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Abstract: CAR T cell therapy has revolutionized immunotherapy in the last decade with the success-
ful establishment of chimeric antigen receptor (CAR)-expressing cellular therapies as an alternative
treatment in relapsed and refractory CD19-positive leukemias and lymphomas. There are funda-
mental reasons why CAR T cell therapy has been approved by the Food and Drug administration
and the European Medicines Agency for pediatric and young adult patients first. Commonly, novel
therapies are developed for adult patients and then adapted for pediatric use, due to regulatory and
commercial reasons. Both strategic and biological factors have supported the success of CAR T cell
therapy in children. Since there is an urgent need for more potent and specific therapies in childhood
malignancies, efforts should also include the development of CAR therapeutics and expand applica-
bility by introducing new technologies. Basic aspects, the evolution and the drawbacks of childhood
CAR T cell therapy are discussed as along with the latest clinically relevant information.

Keywords: evolution of CAR T cells; FDA-approved CAR products; TcR versus CAR; limitations and
complications of CAR T cell therapy; future directions of CAR T cell therapy

1. Introduction

CAR T cell therapy has revolutionized immunotherapy in the last decade with the
successful establishment of chimeric antigen receptor (CAR)-expressing cellular therapies
as an alternative treatment in relapsed and refractory (r/r) homogeneously CD19-positive
leukemias and lymphomas [1–3]. There are fundamental reasons why CAR T cell ther-
apy has been approved by the Food and Drug administration (FDA) in the USA and the
European Medicines Agency (EMA) for pediatric and young adult patients, as well as
adult patients whose clinical data usually pave the way for translation of novel therapies
into the clinic for children. Commonly, novel therapies are developed for the larger adult
patient cohort, and then adapted for pediatric use, due to regulatory and commercial
reasons [4,5]. Both strategic and biological factors have supported the development of CAR
T cell therapy in children. The higher clinical relevance of CD19-positive malignancies
in children compared to adults is one of the pivotal factors. B-cell acute lymphoblastic
leukemia (B-ALL) is the most common pediatric malignancy, with a prevalence of up to
25% of cancers in all childhood cancers [6]. In contrast, the prevalence of all cancers in
adults is below 0.5%, and B-cell non-Hodgkin’s lymphoma (NHL) represents approximately
3.6% of adult cancers [7,8]. Despite the unprecedented success story of ALL treatment in
childhood, with 5 year overall survival rates exceeding 90% in contemporary treatment
optimization studies [9], prognosis for r/r patients and patients with high-risk predisposi-
tions is still dismal [10]. Therefore, there is an urgent need for improved and more specific
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therapies in r/r ALL to reduce the adverse event profile and prolong survival. Further-
more, the susceptibility of B-ALL to CAR T cell therapy is significantly higher [2] than that
of chronic lymphoblastic leukemia (CLL) [11] and a broad variety of B-lineage-derived
lymphomas [12].

In general, pediatric ALL is an unmatched success story in cancer treatment, with high
overall survival (OS) rates throughout the Western world, drastically increasing from no
chance of survival in the 1950s, ~10% OS in the 1960s, ~40% OS in the 1970s, ~65% in the
1980s, to survival rates above 90% today [9]. The main reason for the excellent survival
rates is the sophisticated chemotherapy protocols that have been initiated and optimized
over the last seven decades [13]. Moreover, major advances have been achieved with
the development and improvement of allogeneic hematopoietic stem cell transplantation
(allo-HSCT) [14] and immunotherapy with the bispecific T cell engager therapy (BiTE)
blinatumomab (CD3XCD19) [15,16], which is currently trialed in patients with precursor
B-ALL as an alternative to conventional intensive and toxic chemotherapies, and in patients
who are at high risk of relapse post chemotherapy in the clinical trial AIEOP-BFM ALL
2017 (NCT03643276).

CD19-CAR T cell therapy has been a medical breakthrough in the treatment of pediatric
ALL, demonstrated by its outstanding clinical success, which exceeds previous therapies
including allo-HSCT and blinatumomab treatment in r/r patients considered to be incurable
with a shortened life expectancy [2,17]. CD19-targeted CAR-expressing T cells (CD19-CAR-
T) were able to cure pediatric patients with a single-agent infusion trialed as the last resort
after blinatumomab therapy [2]. Subsequent exploration of CD19-CAR-T cell treatment
also demonstrated success in r/r ALL patients post allo-HSCT after infusion of true-
allogeneic CD19-CAR T cells (donor-derived) [18] and pseudo-allogeneic (posttransplant
recipient-derived) CD19-CAR T cells [19]. In the landmark clinical trials NCT01626495 and
NCT01029366, autologous CD19-CAR-T treatment resulted in a high response rate (90%
complete remission induction) and a 50% long-term event-free survival, despite recruitment
of a limited number (N = 25) of patients [2]. These unprecedented clinical data in CAR T
cell trials have led to the FDA approval of the first CD19-CAR-T cell therapy in children
and young adults with B-ALL in 2017.

