access to target cells is considerably easier.

Although, as of now, commercially available CAR T cell therapies are few, and there-
fore products are well-defined formulas, one can envision that, in the future, they will
be selected or even custom made for each patient, considering the specific characteris-
tics of their particular illness, under the concepts of precision medicine and personalized
therapy [27]. Heading into another direction, though, research attempts towards develop-
ing off-the-shelf, standardized allogeneic products are also grabbing attention. However,
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concerns over graft-versus-host disease (GVHD) and low persistence seem to be, at the
moment, holding back any major breakthroughs [28].

Table 1. List of the available CAR T cell products, available in either Europe, under the EMA, or the
USA, under the FDA (abbreviations in footer).

Commercial Name Product Name Manufacturer Application Approval

LBCL EMA and FDA

Y ¢ Axicabtagene ciloleucel Kite Pharma, Inc. HGBCL FDA
escarta (anti-CD19) (Los Angeles, CA, USA) PMBCL EMA and FDA
FL EMA and FDA
. . LBCL EMA and FDA

Kymriah Tisagenlecleucel Novargs fharrrgaieutlcal HGBCL FDA
y (anti-CD19) ® Y S " FL EMA and FDA
asel, switzerian B-ALL EMA and FDA
Juno Therapeutics, Inc LBCL EMA and FDA

Brevanzi Lisocabtagene maraleucel (Bristol—Mep ors S Lllibb.) HGBCL FDA
Y (anti-CD19) (Seatl ‘X] N U% A) PMBCL EMA and FDA
cattie, WA, FL3B EMA and FDA
Tecart Brexucabtagene autoleucel Kite Pharma, Inc. MCL EMA and FDA

ecartus (anti-CD19) (Los Angeles, CA, USA) B-ALL FDA

. Celgene Corporation
Abecma Ideczti;g_(g\gl\\/?;l)eucel (Bristol-Meyers Squibb) MM EMA and FDA
(Summit, NJ, USA)
. Ciltacabtagene autoleucel Janssen Biotech, Inc.

Carvykti (anti-BCMA) (Beerse, Belgium) MM EMA and FDA

CD19—Cluster of differentiation 19; LBCL—Large B cell lymphoma; EMA—European Medicines Agency; FDA—
Food and Drug Administration; HGBCL—High-grade B cell lymphoma; PMBCL—Primary mediastinal large B
cell lymphoma; FL(3B)—Follicular lymphoma (Grade 3B); B-ALL—B cell acute lymphocytic leukemia; MCL—
Mantle cell lymphoma; BCMA—B cell maturation antigen; MM—Multiple myeloma. Information retrieved
from EMA's (https:/ /www.ema.europa.eu/en (accessed on 28 October 2022)) and FDA’s (https://www.fda.gov/
(accessed on 28 October 2022)) official websites.

Current Status

A major reason as to why adoptive CAR T cell transfer has been drawing so much
attention lately is the astonishing results that it has achieved.

In one of the first phase 1 CAR T cell clinical trials, a patient who was suffering
from refractory B cell chronic lymphocytic leukemia for over 10 years was submitted to
anti-CD19 CAR T cell infusion. Prior to CAR T cell treatment, the patient had undergone
several treatments of chemo- and immunotherapy. At first, there was a response, but after
a couple of relapses and treatment cycles, therapeutic efficacy dropped almost completely.
However, at 23 days post-CAR T cell infusion, no leukemic cells were detected in the
bone marrow and, five days later, previously present adenopathy was not reported upon
physical examination. Moreover, the patient showed sustained remission in the follow-ups
leading up to the completion of the study, evaluated through morphological, karyotypical,
and flow-cytometric analyses [29].

Following promising in vitro and in vivo preclinical results, Dr. Sadelain (a pioneer
in T cell engineering and CAR T cells), Dr. Brentjens, and colleagues published, in 2013,
the first clinical trial results of CAR T cell therapy in B cell acute lymphoblastic leukemia
(B-ALL). They reported tumor eradication, complete remission, and also negative minimal
residual disease (MRD™) for the whole patient cohort [30].

In a 2014 clinical trial [31], after an initial success the year before [32], 30 patients
suffering from B-ALL (including both children and adults) were treated with CTL019, a
CARTT cell therapy product that was later named Kymriah (tisangenlecleucel) and that
eventually became the first approved CAR T cell product in 2017. All patients had either
relapsed or refractory (r/r) disease, meaning their cancer recurred or did not respond to
standard therapies to begin with. Of the 30 patients, considered to be incurable, 27 (90%)
achieved complete remission and 22 showed MRD™ one month after infusion. Six months
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post-infusion, the overall survival rate was of 78% and the event-free survival rate reached
67%. By the end of the two-year-long cohort, 19 patients were reported to still be in
remission, most with no further therapy [31].

In a later clinical trial, sponsored by the National Cancer Institute [33], fifteen patients
with advanced r/r CD19" B cell malignancies were treated with an anti-CD19 CAR T cell
therapy. Of these patients, nine were stricken with diffuse large B cell lymphoma, two
with indolent lymphoma, and four with chronic lymphocytic leukemia. Following CAR
T treatment, eight complete remissions, four partial remissions, and one stable disease
were achieved.

Kymriah (tisangenlecleucel), the first CAR T product to be granted marketing approval,
is a product consisting of autologous T cells transduced with a CAR composed of an anti-
CD19 scFv, a CD8«x hinge and transmembrane domain, CD28 costimulatory and CD3¢
signaling domains (19.28.z). Clinical data highlight that Kymriah usually underwent rapid
expansion after infusion and, after two years, was still detectable in r/r B-ALL patients’
blood and bone marrow. Its expansion correlated with initial tumor burden, and treatment
for therapy-induced cytokine release syndrome (CRS) did not seem to reduce its function.
Overall response rates and MRD™ patient proportion reach as high as 80% three months
after treatment, with 60% reaching complete remission, which was considered a significant
increase for r/r B-ALL patients [34].

Research points out that some CAR T cell therapies aimed at treating T cell acute
lymphoblastic leukemia might be hindered by T cell fratricide. However, protein expression-
blocking strategies can decrease CAR T/CAR T fratricide, as stated by Png et al. [35].

Many more trials and treatment data keep vouching for the undeniable potential of
CAR T cell therapy for various clinical conditions. However, toxicity and inconsistent
persistence are issues for which management strategies are still being explored.

Below, in Table 2, a short summary of recent clinical results of currently available CAR
T cell therapies and some selected clinical trials can be found. It highlights the astounding
success of some therapies, namely the ones on the market, which have achieved high
response rates, helped to halt disease progression, and improved overall survival. Patients
burdened with advanced malignancies used to face dismal prognoses, with as low as
6 months of median overall survival [36]. The table also highlights some of the pitfalls
of CAR T cell therapy, especially in the solid tumor setting, such as antigen escape and
high-grade adverse effects.

Table 2. Overview of the clinical results of currently available CAR T cell products and some concepts
undergoing clinical trials.

CART

Cancer Type Results Status

CD19-targeting CARs
(Yescarta, Kymriah,
Breyanzi, Tecartus)

Yescarta: overall survival at 12 months of 65%,
42.6% at 5 years [37,38].

Kymriah: 82% remission rate, 5-year
relapse-free survival rate of 44% and 5-year
Various overall survival rate of 55% [39].

Commercially Available

lymphoma: Some PI/IICTs:
ymphomas . . . (NCT04227015)
and leukemias Breyanzi: event- and progression-free survival
- (NCT04844086)
of 10.1 months and 14.8 months, respectively (NCT05470777)
(NCT03575351).

Tecartus: overall survival of 25.5 months and
remission rate of 85% at 24 weeks [40].
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Table 2. Cont.

CART Cancer Type Results Status
Abecma: overall and progression-free
survival of 12.5 months and 8.5 months,
respectively. A total of 82% of patients
developed some grade of CRS, but only 3% . .
had it eIljt grade 3 gr higher [41]. ’ Commercially Available
BCMA-targeting CARs Multiple Carvvkti: verv 20od partial responses or Some PI/IICTs:
(Abecma, Carvykti) myeloma Yt Very §00¢ b esponses ot (NCT03767751)
complete responses were achieved in 66.7% (NCT03448978)
of patients in a PIICT (NCT4133636). After (NCT03361748)
13.5 months, only one patient retained a
clinical response. A total of 83.3% of the
patients presented with some grade of CRS,
up to grade 4 for one patient.
Six complete remissions, three partial
Various remissions and two stable diseases in Some PI/IICTs:
CD20-targeting CARs lymphomas 11 patients in a PIICT (NCT01735604), with (NCT04007029)
and leukemias a median progression-free survival of (NCT04697940)
6 months.
In a PICT (NCT04088890), three patients
(100%) with recurrent malignancies after
Various CD19-targeting CAR T cell therapy Some PI/IICTs:
CD22-targeting CARs lymphomas achieved complete remission. Adverse (NCTO05470777)
and leukemias events such as grade 1 and 2 CRS and (NCT05507827)

high-grade neutropenia, thrombocytopenia,
and anemia were detected.

IL13Ra2-targeting

A 228-day-long regression in one patient
(PICT NCT02208362). Recurrence of cancer

Some PICTs: (NCT04003649)

CARs Glioblastoma at four new locations, probably due to ((;Ig,}:ggggéggg))
reduced TAA expression [42].
In a PICT (NCT03692429) of 15 patients,
Allogeneic Metastatic 2 partial responses and 9 stable diseases .
NKG2D-based CAR colorectal were achieved, 7 of which lasted at least Some I()II\? g;bi§§1£22)692429)
(CYAD-101) cancer 3 months. Median progression-free
survival: 3.9 months [43].
In an advanced pancreatic cancer PICT
(NCTO01935843) of 11 patients, a Some PI/IICTs:
HER?2-tareeting CARS ( I:r]fcliz:ticcar;;?:s + 4.5 month-long partial response and (NCT04650451)
sEUNG P astric, ofhers) 5 stable diseases were achieved. Median (NCT04430595)
& / progression-free survival: 4.8 months (NCTO04650451)
(range, 1.5-8.3 months) [44].
In two advanced hepatocellular carcinoma
PICTs (NCT02395250 and NCT03146234),
of a total of 13 patients, 2 partial responses
. Hepatocellular were obtained. One patient with stable Some PI/IICTs:
GPC3-targeting CARs carcinoma disease was alive after 44.2 months. (NCT03198546)

Overall survival: 50.3% (6 months), 10.5%
(3 years). One grade 5 and several grade
1/2 CRS events were recorded [45].

For commercially available therapies, some results displayed are representative cases and earlier clinical trials,
due to limited real-world data assessments. CRS—Cytokine-release syndrome; PICT—Phase I clinical trial;
PIICT—Phase II clinical trial. Information on clinical trials retrieved from www.clinicaltrials.gov (accessed on 10

March 2023).