To date, the clinical development of CAR T cell therapy has only been successful (be-
yond case reports) in B-lineage-derived acute and chronic hematologic malignancies [2,3,20].
The overwhelming and convincing clinical benefits over other existing treatments in r/r
B-lineage malignancies have led to FDA and/or EMA approvals of more CD19-, as well as
BCMA-targeted CAR therapeutics (Table 1). To date, r/r B-ALL [21], r/r diffuse large B-cell
lymphoma (DLBCL) [22,23], r/r follicular lymphoma (FL) [22,23], mantle cell lymphoma
(MCL) [24] and r/r multiple myeloma (MM) [25] can be treated successfully with the
FDA-approved CAR products. Amongst the four approved CD19-CAR-T cell products,
data to support the choice of the optimal therapy for different B-lineage-derived cancers
are lacking, and further evaluation in clinical trials will be required to identify a treatment
algorithm that enables timely and optimal use of these CAR T cell treatments [26]. The
clinical success of CD19-CAR-T cell therapy has led to great expectations of translating
CAR T cell strategies beyond B-lineage malignancies.

The future directions of CAR T cell therapy are to develop advanced CAR technologies
to overcome the current limitations in CAR-mediated immunotherapy, which are toxicities
and limited or lack of efficacy. Toxicities that arise from CAR T cell therapy include acute
life-threatening complications, such as cytokine release syndrome (CRS) [27,28], immune
effector cell-associated neurotoxicity syndrome (ICANS) [28] and mid-term and long-term
side effects caused by profound B-cell aplasia that requires human IgG substitution to
prevent severe infectious complications [29].

The long-term efficacy of CAR T cell therapy may be improved by addressing treat-
ment failure due to antigen escape in pediatric patients. Relapses in approximately 25% of
patients can be accounted for by antigen loss or downregulation, lineage switch or primary
target antigen heterogeneity [30], lack of persistence and fitness of cells and resistance



J. Clin. Med. 2022, 11, 2158 3 of 43

to CAR T cell therapy due to immunosuppressive factors such as immune checkpoint
inhibition (PD-1), poor trafficking and tumor infiltration [31]. Chen et al. were able to
identify gene signatures of TCF7 and IFN response genes in CD19-CAR-T cell products
for pediatric patients to predict CAR T cell persistence, which is associated with long-term
survival. Constant IFN signaling negatively impacts on CAR T cell performance. Thus,
elucidating the underlying molecular determinants of clinical CAR T cell function may
facilitate improving the clinical efficacy of CAR T cell therapy by adapting CAR T cell man-
ufacturing to induce a favorable gene expression profile or by introducing novel genetic
modifications [32]. Moreover, T cell exhaustion and senescence impact on the performance
of T cells and CAR T cells. T cell senescence and restoration of T cell function are determi-
nants of longevity and anticancer function but seem to be more evident in elderly patients
than in children [33]. In solid cancers, immunosuppressive ligands and soluble factors, low
oxygen and glucose levels in the tumor microenvironment (TME) have been identified to
be the most important factors that limit the anticancer activity of CAR T therapeutics [34].

This review will provide insights into the molecular architecture and function of
CAR T cells and touch on new advanced CAR technologies, as well as elucidating the
importance of target antigens, the historic development of CAR technology and T cell
receptor immunology. Further, the FDA/EMA-approved products will be reviewed to
introduce the state-of-the-art CAR T cell therapy in children hitherto, covering major
complications, relapse patterns and challenges of current CAR T cell concepts.

Table 1. FDA-approved CAR T cell products.

Name Target Antigen Brand FDA Approval Indications

Tisagenlecleucel CD19 Kymriah August 2017
May 2018

r/r B-cell precursor ALL,
r/r large B-cell lymphoma

Axicabtagene ciloleucel CD19 Yescarta October 2017
March 2021

r/r large B-cell lymphoma
r/r follicular lymphoma

Brexucabtagene
autoleucel CD19 Tecartus July 2020

October 2021
r/r MCL (July 2020)

r/r B-cell precursor ALL (Oct 2021)

Lisocabtagene
maraleucel CD19 Breyanzi February

2021 r/r large B-cell lymphoma

Idecabtagene vicleucel BCMA Abecma March 2021 r/r MM

Ciltacabtagene
autoleucel BCMA Carvykti February 2022 r/r MM

2. Methods

We used open-source medical and clinical trial databases including PubMed and
Clinicaltrials.gov (accessed on 25 March 2022) to extract the information presented and
discussed in this review article.