4. Structure of the CAR

The CAR modular composition provides CAR T cell therapies with an unparalleled
tunability of effector cell properties (such as affinity, persistence, and potency), and, conse-
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quently, great versatility in medical applications. In fact, through simple plasmid editing
and cloning, it is quite straightforward to insert, alter, or delete domain-encoding sequences
and build a custom CAR construct.

CARs are membrane-bound signaling receptors composed of ligand-binding and
spacer ectodomains, a transmembrane domain, and one or more cytoplasmic domains.
The outermost region consists of the ligand-binding domain (henceforth abbreviated as
LBD), which is responsible for antigen recognition. The cytoplasmic region, comprised
by the endodomains, is linked to the ectodomains by the transmembrane domain, which
keeps the receptor membrane bound. When the receptor binds to its target antigen, con-
formational changes take place throughout the whole protein. In the endodomains, these
conformational changes alter the exposure and reactivity of certain amino acids, leading to
the catalysis of several post-translational modifications (PTMs) that commence intricate
intracellular signaling cascades, culminating in T cell activation.

4.1. Ligand-Binding Domain

LBDs are responsible for binding and recognition of a specific antigen. Some important
characteristics of this region are its steric hindrance, avidity, and affinity towards the target
antigen, as they affect binding probability and strength. Given its modular structure, it is
possible to select or create a specific CAR construct to the detriment of similar ones to ensure
a desired ligand-binding characteristic, such as a higher or lower affinity. This becomes
increasingly important as the scientific community continues to realize that, depending on
the application and CAR construct, modulation and appropriate tuning of these properties
can improve therapeutic efficacies and safety. In fact, studies have shown that lower-affinity
CARs might reduce CAR T cell fratricide induced by spontaneous trogocytosis, improving
CARTT cell persistence and maintaining high efficacy [46].

Other LBD properties can modulate the CAR T cell response, such as frequency and
intensity of stabilizing interdomain interactions, propensity for synapse formation, and
receptor dimerization, as well as synapse density and pattern. This is due to the fact
that these influence the probability of self-activation or activation under rightful target
recognition [21]. Studying and understanding these mechanisms will surely shine some
light on ways of fine-tuning CARs for more appropriate treatment personalization.

4.1.1. scFv

Composed of an antibody’s variable fragment heavy (V) and light (V1) chains con-
nected by a linker peptide, the most common type of LBD used in CAREs is the single-chain
variable fragment (scFv). The base antibody may be of animal origin, humanized, or of
human origin, which are each associated with different levels of effectiveness and elicited
adverse immune response, but also manufacturing costs. Medical therapies preferably
rely on the use of xeno-free products to avoid adverse immune reactions, meaning that
scFvs should originate from human antibodies, or humanized ones at least, while in basic
research, more inexpensive xenogeneic products may be the preferred option. Still, many
of the currently available CAR T cell therapies possess xenogeneic scFvs [47].

It is important to mention the role of the linker peptide in CAR function, as proximity
and mobility of scFv chains are crucial to proper antigen recognition and CAR homodimer-
ization, influencing subsequent activation and cell-killing effects. Linkers usually follow
the (GGGGS),, structure, meaning the amino acid sequence between Vy and V, consists of
n (1 to 4) repetitions of the Gly-Gly-Gly-Gly-Ser peptide. Dr. Singh’s recent findings point
to a heightened effector capability of anti-CD22 CAR T cells possessing smaller linkers due
to increased homodimerization propensity [48].

4.1.2. Other LBDs

Although scFvs are the most widely used recognition domains in CAR T cells, and cur-
rently the only ones in commercially available CAR T cell products, alternatives have been



Int. J. Mol. Sci. 2023, 24, 6300

8 of 22

subject to experimentation and their possible use in clinical settings draws progressively
more of the scientific community’s attention. Alternative LBDs include:

common ligand receptors—e.g., NKG2D [49,50];

ligands, in a reverse approach, when the target molecule has a receptor function—e.g.,
IL-11 [51];

nanobodies, which are composed of a single antibody variable domain (VHH) [52];
antibody mimetics [53].

4.2. Spacer Domain

The spacer domain is, in its essence, a hinge, a region of the extracellular portion of the
CAR that plays an important role in determining its outer length and reach, placing the scFv
out of the cell’s glycocalyx and allowing for greater LBD mobility. Thus, the spacer domain
dictates where binding occurs beyond the membrane, and how often (or probable) it is to
occur. Regarding the binding location within the synaptic cleft, studies have come to show
that the distance at which ligand recognition takes place affects activation, since the length
separating the two plasma membranes is crucial to optimal synapse function [54]. Indeed,
even though CAR T cells form non-classical immune synapses, their cytolytic granule
secretion and segregation kinetics are still key factors in their signaling and cytotoxicity [55].
It is therefore logical that, for each LBD-ligand pair, there exists a spacer which determines
ideal distancing. In the case of mobility, if an antigen is sterically hindered, a CAR with a
spacer that imparts more mobility to the LBD should prove advantageous over a CAR with
a stiffer spacer region [56]. Some spacers used in clinical practice include CD28 and CD8o
hinges, which can confer different levels of antigen threshold in relation to activation and
activation-induced cell death (AICD) [55].

4.3. Transmembrane Domain

The function of the transmembrane domain consists of anchoring the CAR to the
cellular membrane, linking the LBD to the endodomains, and keeping the first in contact
with the external environment while the latter remain embedded in the cytosol. As per the
findings of Guedan et al., constructs differing only in this domain can lead to different levels
of T cell activation upon binding, also entailing an effect on signal strength activation [57].

Often, the transmembrane domains utilized coincide with either spacer or endodomain
regions of the construct. As such, CD8, CD28, or ICOS transmembrane regions are com-
monly seen in CARs.

4.4. Endodomains

The cytoplasmic domains of the CAR have the crucial role of initiating intracellular
signaling cascades triggered by ligand recognition. Findings suggest that the extracellular
domains induce endodomain conformational changes, and then chemically reactive groups
in select amino acids of the latter become more or less accessible to the local environ-
ment. This, in turn, allows for processes such as PTMs and receptor dimerization to occur,
culminating in activated catalytic function of these domains. These activated enzymatic
regions then act upon their designated intracellular substrates (usually other signaling pro-
teins, namely other enzymes), starting a succession of enzyme—substrate interactions that
eventually alter gene expression and modulate defined cellular programs, influencing the
overall cellular status [58,59]. In competent CAR T cells, upon binding to the target antigen,
synapse formation, CAR dimerization, and enzymatic activation take place, leading to the
initiation of the signaling cascades.

4.4.1. CD3( Signaling Domain

The CD3(-chain of the TCR is a domain with inducible tyrosine kinase function. It
contains three immunoreceptor tyrosine activation motifs (ITAMs), which can produce
an activating signal strong enough on its own to be used in the absence of the other TCR
domains. The C-chain is responsible for the specificity signal in T cells, or signal 1, which
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is required to kick-start T cell activation and induce IL-2 production, widely known to
be a crucial promoter of T lymphocyte expansion [14,21,26]. As such, the CD3(-chain is
considered a mandatory endodomain to be included in all CAR constructs. Signals 2 and 3,
produced by costimulatory molecules and cytokines, respectively, modulate the output of
signal 1, amplifying its effects.

Innormal T cell signaling, when the TCR recognizes its cognate antigen, several protein
tyrosine kinases bind and phosphorylate the CD3 ITAMs (or help to phosphorylate/prevent
phosphatase action). Some of the most crucial of these enzymes include LCK, FYN, and
ZAP-70, which initiate the canonical TCR signaling pathways. Distal effects of these
complex cascades contemplate the activation of the NFAT, NF-kB, and mTOR pathways,
which stimulate growth and survival, cell cycle progression and cellular division, and
cytokine secretion [60]. Although some discrepancies may exist, CAR T cell activation
signaling is believed to follow the same basic pathways as the ones described for regular T
cell signaling.

4.4.2. Costimulatory Domains

After some early experimentation, it soon became clear that genetically engineered
lymphocytes expressing CARs with only the CD3(-chain of the TCR were able to activate
and produce a cytotoxic response, but not to maintain it and persist. Much more rapidly
than normal T cells, first-generation CAR T cells developed anergy (irresponsiveness
to expansion stimulation) and suffered from intense AICD. It was determined that the
lymphocytes were missing an important piece of the signaling puzzle: costimulatory
domains (CsDs). Regular T cells express proteins which are responsible for modulating T
cell activation—the costimulatory molecules; they bind to ligands expressed by various
cells, namely antigen-presenting cells, and, when activated, these costimulatory molecules
produce signal 2 of T cell signaling, boosting the effects of signal 1, effectively prolonging
survival, sustaining proliferation, and potentiating the release of cytokines and cytolytic
granules [26,60].

Many T cell costimulatory molecules are known, namely CD28, 4-1BB, OX-40, ICOS,
CD27, and CD40L [61]; however, as of now, in clinical settings, only CD28 and 4-1BB CsDs
are used in commercially available second-generation CAR T cell products. Since only
these CsDs are in use, knowledge of them has stockpiled high in comparison to the rest.
Research and treatment data have elucidated that the two CsDs have different effects on
the lymphocytes:

e (D28 heightens the signaling speed and intensity and cytokine production, induces
effector memory differentiation on the activated CAR T cells, and reduces effects of
inhibitory molecules and Tregs, increasing the CAR T cells’ cytolytic and inflammatory
potential; however, it imparts a tendency for fast exhaustion, and thus lower persis-
tence, than 4-1BB-containing second-generation products [55]. The more “explosive”
behavior of CD28 CAR T cells seems to also bring along a downside of greater chances
for and intensity of CRS and neurological toxicity [62,63].

e  4-1BB, on the other hand, induces greater persistence and a central memory phenotype
without such exacerbated toxicity, at the cost of slower and less intense signaling and
cytotoxic activity, offering instead a more sustained anti-tumor activity [55,63].

Either CsDs can be more or less adequate depending on disease characteristics and
patient condition, among other factors, and more research is required to assert clearly
which are the preferrable treatments for each clinical situation.

It is also worth noting that the order of CsDs within the CAR construct affects func-
tion: Generally speaking, CsD positioning between the transmembrane domain and the
activating domain, leaving the (-tail “hanging” in the cytosol, seems to impart superior
effector capacity [55].
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4.5. CAR T Generations According to Structure

The first CAR constructs generated and proven to work had an intracellular region
composed of only the CD3( endodomain—first-generation CARs, whose creation was
initially described in the seminal work of Dr. Eshaar, back in the 1990s [64]. However, it
has since then become clear that the ¢-chain alone is insufficient to elicit a complete T cell
response and avoid exhaustion and subsequent AICD. Thus, second- and third-generation
CARs arose that have one or two costimulatory endodomains, respectively, added to the
construct for improved lymphocytic action and persistence [55,65]. These CsDs empower
the effects of the CD3( activating signal by initiating parallel intracellular signaling cascades
that enhance proliferation, cytotoxic action, cytokine release, cell survival, and memory
formation [66].

Nowadays, experimental fourth- and fifth-generation CARs are being tested, which
can incorporate constitutive or inducible transgenic signaling, respectively, such as that
of cytokines (T cells Redirected for Antigen-Unrestricted Cytokine-Initiated Killing—
TRUCKS) and chemokines (self-driving CARs). Special CAR constructs are also under
research that make use of new types of LBDs or implement more complex targeting strate-
gies, such as dual targeting and logic-gated signaling [19,26]. Of note is that unanimous
nomenclature is still to be agreed upon for some of these novel and exciting concepts.
As such, different names can be seen attributed to the same CAR design throughout the
literature (or vice versa). Figure 2 represents the CAR designs throughout their generations.
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Figure 2. Chimeric antigen receptor designs, ordered by their corresponding conceptual generation.

5. CAR T Cell Processing
5.1. Manufacturing

The manufacturing of CAR T cells is a multi-step, one-to-two-week-long ex vivo pro-
cess which deeply affects functionality, and thus influences the outcomes of both preclinical
results and therapy.

Briefly, the general manufacturing process is initiated by the collection and isolation
of peripheral blood mononuclear cells (PBMCs). This can be performed by collecting the
patient’s blood and separating it into different components (e.g., using density-gradient
centrifugation with Ficoll-Paque) or directly through leukapheresis, a type of apheresis
that automatically isolates leukocytes. Next, CD4* and/or CD8" T cells (depending on the
desired end product) are either enriched from the initial PBMC sample and subsequently
activated, or vice versa. Ex vivo activation relies on exposure to plate-, nanomatrix-, or
beads-bound activating anti-CD3 and anti-CD28 antibodies [67,68]. The following step
is the genetic modification of the isolated T cells, which can be done through either viral
or non-viral approaches that drive the CAR construct into the lymphocytes. Usually, the
construct is encoded by DNA and integrates into the T cell genome, imparting permanent
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expression. RNA-based constructs are also sometimes used and permit transient expression,
which can help to improve toxicity profiles. Viral approaches stand as the most used for
CAR T cell production, and normally use lentiviral or y-retroviral vectors, which are
expensive but present great transduction efficiency. On the other hand, non-viral vectors
like transposon-derived plasmids trade some efficiency for reduced costs and are therefore
slowly growing in popularity, especially when it comes to research into CAR T cell mass
production [68,69]. Further CAR T cell expansion may then be performed to meet clinical-
grade criteria for administration (besides required good manufacturing practice conditions)
or simply to increase the number of effector cells available for research purposes [68].

Figure 3 depicts an example of CAR T cell product manufacturing, consisting of
patient blood collection, PBMC isolation through density-gradient centrifugation, T cell
isolation and activation, followed by transduction with a CAR viral vector and final ex vivo
expansion, culminating in end product administration.

i
]
’ o
. ,\O

Transduction "~

Figure 3. Simplified visualization of the steps involved in an example manufacturing process for
CART cells.

5.2. Administration

Upon treatment, around 108 viable CAR T cells are infused intravenously into patients
in a certified healthcare facility (rough estimate—information retrieved from Kymriah’s,
Breyanzi’s, and Yescarta’s FDA package inserts). A few days before infusion, however,
patients go through lymphodepleting conditioning, a type of chemotherapy that targets the
patient’s immune cells—usually by fludarabine and cyclophosphamide. This procedure
has been shown to allow for greater CAR T cell expansion and persistence post-infusion,
and greater antitumoral efficacy [70,71]. It is hypothesized that lymphodepleting regimens
are beneficial through multiple ways: elimination of immunosuppressive cells, such as
Tregs and myeloid-derived suppressor cells (MDSCs); reduction of anti-CAR response
by host lymphocytes; depletion of homeostatic cytokine reservoirs that induce increased
immunoproliferative signaling, resulting in peaks of immunostimulatory cytokines and
effector cell function when these are infused; and modulation of tumor cells and microenvi-
ronment [47,71].

As available CAR T cell therapies are autologous, patients need to wait and survive
through their long and costly manufacturing process. This is especially critical as patients
eligible for CAR T cell therapy suffer from advanced malignancies that quickly exact a high
toll on their health status. Thus, bridging therapy becomes an important part of patients’
health, keeping disease progression at bay between the failures of previous treatment
attempts and CAR T cell therapy. Bridging therapy regimens consist of immunotherapy,
and/or chemo- or radiotherapy, often including targeted strategies [71].
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6. Current Challenges

CART cell therapies have shown outstanding results, u-turning dismal outlooks and
saving many patients from aggressive malignancies. Even so, their pitfalls are continuously
being brought to light by ever-growing accumulated clinical experience. Challenges that,
as of now, plague approved treatments and stand in the way of the development of
novel, improved therapies include low CAR T cell persistence, antigen escape events,
insufficient tumor-killing efficacy (especially in the clearance of solid tumors), and high
toxicity profiles, namely cases of severe CRS and neurotoxic side effects. Also of note
are the high costs of current available products and the already mentioned prolonged
manufacturing period [72].

6.1. Efficacy and Persistence

It has been hypothesized that low levels of basal, unstimulated oligomerization of
CARs induce a state of tonic signaling in CAR T cells that makes them more susceptible
to succumb to anergy and exhaustion, leading to lower reactivity and persistence [19].
Furthermore, even if remission rates have been truly baffling, considering the dire clinical
status of patients, many tumors still resist therapy or end up relapsing sometime after,
mostly due to insufficient persistence or unrestrained growth of selectively favored subclone
lineages, like antigen-negative cell populations. Meanwhile, attempts to apply CAR T cells
to solid tumors have fallen short of expectations. These challenges have been the subject of
great research efforts from the scientific community in the last few years, as overcoming
them would not only improve the applicability of these promising therapies, but their
overall results as well.

6.1.1. Tumor-Antigen Escape

Benefited by an increase in selective pressure, refractory cancer subclones often over-
take tumors after the administration of a targeted therapy. In large B cell lymphoma
patients [73], anti-CD19 CAR T cells effectively eliminate most of the CD19* cancer cells;
however, CD19~ cancer cells escape the targeted therapy, and can then proliferate at will
and perpetuate the cancer [74].

CD19™ escape is, to this date, one of the main causes of relapse in hematological
malignancies after CAR T cell treatment, and strategies that allow the overcoming of this
hurdle would significantly increase disease- and progression-free survival rates [26].

6.1.2. Solid Tumors

Thus far, the remarkable success of adoptive CAR T cell transfer has had a revolution-
ary impact in the treatment of hematological cancers. Alas, despite these efforts, this is not
the case (yet) for solid ones [75,76].

Multiple reasons, inherent in the nature of solid tumors, help to justify the impaired
reach and effectiveness of CAR T cells in this context:

1.  First and foremost, CAR T cells are infused into the blood, and must then traffic to
the region where the tumor is located, a process which is dependent on chemokine
attraction signals and is therefore variable from tumor to tumor [75].

2. After reaching the tumor site, the lymphocytes must penetrate through the layers of
ECM, frequently thickened and stiffened by intense collagen and heparan sulphate
proteoglycan deposition carried out by tumor-associated fibroblasts. To make matters
worse, T cells do not produce significant amounts of ECM-degrading enzymes, mean-
ing they tend to move less through areas with a denser matrix. Hence, this barrier
hinders deeply the accessibility of CAR T cells to their target cells [77].

3. Atop this, the microenvironment of solid tumors is often oxidative, hypoxic, acidic, and
nutrient-starved, and consists of high amounts of immunosuppressive elements, be they
cytokines and other soluble factors, cells (e.g., Tregs, tumor-associated macrophages
(TAMs) and MDSCs), or even the tumor cells themselves, through the expression
of ligands like CTLA-4 and PD-L1. This immunologically deleterious “cold tumor”
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environment spurs the development of anergic and apoptotic states in the CAR T
cells [78].

4. Unlike B cell malignancies, it has proven challenging to find TAAs that are specifically
yet uniformly expressed in the tumor at high levels. TAAs can be found that generally
present higher expression in cancer cells. However, they are, more often than not,
also coexpressed in low levels in non-malignant tissues, enabling dangerous cross-
reactivity and on-target off-tumor toxicity [75,79,80]. This also means that CAR T cell
therapies that end up proceeding to clinical trials, although deemed safe enough in
preclinical testing, often spur cases of severe and sometimes deadly toxicity, leading
to product failure [76,81]. Even when dealing with TAAs of very low expression in
healthy cells, solid tumors are usually very heterogeneous, so wide antigen expression
variability and antigen-loss events are quite common [80].

Should these hurdles be overcome, the outlook for remission and longer-term sur-
vival rates in virtually all types of advanced cancer patients will gain a unique chance
to ameliorate.

6.2. Safety

The success of adoptive CAR T cell transfer is undeniable. However, treatment re-
sponses, for now, come at a cost of a high risk of severe, life-threatening early-on adverse
effects, be they systemic cytokine storm-related events or wrongful targeting of healthy
tissues. These adverse reactions originate primarily from the overactivation and overstimu-
lation of CAR T cells and other involved immunological players—in the case of CRS and
neurotoxicity, or from on-target off-tumor toxicity caused by CAR T cell cross-reactivity
provoked by cognate antigen coexpression in normal cells. Clinicians often have to resort
to therapeutic interventions to attenuate these side effects, while trying to preserve the
function and efficacy of the administered CAR T cells [82].

Capability of prevention, as opposed to remediation, of these serious and sometimes
fatal adverse reactions would reinvigorate the output of CAR T cell therapies to the market.

6.2.1. Cytokine-Release Syndrome

CRSis a type of cytokine storm syndrome, graded between I and IV depending on
symptomatic severity, caused by exaggerated levels of circulating inflammatory cytokines,
such as IL-6 and IFN-y. Mild cases often present flu-like, systemic inflammatory response
symptoms, such as fever, fatigue, and generalized pain. Severe cases, however, are charac-
terized by “hypotension as well as high fever and can progress to an uncontrolled systemic
inflammatory response with vasopressor-requiring circulatory shock, vascular leakage,
disseminated intravascular coagulation, and multi-organ system failure” [83], which re-
quire urgent medical attention and sometimes culminate in patient death. Clinical trials
of anti-CD19 CAR T cells in blood cancers have often reported high frequencies of CRS,
sometimes as high as 100%, and related fatalities. An apparent connection between tumor
burden and severity of CRS reactions has been reported several times regarding CAR T
cell treatments [83,84]. Haemophagocytic lymphohistiocytosis (HLH) and macrophage
activation syndrome (MAS) are even more severe adverse reactions also associated with
CART cell therapy, which present similar symptoms to CRS, but with added “elevated
serum levels of ferritin and liver enzymes, haemophagocytosis, cytopenias, renal failure,
pulmonary oedema, splenomegaly and/or an absence of NK cell activity” [25].