3. Molecular Architecture of CAR Receptors

CAR T cells are artificially generated transgenic cells that express a hybrid in silico
designed de novo dimeric immune receptor. The basic architecture of CAR receptors is an
extracellular antigen recognition domain, a spacer domain, a transmembrane domain, and
an intracellular signaling domain [35]. Each domain of a CAR receptor has been intensively
studied and variations have been designed and established successfully. It is noteworthy
that critical steps in the development of CAR receptors were necessary to make CAR T cells
potent therapeutics being capable of curing patients [36,37].

The main function and idea of CAR receptors are obviously to enable immune effector
cells such as T cells and NK cells to be specifically redirected to cancer cells overexpress-
ing the target antigen in a major histocompatibility complex (MHC)-independent man-
ner [38,39]. scFv-based CAR receptors may also be constructed to target peptides presented
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by the MHC, for instance HLA-A2/NY-ESO-1 [40]. In Figure 1, the CAR architecture is
illustrated and indicates established domain-variations.
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Figure 1. Functional modules of CAR receptors.

A schematic illustration of a second-generation CAR receptor. CAR receptors are
comprised of several modules indicated in different colors—the antigen recognition domain,
which usually consists of an antibody-derived scFv or VHH, the spacer domain of variable
length, configuration, and flexibility, connecting the antigen recognition domain to the
transmembrane domain. The transmembrane domain robustly anchors the CAR in the
phospholipid bilayer cell membrane and is linked to the intracellular parts of the artificial
immune receptor. Thus, another important role of the transmembrane domain is to facilitate
the mechanic signal transduction into the cell. The intracellular costimulatory domains and
signaling domain transform the activation signal via a signaling cascade into the cell to
activate downstream signaling that results in various effector functions such as cytolysis,
cytokine secretion and proliferation. scFv: single-chain variable fragment; VHH: heavy
chain variable fragment of a single-domain antibody; VL: variable fragment of the light
chain; VH: variable fragment of the heavy chain.

A CAR is a modular structure typically consisting of an extracellular antigen-binding
domain linked by a spacer region to a transmembrane domain, attached to one or more
intracellular activation domains. In general, every subunit of a CAR can significantly
change the properties and function of the CAR receptor. CAR design has evolved over the
last three decades, with the goal to improve CAR T cell efficacy, persistence, and safety.

The extracellular recognition domain in most CAR receptors is derived from the vari-
able segments of the antibody light and heavy chains. They are constructed in line with
peptide linkers [35,38] to assemble in a single-chain variable fragment (scFv) format. In
general, scFvs are less stable in their configuration compared to the Fab region of antibod-
ies [41]. Most antibodies in the past were generated by immunization of mice [42]. Today,
fully human antibodies can be generated [43]. Single-domain VH binders (sdFv) based on
human libraries or camelid binders or alternative formats can also be used as recognition
domains [44]. The advantage of camelid sdFv is the reduced genetic load (half the size),
reduced immunogenicity and the reduced tendency for aggregation while retaining the
same specificity and affinity [45]. For hidden epitopes, the sdFv may be advantageous
for the initial interaction of the targeted epitope compared to scFv based targeting due
to less steric hinderance, higher solubility and the stability. Further, ligand-based CAR
recognition domains have been introduced to target BCMA via trimeric APRIL [46], and
the small chlorotoxin, a naturally derived 36-amino-acid-long peptide found in the venom
of the death stalker scorpion leiurus quinquestriatus, which selectively binds to primary
brain cancers is used for the treatment of glioblastoma (GBM) [47]. The basic requirement
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of recognition domains is the specific and rapid binding to the targeted antigen with the
recognition domain to facilitate the CAR engagement.

The structural domains including the spacer (also called hinge) and transmembrane
domains stabilize the receptor and allow the functional presentation of the recognition
domain. They shape the extracellular configuration of the receptor and connect the ex-
tracellular domains to the intracellular modules of the receptor to facilitate an efficient
mechanistic signal transduction to the intracellular signaling domains. Various protein
subunits derived from CD8a, CD28, and IgG hinge regions also in combination with IgG
CH2 and CH3 domains and others have been utilized as spacer domains, which have
shown distinct properties. The most frequently used transmembrane domains are derived
from the CD8a and CD28 [48].