Tocilizumab (RoActemra), an anti-IL-6 receptor monoclonal antibody, is the most
commonly utilized treatment for CRS, followed by other antibody-based strategies and
corticosteroids. However, not all CRS events are responsive to this therapy and HLH/MAS
can be especially refractory to it [25,82,84].

6.2.2. Neurotoxicity

Adverse CAR T cell-induced neurotoxicity is nowadays referred to as immune ef-
fector cell-associated neurotoxicity (ICANS), and it is reported to occur in approximately
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two-thirds of leukemia and lymphoma patients treated with adoptive CAR T cell transfer.
Although its pathophysiology is still uncertain, general clinical understanding states that
exacerbated immune activation and elevated serum and cerebrospinal fluid cytokines (also
related to CRS) play an important role in blood-brain barrier dysfunction and neurotoxic-
ity [25,85].

ICANS can present itself clinically through “expressive aphasia, tremor, dysgraphia,
and lethargy; these symptoms can progress to global aphasia, seizures, obtundation, stupor,
and coma” [86] and, as can be expected, often follows or occurs concomitantly with
events of CRS. Administration of corticosteroids, like dexamethasone, is the preferred
mitigative ICANS treatment, but there are conflicting reports on the benefits or harmfulness
of tocilizumab therapy for this condition [25,85,86].

6.2.3. On-Target Off-Tumor Toxicity

On-target off-tumor toxicity occurs when the cognate antigen of the CAR T cells is
expressed not only in the tumoral target, but also in normal cells. An example of this effect
is the B cell aplasia commonly caused by commercially available CAR T cell products.

As the potent, genetically modified T lymphocytes disseminate through the blood and
infiltrate the various tissues of the body, they encounter all types of cells:

e normal ones, with no expression of the specific antigen, that go by immunologically
invisible.

e target malignant cells, which highly express the antigen and are therefore attacked by
the lymphocytes.

e problematic, target antigen-negative malignant cells, which also often escape un-
scathed from the cytolytic action of CAR T cells.

e normal cells expressing the target antigen, which, unfortunately, get caught in the
immune crossfire and end up succumbing to the inflammatory and cytolytic action of
the CART cells—this “friendly-fire” can have serious consequences, damaging healthy
tissue and compromising its function, besides creating unnecessary inflammation,
which can have detrimental effects both locally and systemically [87].

This premise limits CAR constructs in terms of target recognition. With the lack of
a perfect, tumor-circumscribed TAA, standard CARs should only possess low-avidity
LBDs or target a TAA which is only co-expressed in nonessential tissues (e.g., the thymic
stroma) [87,88].

6.2.4. Other Safety Concerns

Other types of safety concerns that exist regarding CAR T cell therapies which prac-
titioners must be on the lookout for in the days following CAR T cell infusion include
anaphylaxis, graft-versus-host disease (when considering possible allogeneic treatments),
unpredictable off-target toxicity, and, to a lesser extent, hypothetical viral insertional onco-
genesis (when viral vectors are used) [89].

7. Innovative Research

Confronting the many challenges still faced by adoptive CAR T cell therapies, exciting
projects are leading innovation efforts to improve efficacy, safety, and applicability. Several
distinct approaches attempt to resolve various problematic aspects of CAR T treatments.
Some include strategies to shorten the lengthy manufacturing period for autologous infu-
sion [90]; others use low-affinity CARs that reduce on-target off-tumor toxicity [91]; others
target tumor-supporting cells like Tregs, TAMs, and MDSCs [92]; and others potentiate
therapy by adding stimulators like bispecific T cell engagers (BiTEs), marked antibod-
ies [25], etc. This chapter, however, will focus on yet another promising set of concepts of
impressive ingenuity.

As mentioned previously, nomenclature in this recent field is yet to be fully agreed
upon. Thus, some of the nomenclature utilized hereinafter (noted whenever necessary)
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does not stem from scientific consensus but from personal preferences and interpretations
of the underlying concepts.

Clarifying schematic representations of the explored CAR T engineering strategies are
provided in Figure 4.
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Figure 4. Visual representation of special CAR T engineering designs. Receptor endodomain regions
are represented simplistically as a single straight line in the cytoplasmic part of the depicted mem-

brane proteins. The plus (+) sign signifies full CAR T activation signaling, and the minus (—) sign
signifies inhibition of CAR activation signaling.

7.1. Special CAR T Engineering
7.1.1. Logic-Gated Strategies

Logic-gated CAR T cells activate according to logical (or boolean) operators, through
unusual CAR signaling strategies or modifications to the expression system. While AND
and IF-THEN operator strategies help to reduce off-tumor toxicity, OR operator strategies
enhance efficacy by broadening the target cell pool.

Dual CAR T cells (AND/OR)

Dual CART cells possess two distinct LBDs, which can be linked in the same CAR or
coexpressed from different CARs altogether. At least three strategies fit into this category.

The first strategy is called a tandem CAR, consisting of a single CAR protein that
exposes two linked LBDs, allowing the recognition of either cognate antigens to activate
the CAR T (OR operator). This means that the CAR T cells can target two or more distinct
cell populations simultaneously. Another strategy is simply a CAR T cell expressing two
independent CAR constructs (another OR operator). Thirdly, the expression of two “co-
dependent” CARs in a single split-dual CAR T only allows activation when both cognate
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antigens are recognized simultaneously. The latter is made possible by the separation
(splitting) of the CD3( activating domain and the costimulatory domains between the two
CARs—it is only when both CARs are stimulated that both signals 1 and 2 fully activate the
lymphocyte. This is particularly useful in cases where one of the TAAs has considerable
expression in healthy tissues, because split CAR T cells will not be able to target the healthy
cells based on that antigen’s expression alone: a secondary antigen more specific to the
malignant cells will restrict the CAR T cells” activity and direct them only to the tumor
cells [93].

Conditional Expression CAR T cells (IF-THEN)

Conditional expression CAR T cells only express the usual CAR construct after expo-
sure to a given stimulus. This stimulus can be a soluble ligand; however, it is viable to make
these cells express two distinct CARs: a “priming” CAR lacking CD3( and instead capable
of inducing expression of a second, “true” CAR. This last type of conditional expression
CAR is also considered to function as a particular type of AND operator, since it requires
the presence of two antigens. However, it is the recognition of the first antigen by the
priming CAR that induces expression of the true CAR construct, which may then recognize
the second antigen and activate the CAR T cell. Thus, if the first antigen is recognized, then
the usual CAR T cell function is enabled. Some pathways utilized as CAR T cell primers
are SynNotch and HIF [88,94].

The result of this strategy is that CAR T cells will behave in a similar fashion to the
split CAR T cells, sparing any non-malignant cells.

7.1.2. Controllable CAR T cells

(Personal nomenclature, unofficial)
This therapeutic cell set consists of CAR T cells that possess mechanisms through
which either practitioners or non-malignant cells” expression can modulate their action.

Switchable CARs

(Non-consensual nomenclature. Sometimes called “Universal CARs” or “Split CARs”
in the literature, which is misleading due to the existence of other universal CARs and split
CARs, also covered in this section)

As their name attempts to imply, these CARs can have a module swapped out for
another, namely the LBD. This is accomplished by creating a CAR which, instead of a
standard LBD, has an ectodomain that binds to a modified soluble LBD through a small
ligand. This allows for the CARs’ targeting to be altered by infusing different LBDs into
the patient and controlling the small ligand’s concentration. This strategy is particularly
useful since it allows for the redirection of CAR T cell targeting towards subpopulations
of cancer cells that escape the first targeting, reducing the appearance of antigen-escape
phenomena [76,95,96].

Inhibitory CARs

iCAR constructs serve as an accessory to the main CAR. Briefly, whenever an iCAR
binds to its target, it activates inhibitory pathways (much like physiological inhibitors,
such as CTLA-4), blocking any activation signals stemming from the main CAR. In essence,
CART cells possessing iCARs will not be able to activate in the presence of healthy cells
coexpressing the main CAR'’s cognate antigen and the inhibitory antigen (an antigen that,
ideally, only malignant cells do not express). Once again, this type of strategy reduces
off-tumor toxicity [97].

Suicide CAR T cells

As can be inferred from their designation, suicide CAR T cells have an embedded
“off-switch”. For example, they can express a ligand-inducible caspase that dimerizes and
activates when in said ligand’s presence, initiating T cell apoptosis. By utilizing this strategy,
practitioners can safely and accurately shut down unwanted or exaggerated CAR T cell
response on demand just by administering the patient with the appropriate ligand [26,98].
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7.1.3. ECM-Degrading CAR T Cells

Previously, regarding the unsuccess of CAR T cell therapies against solid tumors, the
role of the tumor stroma and associated ECM was mentioned. Nowadays, novel and excit-
ing strategies can provide CAR T cells with the necessary tools to deal with the blockades
posed by the tumor microenvironment. One of these strategies is the genetic modification
of the lymphocytes to express not only the CAR but also ECM-degrading enzymes, such as
heparanase (HPSE). In fact, research shows that HPSE* CAR T cells maintain their existence
and expansion, while having an added ECM-degrading functionality that imparts to them
greater antitumor capacity against ECM-rich targets [99].

Should ECM-degrading CAR T cell products find their way into the market, treatment
efficacy for advanced solid cancer patients could rise considerably and positively affect
overall survival.

Universal CAR T cells

(Non-consensual nomenclature)

The rising need for quick and mass manufacturing of CAR T cells, due to rapidly
growing applicability, has shone light on problems regarding the use of autologous CAR T
cells. Expansion of CAR T cells is slow and can be troublesome because of lymphocytes’
poor condition or low count due to previous chemotherapy and lymphodepleting regimens,
and it drives up therapy costs to amounts that can be too steep for patients to afford [100].
Attempts at developing “off-the-shelf”, allogeneic products are therefore increasing, with
immunogenicity and GVHD reigning as priority concerns. Universal CAR T cells, or
UCARTSs, are allogeneic CAR T cells engineered to have reduced or no expression of
highly immunogenic markers and GVHD-inducing proteins. This can be achieved, for
example, using siRNAs to silence the expression of MHC-I, MHC-II, TCR, and immune
checkpoint molecules in the donor cells. This silencing renders them less visible to the
host’s immune system, preserving the product’s efficacy, while protecting the host from the
immunological response naturally hard-wired into the donor cells. TALEN gene editing
can also be employed for this purpose [28,101,102].

7.2. CAR T Cell Therapy beyond Cancer

Although this review focuses solely on the impact of CAR T cell therapy in the field of
cancer treatment, new applications are being investigated for this useful tool. For example,
in the treatment of refractory systemic lupus erythematosus, anti-CD19 CAR T cells can
be infused into patients to induce effective B cell aplasia and hypogammaglobulinemia,
which, as previously noted, is typical of these products. Research has highlighted that,
after CAR T infusion, remission was observed and maintained even after normal B cell
reappearance [103].

8. Conclusions

Chimeric antigen receptor T cells, a phenomenal feat of bioengineering ingenuity,
have brought about incredible treatment opportunities and refinement to the fields of
medical oncology and more. Several advanced-stage leukemia and lymphoma patients
now get the chance to have an increasingly more optimistic prognosis, even when standard
treatment has, unfortunately, failed their needs. Solid malignancies will be sure to follow
as knowledge accumulates and technology develops. While unresolved issues still block
the full potential and applicability of CAR T cells (mainly surrounding CAR T refractory
disease and therapy safety), the numerous modifications and enhancements that can be
engineered into constructs and the elegant strategies that accompany them allow for a
constant evolution of cutting-edge research, which will undoubtedly continue to take these
therapies one step further towards new ground and amazing breakthroughs.



Int. . Mol. Sci. 2023, 24, 6300 18 of 22

Author Contributions: Conceptualization, R.C.D.M., HJ.M. and PM.O.; writing—original draft
preparation, R.C.D.M.; writing—review and editing, H.].M. and PM.O.; supervision, H.].M. and
PM.O.; funding acquisition, PM.O. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the Finnish Cancer Foundation (PM.O.), Finnish Red Cross
Blood Service Research grant (P.M.O.), and Sigrid Juselius Foundation (PM.O.).

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We deeply thank Joonas Jukonen, Kerttu Kalander, Krista Tuohinto, and Sanni
Alve for all their constructive criticism. All images were created with BioRender.com. Open access
funding provided by University of Helsinki.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Um, P. Cancer, Definition. In Encyclopedia of Metagenomics; Highlander, S.K., Rodriguez-Valera, F., White, B.A., Eds.; Springer:
Boston, MA, USA, 2015; p. 65. ISBN 978-1-4899-7475-4.

2. Carbone, A. Cancer Classification at the Crossroads. Cancers 2020, 12, 980. [CrossRef]

3. Mattiuzzi, C.; Lippi, G. Current Cancer Epidemiology. J. Epidemiol. Glob. Health 2019, 9, 217-222. [CrossRef] [PubMed]

4. Salk,].J.; Fox, EJ.; Loeb, L.A. Mutational Heterogeneity in Human Cancers. Annu. Rev. Pathol. 2010, 5, 51-75. [CrossRef]

5. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144, 646-674. [CrossRef]

6.  Cornel, AM.; Mimpen, I.L.; Nierkens, S. MHC Class I Downregulation in Cancer: Underlying Mechanisms and Potential Targets
for Cancer Immunotherapy. Cancers 2020, 12, 1760. [CrossRef]

7. Sun, X.X.; Yu, Q. Intra-Tumor Heterogeneity of Cancer Cells and Its Implications for Cancer Treatment. Acta Pharmacol. Sin. 2015,
36, 1219-1227. [CrossRef] [PubMed]

8.  Marusyk, A.; Polyak, K. Tumor Heterogeneity: Causes and Consequences. Biochim. Biophys. Acta 2010, 1805, 105-117. [CrossRef]

9.  Arruebo, M.; Vilaboa, N.; Sdez-Gutierrez, B.; Lambea, J.; Tres, A.; Valladares, M.; Gonzalez-Fernandez, A. Assessment of the
Evolution of Cancer Treatment Therapies. Cancers 2011, 3, 3279-3330. [CrossRef]

10. Qiao, J.; Liu, Z.; Fu, Y.X. Adapting Conventional Cancer Treatment for Inmunotherapy. J. Mol. Med. 2016, 94, 489-495. [CrossRef]

11. Wu, H.-C,; Chang, D.-K.; Huang, C.-T. Targeted Therapy to Treat Cancer. J. Cancer Mol. 2006, 2, 57-66.

12. Li, Y,; Ayala-Orozco, C.; Rauta, P.R.; Krishnan, S. The Application of Nanotechnology in Enhancing Immunotherapy for Cancer
Treatment: Current Effects and Perspective. Nanoscale 2019, 11, 17157-17178. [CrossRef]

13.  Morotti, M.; Albukhari, A.; Alsaadi, A.; Artibani, M.; Brenton, J.D.; Curbishley, S.M.; Dong, T.; Dustin, M.L.; Hu, Z.; McGranahan,
N.; et al. Promises and Challenges of Adoptive T-Cell Therapies for Solid Tumours. Br. J. Cancer 2021, 124, 1759-1776. [CrossRef]
[PubMed]

14. Rohaan, M.W.; Wilgenhof, S.; Haanen, ].B.A.G. Adoptive Cellular Therapies: The Current Landscape. Virchows Arch. 2019, 474,
449-461. [CrossRef] [PubMed]

15.  Majzner, R.G.; Mackall, C.L. Clinical Lessons Learned from the First Leg of the CAR T Cell Journey. Nat. Med. 2019, 25, 1341-1355.
[CrossRef]

16. Levine, B.L.; Miskin, J.; Wonnacott, K.; Keir, C. Global Manufacturing of CAR T Cell Therapy. Mol. Ther—Methods Clin. Dev. 2017,
4,92-101. [CrossRef] [PubMed]

17.  Mehta, PH.; Fiorenza, S.; Koldej, R.M.; Jaworowski, A.; Ritchie, D.S.; Quinn, K.M. T Cell Fitness and Autologous CAR T Cell
Therapy in Haematologic Malignancy. Front. Immunol. 2021, 12, 780442. [CrossRef]

18. Chang, Z.L.; Chen, Y.Y. CARs: Synthetic Inmunoreceptors for Cancer Therapy and Beyond. Trends Mol. Med. 2017, 23, 430-450.
[CrossRef]

19. Lindner, S.E.; Johnson, S.M.; Brown, C.E.; Wang, L.D. Chimeric Antigen Receptor Signaling: Functional Consequences and Design
Implications. Sci. Adv. 2020, 6, 2-10. [CrossRef]

20. Davenport, A.].; Cross, R.S.; Watson, K.A.; Liao, Y.; Shi, W.; Prince, H.M.; Beavis, P.A.; Trapani, J.A.; Kershaw, M.H.; Ritchie, D.S,;
et al. Chimeric Antigen Receptor T Cells Form Nonclassical and Potent Inmune Synapses Driving Rapid Cytotoxicity. Proc. Natl.
Acad. Sci. USA 2018, 115, E2068-E2076. [CrossRef]

21. Benmebarek, M.R.; Karches, C.H.; Cadilha, B.L.; Lesch, S.; Endres, S.; Kobold, S. Killing Mechanisms of Chimeric Antigen
Receptor (CAR) T Cells. Int. J. Mol. Sci. 2019, 20, 1283. [CrossRef]

22. Ivica, N.A,; Young, C.M. Tracking the Car-t Revolution: Analysis of Clinical Trials of Car-t and Ter-t Therapies for the Treatment
of Cancer (1997-2020). Healthcare 2021, 9, 1062. [CrossRef] [PubMed]

23. Wang, K.; Wei, G.; Liu, D. CD19: A Biomarker for B Cell Development, Lymphoma Diagnosis and Therapy. Exp. Hematol. Oncol.
2012, 1, 36. [CrossRef] [PubMed]

24. Wat, ].; Barmettler, S. Hypogammaglobulinemia After Chimeric Antigen Receptor (CAR) T-Cell Therapy: Characteristics,

Management, and Future Directions. J. Allergy Clin. Immunol. Pract. 2022, 10, 460-466. [CrossRef]


http://doi.org/10.3390/cancers12040980
http://doi.org/10.2991/jegh.k.191008.001
http://www.ncbi.nlm.nih.gov/pubmed/31854162
http://doi.org/10.1146/annurev-pathol-121808-102113
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.3390/cancers12071760
http://doi.org/10.1038/aps.2015.92
http://www.ncbi.nlm.nih.gov/pubmed/26388155
http://doi.org/10.1016/j.bbcan.2009.11.002
http://doi.org/10.3390/cancers3033279
http://doi.org/10.1007/s00109-016-1393-4
http://doi.org/10.1039/C9NR05371A
http://doi.org/10.1038/s41416-021-01353-6
http://www.ncbi.nlm.nih.gov/pubmed/33782566
http://doi.org/10.1007/s00428-018-2484-0
http://www.ncbi.nlm.nih.gov/pubmed/30470934
http://doi.org/10.1038/s41591-019-0564-6
http://doi.org/10.1016/j.omtm.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/28344995
http://doi.org/10.3389/fimmu.2021.780442
http://doi.org/10.1016/j.molmed.2017.03.002
http://doi.org/10.1126/sciadv.aaz3223
http://doi.org/10.1073/pnas.1716266115
http://doi.org/10.3390/ijms20061283
http://doi.org/10.3390/healthcare9081062
http://www.ncbi.nlm.nih.gov/pubmed/34442199
http://doi.org/10.1186/2162-3619-1-36
http://www.ncbi.nlm.nih.gov/pubmed/23210908
http://doi.org/10.1016/j.jaip.2021.10.037

Int. . Mol. Sci. 2023, 24, 6300 19 of 22

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Rafiq, S.; Hackett, C.S.; Brentjens, R.J. Engineering Strategies to Overcome the Current Roadblocks in CAR T Cell Therapy. Nat.
Rev. Clin. Oncol. 2020, 17, 147-167. [CrossRef]

Fesnak, A.D.; June, C.H.; Levine, B.L. Engineered T Cells: The Promise and Challenges of Cancer Inmunotherapy. Nat. Rev.
Cancer 2016, 16, 566-581. [CrossRef]

Jarrell, D.K,; Drake, S.; Brown, M.A. Advancing Therapies for Cancer—From Mustard Gas to CAR T. Science 2020, 2, 90. [CrossRef]
Depil, S.; Duchateau, P.; Grupp, S.A.; Mufti, G.; Poirot, L. ‘Off-the-Shelf’ Allogeneic CAR T Cells: Development and Challenges.
Nat. Rev. Drug Discov. 2020, 19, 185-199. [CrossRef] [PubMed]

Porter, D.L.; Levine, B.L.; Kalos, M.; Bagg, A.; June, C.H. Chimeric Antigen Receptor-Modified T Cells in Chronic Lymphoid
Leukemia. N. Engl. J. Med. 2011, 365, 725-733. [CrossRef] [PubMed]

Brentjens, R.J.; Davila, M.L.; Riviere, I; Park, J.; Wang, X.; Cowell, L.G.; Bartido, S.; Stefanski, J.; Taylor, C.; Olszewska, M.; et al.
CD19-Targeted T Cells Rapidly Induce Molecular Remissions in Adults with Chemotherapy-Refractory Acute Lymphoblastic
Leukemia. Sci. Transl. Med. 2013, 5, 177ra38. [CrossRef] [PubMed]