The intracellular signaling domains usually contain one or more costimulatory do-
mains and a signaling domain. Costimulatory domains are mainly derived from two
families, namely the immunoglobulin superfamily, which is represented by CD28 and
ICOS, and the tumor necrosis factor receptor superfamily (TNFR) represented by 4-1BB,
OX40 and CD27. Signaling domains are mainly derived from the CD3ζ chain, while
alternative signaling domains such as DAP12 have been used [49–51].

4. Exponential Evolution in CAR T Cell Development

The early development of CAR receptors was hampered by the limited speed in molec-
ular and synthetic biology in the late 1980s to perform high-throughput screenings [35].
The basic technologies required for CAR generation have evolved rapidly and made CAR
manufacturing a standard GMP procedure [52] that can be partially automated today [53].
In the past decade, CAR patenting activity has exponentially increased by 100-fold from
academic institutions and pharmaceutical companies [54], demonstrating the clinical and
commercial impact of CAR T cell therapy today. Advancements in synthetic biology and
gene synthesis technology has come to speed and allows screening of large gene libraries
with thousands of different CAR constructs in a very short time nowadays, making the
work much more time-efficient and studying detailed variations of CAR receptors pos-
sible. For instance, CAR receptor signaling can be systematically evaluated in response
to combinations and mutations in costimulatory domains, transcriptional regulation en-
hancement and perturbation, gene knockdowns, knockouts, and knockins, which could
not be addressed in the past in a timely manner [55,56]. Moreover, the refinement of phage
display [57] and deimmunization strategies [58,59] have dawned a new era of generat-
ing binding sequences such as scFvs according to biological requirements at a high pace,
compared to conventional laborious methods including mouse immunization followed
by hybridoma screening, single-B-cell screening, and the use of transgenic mice with fully
human variable regions to discover fully human mAbs through mouse immunization and
screening [42,60].

5. The Evolution of CAR Receptors

The evolution of CAR T cells is illustrated in Figure 2. The original concept of a T
body, considered as the prototype of a CAR, was invented by Eshhar et al. in the 1980s [35];
following that, the first scFv-based CARs, which were also created by Eshhar et al. in the
early 1990s [38]. The critical step in the evolution of CAR T cells was the introduction of a
costimulatory domain in the late 1990s by various CAR labs all around the world to mature
from a first- to second-generation CAR [37]. From today’s perspective, first-generation
CARs remain historic anecdotes.
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In the evolution of CAR design, the number of intracellular signaling domains were in-
creased in later generations to enhance the potency and persistence of the CAR T cells. The
extracellular domain is comprised of an antigen recognition domain, followed by the spacer,
the transmembrane domain and the intracellular signaling domains. First-generation CAR
T cells relied on the signaling of the CD3ζ chain only, whereas second-generation CARs in-
corporate two signaling domains, and third-generation CARs three signaling domains. The
nomenclature of higher CAR T cell generations or next-generation CAR T cell technologies
is not clearly defined. Fourth-generation CAR constructs may incorporate four signaling
domains, may incorporate an inducible suicide switch (iCasp9) [61] or may conditionally
secrete cytokines such as IL-12 in a CAR activation-dependent manner under an inducible
promotor containing NFAT, NFKB or AP-1 responsive elements [62]. Site-specific CAR
transgene integration at the TRAC locus leads to a functional collapse of the CD3 complex
(TcR knockout, abrogation of GvHD) and may facilitate a more physiological CAR expres-
sion [63] and can be considered a fifth-generation CAR T technology. Additionally, the
integration of IL-2Rß signaling that allows JAK/STAT pathway activation has been used
under the term fifth-generation CAR technology [64]. Most used and validated costimu-
latory signaling domains include CD28, 4-1BB, OX40 and CD27 or a combination thereof.
CD3ζ chain signaling is the most common signaling component of CAR receptors to date.
CAR: chimeric antigen receptor. VH/VL: variable heavy chain and variable light chain of a
single-chain variable fragment (scFv).

Although CAR technology has gone through a fast human-made scientific evolution,
awareness of the rather slow progress in CAR technology shall change our language around
CAR T cells being a novel kind of treatment. In recent years, high-throughput synthetic
biology has come to speed and has led to a significant acceleration in the development of
applied molecular genetics [55,56].