Maude, S.L.; Frey, N.; Shaw, P.A.; Aplenc, R.; Barrett, D.M.; Bunin, N.J.; Chew, A.; Gonzalez, V.E.; Zheng, Z.; Lacey, S.F; et al.
Chimeric Antigen Receptor T Cells for Sustained Remissions in Leukemia. N. Engl. |. Med. 2014, 371, 1507-1517. [CrossRef]
Grupp, S.A.; Kalos, M,; Barrett, D.; Aplenc, R.; Porter, D.L.; Rheingold, S.R.; Teachey, D.T.; Chew, A.; Hauck, B.; Wright, ].F; et al.
Chimeric Antigen Receptor-Modified T Cells for Acute Lymphoid Leukemia. N. Engl. J. Med. 2013, 368, 1509-1518. [CrossRef]
[PubMed]

Kochenderfer, ].N.; Dudley, M.E.; Kassim, S.H.; Somerville, R.P.T.; Carpenter, R.O.; Maryalice, S.S.; Yang, ].C.; Phan, G.Q.; Hughes,
M.S.; Sherry, RM.; et al. Chemotherapy-Refractory Diffuse Large B-Cell Lymphoma and Indolent B-Cell Malignancies Can
Be Effectively Treated with Autologous T Cells Expressing an Anti-CD19 Chimeric Antigen Receptor. J. Clin. Oncol. 2015, 33,
540-549. [CrossRef]

Ali, S.; Kjeken, R.; Niederlaender, C.; Markey, G.; Saunders, T.S.; Opsata, M.; Moltu, K.; Bremnes, B.; Gronevik, E.; Muusse,
M.; et al. The European Medicines Agency Review of Kymriah (Tisagenlecleucel) for the Treatment of Acute Lymphoblastic
Leukemia and Diffuse Large B-Cell Lymphoma. Oncologist 2020, 25, e321-e327. [CrossRef] [PubMed]

Png, Y.T.; Vinanica, N.; Kamiya, T.; Shimasaki, N.; Coustan-Smith, E.; Campana, D. Blockade of CD7 Expression in T Cells for
Effective Chimeric Antigen Receptor Targeting of T-Cell Malignancies. Blood Adv. 2017, 1, 2348-2360. [CrossRef]

Halim, L.; Maher, J. CAR T-Cell Immunotherapy of B-Cell Malignancy: The Story so Far. Ther. Adv. Vaccines Immunother. 2020, 8,
259-261. [CrossRef] [PubMed]

Yescarta®. CAR T-Cell Therapy Demonstrates Consistent Survival Outcomes and Safety in Real-World Setting Regardless of Race
and Ethnicity. Available online: https:/ /www.businesswire.com/news/home/20220603005447 /en/ (accessed on 8 March 2023).
Yescarta®. Is First CAR T-Cell Therapy to Report Five-Year Survival Data from Pivotal Study Showing Durable Long-Term
Survival in Patients with Refractory Large B-Cell Lymphoma. Available online: https://www.businesswire.com/news/home/20
211211005050/en/ (accessed on 8 March 2023).

Golden, D. Kymriah'’s 5-Year Survival Data Shows Promise of CAR T-Cell Therapy. Available online: https:/ /acgtfoundation.
org/news/kymriah-survival-data-shows-promise-of-car-t-cell-therapy/ (accessed on 8 March 2023).

New Analyses of Kite’s Tecartus®CAR T-Cell Therapy Provide Additional Evidence Supporting Overall Survival and Durability
of Response. Available online: https:/ /www.businesswire.com/news/home/20221212005230/en/ (accessed on 8 March 2023).
Hansen, D.K;; Sidana, S.; Peres, L.C.; Colin Leitzinger, C.; Shune, L.; Shrewsbury, A.; Gonzalez, R.; Sborov, D.W.; Wagner, C.;
Dima, D.; et al. Idecabtagene Vicleucel for Relapsed /Refractory Multiple Myeloma: Real-World Experience From the Myeloma
CAR T Consortium. J. Clin. Oncol. 2023, 22, 01365. [CrossRef]

Brown, C.E.; Alizadeh, D,; Starr, R.; Weng, L.; Wagner, ].R.; Naranjo, A.; Ostberg, ].R.; Blanchard, M.S,; Kilpatrick, J.; Simpson,
J.; et al. Regression of Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. N. Engl. ]. Med. 2016, 375, 2561-2569.
[CrossRef] [PubMed]

Prenen, H.; Dekervel, ].; Hendlisz, A.; Anguille, S.; Awada, A.; Cerf, E.; Lonez, C.; Breman, E.; Dheur, M.-S.; Alcantar-Orozco, E.;
et al. Updated Data from AlloSHRINK Phase I First-in-Human Study Evaluating CYAD-101, an Innovative Non-Gene Edited
Allogeneic CAR-T in MCRC. J. Clin. Oncol. 2021, 39, 74. [CrossRef]

Feng, K.; Liu, Y.; Guo, Y;; Qiu, J.; Wu, Z,; Dai, H.; Yang, Q.; Wang, Y.; Han, W. Phase I Study of Chimeric Antigen Receptor
Modified T Cells in Treating HER2-Positive Advanced Biliary Tract Cancers and Pancreatic Cancers. Protein Cell 2018, 9, 838-847.
[CrossRef]

Shi, D.; Shi, Y.; Kaseb, A.O.; Qi, X.; Zhang, Y.; Chi, J.; Lu, Q.; Gao, H,; Jiang, H.; Wang, H.; et al. Chimeric Antigen Receptor-
Glypican-3 T-Cell Therapy for Advanced Hepatocellular Carcinoma: Results of Phase I Trials. Clin. Cancer Res. 2020, 26, 3979-3989.
[CrossRef]

Olson, M.L.; Mause, E.R.V.; Radhakrishnan, S.V.; Brody, ].D.; Rapoport, A.P.; Welm, A.L.; Atanackovic, D.; Luetkens, T. Low-
Affinity CAR T Cells Exhibit Reduced Trogocytosis, Preventing Rapid Antigen Loss, and Increasing CAR T Cell Expansion.
Leukemia 2022, 36, 1943-1946. [CrossRef] [PubMed]

Khan, A.N.; Chowdhury, A.; Karulkar, A.; Jaiswal, A.K.; Banik, A.; Asija, S.; Purwar, R. Immunogenicity of CAR-T Cell
Therapeutics: Evidence, Mechanism and Mitigation. Front. Immunol. 2022, 13, 886546. [CrossRef] [PubMed]


http://doi.org/10.1038/s41571-019-0297-y
http://doi.org/10.1038/nrc.2016.97
http://doi.org/10.3390/sci2040090
http://doi.org/10.1038/s41573-019-0051-2
http://www.ncbi.nlm.nih.gov/pubmed/31900462
http://doi.org/10.1056/NEJMoa1103849
http://www.ncbi.nlm.nih.gov/pubmed/21830940
http://doi.org/10.1126/scitranslmed.3005930
http://www.ncbi.nlm.nih.gov/pubmed/23515080
http://doi.org/10.1056/NEJMoa1407222
http://doi.org/10.1056/NEJMoa1215134
http://www.ncbi.nlm.nih.gov/pubmed/23527958
http://doi.org/10.1200/JCO.2014.56.2025
http://doi.org/10.1634/theoncologist.2019-0233
http://www.ncbi.nlm.nih.gov/pubmed/32043764
http://doi.org/10.1182/bloodadvances.2017009928
http://doi.org/10.1177/2515135520927164
http://www.ncbi.nlm.nih.gov/pubmed/32524070
https://www.businesswire.com/news/home/20220603005447/en/
https://www.businesswire.com/news/home/20211211005050/en/
https://www.businesswire.com/news/home/20211211005050/en/
https://acgtfoundation.org/news/kymriah-survival-data-shows-promise-of-car-t-cell-therapy/
https://acgtfoundation.org/news/kymriah-survival-data-shows-promise-of-car-t-cell-therapy/
https://www.businesswire.com/news/home/20221212005230/en/
http://doi.org/10.1200/JCO.22.01365
http://doi.org/10.1056/NEJMoa1610497
http://www.ncbi.nlm.nih.gov/pubmed/28029927
http://doi.org/10.1200/JCO.2021.39.3_suppl.74
http://doi.org/10.1007/s13238-017-0440-4
http://doi.org/10.1158/1078-0432.CCR-19-3259
http://doi.org/10.1038/s41375-022-01585-2
http://www.ncbi.nlm.nih.gov/pubmed/35490197
http://doi.org/10.3389/fimmu.2022.886546
http://www.ncbi.nlm.nih.gov/pubmed/35677038

Int. . Mol. Sci. 2023, 24, 6300 20 of 22

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Singh, N.; Frey, N.V.; Engels, B.; Barrett, D.M.; Shestova, O.; Ravikumar, P.; Cummins, K.D.; Lee, Y.G.; Pajarillo, R.; Chun, L; et al.
Antigen-Independent Activation Enhances the Efficacy of 4-1BB-Costimulated CD22 CAR T Cells. Nat. Med. 2021, 27, 842-850.
[CrossRef] [PubMed]

Demoulin, B.; Cook, W.J.; Murad, J.; Graber, D.J.; Sentman, M.L.; Lonez, C.; Gilham, D.E.; Sentman, C.L.; Agaugue, S. Exploiting
Natural Killer Group 2D Receptors for CAR T-Cell Therapy. Futur. Oncol. 2017, 13, 1593-1605. [CrossRef]

Jackson, H.J.; Rafiq, S.; Brentjens, R.J. Driving CAR T-Cells Forward. Nat. Rev. Clin. Oncol. 2016, 13, 370-383. [CrossRef] [PubMed]
Huang, G.; Yu, L.; Cooper, LJ.N.; Hollomon, M.; Huls, H.; Kleinerman, E.S. Genetically Modified T Cells Targeting Interleukin-11
Receptor «-Chain Kill Human Osteosarcoma Cells and Induce the Regression of Established Osteosarcoma Lung Metastases.
Cancer Res. 2012, 72, 271-281. [CrossRef]

Han, L.; Gao, Q.; Zhou, K.; Zhou, J.; Fang, B.; Zhang, J.; Li, H.; Song, Y. The Phase I Clinical Study of CART Targeting BCMA with
Humanized Alpaca-Derived Single-Domain Antibody as Antigen Recognition Domain. J. Clin. Oncol. 2019, 37, 2535. [CrossRef]
Siegler, E.; Li, S.; Kim, Y.J.; Wang, P. Designed Ankyrin Repeat Proteins as Her2 Targeting Domains in Chimeric Antigen
Receptor-Engineered T Cells. Hum. Gene Ther. 2017, 28, 726-736. [CrossRef]

Hudecek, M.; Lupo-Stanghellini, M.T.; Kosasih, P.L.; Sommermeyer, D.; Jensen, M.C.; Rader, C.; Riddell, S.R. Receptor Affinity
and Extracellular Domain Modifications Affect Tumor Recognition by ROR1-Specific Chimeric Antigen Receptor T Cells. Clin.
Cancer Res. 2013, 19, 3153-3164. [CrossRef]

Jayaraman, J.; Mellody, M.P;; Hou, A.].; Desai, R.P,; Fung, A.W.; Pham, A.H.T.; Chen, Y.Y.; Zhao, W. CAR-T Design: Elements and
Their Synergistic Function. EBioMedicine 2020, 58, 102931. [CrossRef]

Wilkie, S.; Picco, G.; Foster, J.; Davies, D.M.; Julien, S.; Cooper, L.; Arif, S.; Mather, S.J.; Taylor-Papadimitriou, J.; Burchell, ].M.;
et al. Retargeting of Human T Cells to Tumor-Associated MUC1: The Evolution of a Chimeric Antigen Receptor. J. Immunol. 2008,
180, 4901-4909. [CrossRef] [PubMed]

Guedan, S.; Posey, A.D.; Shaw, C.; Wing, A.; Da, T.; Patel, P.R.; McGettigan, S.E.; Casado-Medrano, V.; Kawalekar, O.U.; Uribe-
Herranz, M,; et al. Enhancing CAR T Cell Persistence through ICOS and 4-1BB Costimulation. JCI Insight 2018, 3, €96976.
[CrossRef]

Gil, D.; Schamel, WW.A.; Montoya, M.; Sanchez-Madrid, F.; Alarcén, B. Recruitment of Nck by CD3e Reveals a Ligand- Induced
Conformational Change Essential for T Cell Receptor Signaling and Synapse Formation. Cell 2002, 109, 901-912. [CrossRef]
[PubMed]

Lee, M.S; Glassman, C.R.; Deshpande, N.R.; Badgandi, H.B.; Parrish, H.L.; Uttamapinant, C.; Stawski, P.S.; Ting, A.Y.; Kuhns,
M.S. A Mechanical Switch Couples T Cell Receptor Triggering to the Cytoplasmic Juxtamembrane Regions of CD3((. Immunity
2015, 43, 227-239. [CrossRef]

Shah, K.; Al-Haidari, A.; Sun, J.; Kazi, ].U. T Cell Receptor (TCR) Signaling in Health and Disease. Signal Transduct. Target. Ther.
2021, 6, 412. [CrossRef] [PubMed]

Simons, K.H.; de Jong, A.; Jukema, ].W.; de Vries, M.R.; Arens, R.; Quax, PH.A. T Cell Co-Stimulation and Co-Inhibition in
Cardiovascular Disease: A Double-Edged Sword. Nat. Rev. Cardiol. 2019, 16, 325-343. [CrossRef]

Cappell, K.M.; Kochenderfer, ].N. A Comparison of Chimeric Antigen Receptors Containing CD28 versus 4-1BB Costimulatory
Domains. Nat. Rev. Clin. Oncol. 2021, 18, 715-727. [CrossRef] [PubMed]

Zhao, X.; Yang, ].; Zhang, X.; Lu, X.A.; Xiong, M.; Zhang, ].; Zhou, X.; Qi, E; He, T.; Ding, Y.; et al. Efficacy and Safety of CD28- or
4-1BB-Based CD19 CAR-T Cells in B Cell Acute Lymphoblastic Leukemia. Mol. Ther.—Oncolytics 2020, 18, 272-281. [CrossRef]
Eshhar, Z.; Waks, T.; Gross, G.; Schindler, D.G. Specific Activation and Targeting of Cytotoxic Lymphocytes through Chimeric
Single Chains Consisting of Antibody-Binding Domains and the y or  Subunits of the Inmunoglobulin and T-Cell Receptors.
Proc. Natl. Acad. Sci. USA 1993, 90, 720-724. [CrossRef]

Vairy, S.; Garcia, J.L.; Teira, P; Bittencourt, H. CTL019 (Tisagenlecleucel): CAR-T Therapy for Relapsed and Refractory B-Cell
Acute Lymphoblastic Leukemia. Drug Des. Dev. Ther. 2018, 12, 3885-3898. [CrossRef]

Weinkove, R.; George, P.; Dasyam, N.; McLellan, A.D. Selecting Costimulatory Domains for Chimeric Antigen Receptors:
Functional and Clinical Considerations. Clin. Transl. Immunol. 2019, 8, €1049. [CrossRef]

Casati, A.; Varghaei-Nahvi, A.; Feldman, S.A.; Assenmacher, M.; Rosenberg, S.A.; Dudley, M.E.; Scheffold, A. Clinical-Scale
Selection and Viral Transduction of Human Naive and Central Memory CD8+ T Cells for Adoptive Cell Therapy of Cancer
Patients. Cancer Immunol. Immunother. 2013, 62, 1563-1573. [CrossRef] [PubMed]

Watanabe, N.; Mo, F.; McKenna, M.K. Impact of Manufacturing Procedures on CAR T Cell Functionality. Front. Immunol. 2022, 13,
876339. [CrossRef]

Lukjanov, V.; Koutna, I.; Simara, P. CAR T-Cell Production Using Nonviral Approaches. J. Immunol. Res. 2021, 2021, 6644685.
[CrossRef]

Kochenderfer, ].N.; Somerville, RP.T.; Lu, T,; Shi, V.; Bot, A.; Rossi, J.; Xue, A.; Goff, S.L.; Yang, ].C.; Sherry, R.M.; et al. Lymphoma
Remissions Caused by Anti-CD19 Chimeric Antigen Receptor T Cells Are Associated with High Serum Interleukin-15 Levels. J.
Clin. Oncol. 2017, 35, 1803-1813. [CrossRef] [PubMed]

Amini, L.; Silbert, S.K.; Maude, S.L.; Nastoupil, L.J.; Ramos, C.A.; Brentjens, R.J.; Sauter, C.S.; Shah, N.N.; Abou-el-Enein, M.
Preparing for CAR T Cell Therapy: Patient Selection, Bridging Therapies and Lymphodepletion. Nat. Rev. Clin. Oncol. 2022, 19,
342-355. [CrossRef]


http://doi.org/10.1038/s41591-021-01326-5
http://www.ncbi.nlm.nih.gov/pubmed/33888899
http://doi.org/10.2217/fon-2017-0102
http://doi.org/10.1038/nrclinonc.2016.36
http://www.ncbi.nlm.nih.gov/pubmed/27000958
http://doi.org/10.1158/0008-5472.CAN-11-2778
http://doi.org/10.1200/JCO.2019.37.15_suppl.2535
http://doi.org/10.1089/hum.2017.021
http://doi.org/10.1158/1078-0432.CCR-13-0330
http://doi.org/10.1016/j.ebiom.2020.102931
http://doi.org/10.4049/jimmunol.180.7.4901
http://www.ncbi.nlm.nih.gov/pubmed/18354214
http://doi.org/10.1172/jci.insight.96976
http://doi.org/10.1016/S0092-8674(02)00799-7
http://www.ncbi.nlm.nih.gov/pubmed/12110186
http://doi.org/10.1016/j.immuni.2015.06.018
http://doi.org/10.1038/s41392-021-00823-w
http://www.ncbi.nlm.nih.gov/pubmed/34897277
http://doi.org/10.1038/s41569-019-0164-7
http://doi.org/10.1038/s41571-021-00530-z
http://www.ncbi.nlm.nih.gov/pubmed/34230645
http://doi.org/10.1016/j.omto.2020.06.016
http://doi.org/10.1073/pnas.90.2.720
http://doi.org/10.2147/DDDT.S138765
http://doi.org/10.1002/cti2.1049
http://doi.org/10.1007/s00262-013-1459-x
http://www.ncbi.nlm.nih.gov/pubmed/23903715
http://doi.org/10.3389/fimmu.2022.876339
http://doi.org/10.1155/2021/6644685
http://doi.org/10.1200/JCO.2016.71.3024
http://www.ncbi.nlm.nih.gov/pubmed/28291388
http://doi.org/10.1038/s41571-022-00607-3

Int. . Mol. Sci. 2023, 24, 6300 21 of 22

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Lin, H.; Cheng, J.; Mu, W.; Zhou, J.; Zhu, L. Advances in Universal CAR-T Cell Therapy. Front. Immunol. 2021, 12, 744823.
[CrossRef] [PubMed]

Susanibar-Adaniya, S.; Barta, S.K. 2021 Update on Diffuse Large B Cell Lymphoma: A Review of Current Data and Potential
Applications on Risk Stratification and Management. Am. J. Hematol. 2021, 96, 617-629. [CrossRef] [PubMed]

Sterner, R.C.; Sterner, RM. CAR-T Cell Therapy: Current Limitations and Potential Strategies. Blood Cancer J. 2021, 11, 69.
[CrossRef]

Newick, K.; O’Brien, S.; Moon, E.; Albelda, S.M. CAR T Cell Therapy for Solid Tumors. Annu. Rev. Med. 2017, 68, 139-152.
[CrossRef]

Hartmann, J.; Schiiller-Lenz, M.; Bondanza, A.; Buchholz, C.J. Clinical Development of CAR T Cells—Challenges and Opportuni-
ties in Translating Innovative Treatment Concepts. EMBO Mol. Med. 2017, 9, 1183-1197. [CrossRef]

Wang, L.C.S.; Lo, A.; Scholler, J.; Sun, J.; Majumdar, R.S.; Kapoor, V.; Antzis, M.; Cotner, C.E.; Johnson, L.A.; Durham, A.C; et al.
Targeting Fibroblast Activation Protein in Tumor Stroma with Chimeric Antigen Receptor T Cells Can Inhibit Tumor Growth and
Augment Host Inmunity without Severe Toxicity. Cancer Immunol. Res. 2014, 2, 154-166. [CrossRef]

Kankeu Fonkoua, L.A ; Sirpilla, O.; Sakemura, R.; Siegler, E.L.; Kenderian, S.5. CAR T Cell Therapy and the Tumor Microenviron-
ment: Current Challenges and Opportunities. Mol. Ther.—Oncolytics 2022, 25, 69-77. [CrossRef]

Law, AM.K,; Valdes-mora, F.; Gallego-ortega, D. Myeloid-Derived Suppressor Cells as a Therapeutic. Cells 2020, 27, 561.
[CrossRef] [PubMed]

Marofi, E; Motavalli, R.; Safonov, V.A.; Thangavelu, L.; Yumashev, A.V.; Alexander, M.; Shomali, N.; Chartrand, M.S.; Pathak, Y.;
Jarahian, M.; et al. CAR T Cells in Solid Tumors: Challenges and Opportunities. Stem Cell Res. Ther. 2021, 12, 81. [CrossRef]
Flugel, C.L.; Majzner, R.G.; Krenciute, G.; Dotti, G.; Riddell, S.R.; Wagner, D.L.; Abou-el-Enein, M. Overcoming On-Target,
off-Tumour Toxicity of CAR T Cell Therapy for Solid Tumours. Nat. Rev. Clin. Oncol. 2022, 20, 49-62. [CrossRef]

Si, S.; Teachey, D.T. Spotlight on Tocilizumab in the Treatment of Car-t-Cell-Induced Cytokine Release Syndrome: Clinical
Evidence to Date. Ther. Clin. Risk Manag. 2020, 16, 705-714. [PubMed]

Shimabukuro-Vornhagen, A.; Godel, P.; Subklewe, M.; Stemmler, H.J.; Schlofser, H.A.; Schlaak, M.; Kochanek, M.; Boll, B.; von
Bergwelt-Baildon, M.S. Cytokine Release Syndrome. J. Immunother. Cancer 2018, 6, 56. [CrossRef] [PubMed]

Brudno, J.N.; Kochenderfer, ].N. Toxicities of Chimeric Antigen Receptor T Cells: Recognition and Management. Blood 2016, 127,
3321-3330. [CrossRef] [PubMed]

Santomasso, B.D.; Park, ].H.; Salloum, D.; Riviere, I; Flynn, J.; Mead, E.; Halton, E.; Wang, X.; Senechal, B.; Purdon, T.; et al. Clinical
and Biological Correlates of Neurotoxicity Associated with Car T-Cell Therapy in Patients with B-Cell Acute Lymphoblastic
Leukemia. Cancer Discov. 2018, 8, 958-971. [CrossRef]

Siegler, E.L.; Kenderian, S.S. Neurotoxicity and Cytokine Release Syndrome After Chimeric Antigen Receptor T Cell Therapy:
Insights Into Mechanisms and Novel Therapies. Front. Immunol. 2020, 11, 1973. [CrossRef]

Sun, S.; Hao, H.; Yang, G.; Zhang, Y.; Fu, Y. Inmunotherapy with CAR-Modified T Cells: Toxicities and Overcoming Strategies. .
Immunol. Res. 2018, 2018, 2386187. [CrossRef]

Garcia-Guerrero, E.; Sierro-Martinez, B.; Pérez-Simén, J.A. Overcoming Chimeric Antigen Receptor (CAR) Modified T-Cell
Therapy Limitations in Multiple Myeloma. Front. Immunol. 2020, 11, 1128. [CrossRef]

Bonifant, C.L.; Jackson, H.J.; Brentjens, R.J.; Curran, K.J. Toxicity and Management in CAR T-Cell Therapy. Mol. Ther. Oncolytics
2016, 3, 16011. [CrossRef] [PubMed]

Blache, U.; Popp, G.; Diinkel, A.; Koehl, U.; Fricke, S. Potential Solutions for Manufacture of CAR T Cells in Cancer Inmunotherapy.
Nat. Commun. 2022, 13, 5225. [CrossRef]

Drent, E.; Themeli, M.; Poels, R.; de Jong-Korlaar, R.; Yuan, H.; de Bruijn, J.; Martens, A.C.M.; Zweegman, S.; van de Donk,
N.W.CJ.; Groen, RW.J,; et al. A Rational Strategy for Reducing On-Target Off-Tumor Effects of CD38-Chimeric Antigen Receptors
by Affinity Optimization. Mol. Ther. 2017, 25, 1946-1958. [CrossRef]

Rodriguez-Garcia, A.; Palazon, A.; Noguera-Ortega, E.; Powell, D.J.; Guedan, S. CAR-T Cells Hit the Tumor Microenvironment:
Strategies to Overcome Tumor Escape. Front. Immunol. 2020, 11, 1-17. [CrossRef] [PubMed]

van der Schans, ].].; van de Donk, N.W.C J.; Mutis, T. Dual Targeting to Overcome Current Challenges in Multiple Myeloma CAR
T-Cell Treatment. Front. Oncol. 2020, 10, 1-8. [CrossRef]

Choe, ].H.; Watchmaker, P.B.; Simic, M.S.; Gilbert, R.D.; Li, A.W.; Krasnow, N.A.; Downey, KM.; Yu, W.; Carrera, D.A ; Celli, A,;
et al. SynNotch-CAR T Cells Overcome Challenges of Specificity, Heterogeneity, and Persistence in Treating Glioblastoma. Sci.
Transl. Med. 2021, 13, eabe7378. [CrossRef] [PubMed]

Rodgers, D.T.; Mazagova, M.; Hampton, E.N.; Cao, Y.; Ramadoss, N.S.; Hardy, L.R.; Schulman, A.; Du, J.; Wang, E; Singer, O.;
et al. Switch-Mediated Activation and Retargeting of CAR-T Cells for B-Cell Malignancies. Proc. Natl. Acad. Sci. USA 2016, 113,
E459-E468. [CrossRef]

Sutherland, A.R.; Owens, M.N.; Geyer, C.R. Modular Chimeric Antigen Receptor Systems for Universal CAR T Cell Retargeting.
Int. ]. Mol. Sci. 2020, 21, 7222. [CrossRef] [PubMed]

Han, X.; Wang, Y.; Wei, J.; Han, W. Multi-Antigen-Targeted Chimeric Antigen Receptor T Cells for Cancer Therapy. J. Hematol.
Oncol. 2019, 12, 128. [CrossRef] [PubMed]


http://doi.org/10.3389/fimmu.2021.744823
http://www.ncbi.nlm.nih.gov/pubmed/34691052
http://doi.org/10.1002/ajh.26151
http://www.ncbi.nlm.nih.gov/pubmed/33661537
http://doi.org/10.1038/s41408-021-00459-7
http://doi.org/10.1146/annurev-med-062315-120245
http://doi.org/10.15252/emmm.201607485
http://doi.org/10.1158/2326-6066.CIR-13-0027
http://doi.org/10.1016/j.omto.2022.03.009
http://doi.org/10.3390/cells9030561
http://www.ncbi.nlm.nih.gov/pubmed/32121014
http://doi.org/10.1186/s13287-020-02128-1
http://doi.org/10.1038/s41571-022-00704-3
http://www.ncbi.nlm.nih.gov/pubmed/32801727
http://doi.org/10.1186/s40425-018-0343-9
http://www.ncbi.nlm.nih.gov/pubmed/29907163
http://doi.org/10.1182/blood-2016-04-703751
http://www.ncbi.nlm.nih.gov/pubmed/27207799
http://doi.org/10.1158/2159-8290.CD-17-1319
http://doi.org/10.3389/fimmu.2020.01973
http://doi.org/10.1155/2018/2386187
http://doi.org/10.3389/fimmu.2020.01128
http://doi.org/10.1038/mto.2016.11
http://www.ncbi.nlm.nih.gov/pubmed/27626062
http://doi.org/10.1038/s41467-022-32866-0
http://doi.org/10.1016/j.ymthe.2017.04.024
http://doi.org/10.3389/fimmu.2020.01109
http://www.ncbi.nlm.nih.gov/pubmed/32625204
http://doi.org/10.3389/fonc.2020.01362
http://doi.org/10.1126/scitranslmed.abe7378
http://www.ncbi.nlm.nih.gov/pubmed/33910979
http://doi.org/10.1073/pnas.1524155113
http://doi.org/10.3390/ijms21197222
http://www.ncbi.nlm.nih.gov/pubmed/33007850
http://doi.org/10.1186/s13045-019-0813-7
http://www.ncbi.nlm.nih.gov/pubmed/31783889

Int. . Mol. Sci. 2023, 24, 6300 22 of 22

98.

99.

100.

101.

102.
103.

Amatya, C.; Pegues, M.A.; Lam, N.; Vanasse, D.; Geldres, C.; Choi, S.; Hewitt, S.M.; Feldman, S.A.; Kochenderfer, ].N. Develop-
ment of CAR T Cells Expressing a Suicide Gene Plus a Chimeric Antigen Receptor Targeting Signaling Lymphocytic-Activation
Molecule F7. Mol. Ther. 2021, 29, 702-717. [CrossRef]

Caruana, I.; Savoldo, B.; Hoyos, V.; Weber, G.; Liu, H.; Kim, E.S,; Ittmann, M.M.; Marchetti, D.; Dotti, G. Heparanase Promotes
Tumor Infiltration and Antitumor Activity of CAR-Redirected T Lymphocytes. Nat. Med. 2015, 21, 524-529. [CrossRef] [PubMed]
Fiorenza, S.; Ritchie, D.S.; Ramsey, S.D.; Turtle, C.J.; Roth, J.A. Value and Affordability of CAR T-Cell Therapy in the United States.
Bone Marrow Transpl. 2020, 55, 1706-1715. [CrossRef]

Wagner, D.L.; Fritsche, E.; Pulsipher, M.A.; Ahmed, N.; Hamieh, M.; Hegde, M.; Ruella, M.; Savoldo, B.; Shah, N.N.; Turtle, C.J.;
et al. Inmunogenicity of CAR T Cells in Cancer Therapy. Nat. Rev. Clin. Oncol. 2021, 18, 379-393. [CrossRef]

Labanieh, L.; Majzner, R.G.; Mackall, C.L. Programming CAR-T Cells to Kill Cancer. Nat. Biomed. Eng. 2018, 2, 377-391. [CrossRef]
Mackensen, A.; Miiller, F.; Mougiakakos, D.; Boltz, S.; Wilhelm, A.; Aigner, M.; V6Ikl, S.; Simon, D.; Kleyer, A.; Munoz, L.; et al.
Anti-CD19 CAR T Cell Therapy for Refractory Systemic Lupus Erythematosus. Nat. Med. 2022, 28, 2124-2132. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.ymthe.2020.10.008
http://doi.org/10.1038/nm.3833
http://www.ncbi.nlm.nih.gov/pubmed/25849134
http://doi.org/10.1038/s41409-020-0956-8
http://doi.org/10.1038/s41571-021-00476-2
http://doi.org/10.1038/s41551-018-0235-9
http://doi.org/10.1038/s41591-022-02017-5

	Introduction 
	How Do CAR T Cells Kill? 
	Currently Available CAR T Cell Therapies 
	Structure of the CAR 
	Ligand-Binding Domain 
	scFv 
	Other LBDs 

	Spacer Domain 
	Transmembrane Domain 
	Endodomains 
	CD3 Signaling Domain 
	Costimulatory Domains 

	CAR T Generations According to Structure 

	CAR T Cell Processing 
	Manufacturing 
	Administration 

	Current Challenges 
	Efficacy and Persistence 
	Tumor-Antigen Escape 
	Solid Tumors 

	Safety 
	Cytokine-Release Syndrome 
	Neurotoxicity 
	On-Target Off-Tumor Toxicity 
	Other Safety Concerns 


	Innovative Research 
	Special CAR T Engineering 
	Logic-Gated Strategies 
	Controllable CAR T cells 
	ECM-Degrading CAR T Cells 

	CAR T Cell Therapy beyond Cancer 

	Conclusions 
	References