The early first-generation CARs demonstrated limited activity due to various factors,
largely attributable to failure in generating high-quality CAR products and the design of
the molecular structure of CARs [38]. First-generation CARs comprised only a CD3ζ chain
signaling domain, which lead to poor signal transduction, resulting in antigen-specific
in vitro activation of CAR T cells that have cancer cell killing activity, but lack the ability for
sufficient proliferation and engraftment in vivo [65]. Costimulatory domains derived from
activating immune co-receptors such as the CD28 family and the TNF-receptor family are
introduced in second-generation CARs [36,37], resulting in a sufficient signal transduction
that leads to a stronger activation, cytokine production, proliferation, persistence and
increased fitness of CAR-expressing effector T cells [36,37,65,66]. All currently FDA/EMA-
approved CAR products are second-generation CAR-T cell products. They are illustrated in
Figure 3 and will be discussed in a later section. Additional attempts to improve the potency
of CAR constructs are illustrated in Figure 2. Yet, there are numerous other technologies
that are not included in this review.
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6. Link of CAR Architecture and Function

The CAR architecture and its modules define the function of CAR receptors. The
overall performance of CAR-expressing cells is defined by the cell type and cell origin
(NK cells [67] versus T cells [68]), and the immunophenotype representing the multiplicity
of interacting immune receptors [69]. The subunits of a CAR are clearly correlated with
their primary as well as secondary functions. Shaping CAR function is possible; however,
complete control of CAR function by architecture design is impossible because artificial
proteins have their own properties and always lack evolutionary-based optimization.

The primary function and performance of a CAR are antigen recognition and engage-
ment of the CAR-expressing cell with the target cell, the activation of the effector cell,
polarization, formation of the cytolytic synapse, the initiation of cytotoxic action and induc-
tion of apoptosis in the target cell-mediated by the CAR, as well as the alteration of the gene
expression and the persistent genetic imprint. The secondary function of CAR-expressing
cells is more complex and more difficult to assess, simply for the factor of time. Long-term
persistence, cellular metabolism, and its impact on cell fate are defined by non-immediate
interactions and mechanisms. Most of the clinically relevant knowledge that we acquired
about CAR-expressing cells is from applications in humans [70]. The translation from mice
to human is the most challenging step. Curing mice is “easy” compared to curing humans.
Mice are fantastic models to understand the biology of CARs, but real understanding
is gained through human applications. As a result, despite accelerated development in
preclinical sciences including gene synthesis, large high-throughput data acquisition and
analysis technologies supported by artificial intelligence, only time-consuming clinical
trials that take years to complete will reveal the truth of CARs in the context of human
patients. Hence, clinical trials present the bottleneck in CAR development, especially in
rare cancers with low patient numbers such as in pediatrics [70,71]. Nonetheless, all the
excellent preclinical work provide the objectives and the rationale to run the most promis-
ing clinical trials and consequently save time in the development of next-generation CAR
therapeutics.

The basic and simplified principle of a CAR receptor is to make an effector cell, e.g., a
T cell, specifically engage with a target cell that expresses the targeted antigen, for instance
CD19. By recognizing and binding to the target antigen, the CAR-expressing cell is strongly



J. Clin. Med. 2022, 11, 2158 8 of 43

attached in close proximity at approximately 10–40 nm distance to the target cell, a distance
comparable to TcR–pMHC interactions [72,73]. The CAR receptor is constructed in a way
that it transduces an activation signal into the CAR T cells, which in most cases mimics
the response of a T cell receptor (TcR) via CD3ζ chain signaling. Basically, the mechanic
lever of the CAR receptor leads to a signal transduction into the T cell, mimicking TcR
signaling, which triggers a complex downstream signaling machinery with a multitude of
effector functions within minutes [74]. Thus, a CAR is hijacking the function of the TcR to
efficiently target surface expressed antigens in a MHC-independent non-restricted manner.
However, CARs are not as good as canonical TcRs. Given the fact that TcRs are perfected
by evolution over several hundred millions of years [75] and CAR technology has only a
short history of development of 30 years [35,38], the results we have achieved using CARs
are quite remarkable. On the other hand, failures in CAR development have taught us to
appreciate the importance of the biology of effector cells, especially of T cells, and cancer
biology in order to advance CAR therapeutics to the next level. This topic is discussed
further in the review article by Waldman et al. “A guide to cancer immunotherapy: from T
cell basic science to clinical practice” [76].

7. CD19—A Curse and Blessing

CAR T cell functions have been widely studied in CD19-CARs. So, why is that the
case? The answer is shockingly simple—because CD19-CAR-Tcells work remarkably well.
Several factors have facilitated successful treatment with CD19-CAR-T cells.

7.1. CD19 Antigen

One crucial factor is the suitability of CD19 to serve as a CAR-targeted antigen [2,3].
The optimal cancer antigen is differentially overexpressed in cancer tissues and is not
co-expressed on vitally essential tissues, and it is homogeneously expressed at high levels
in all cancer cells [77]. Furthermore, it shows stable antigen expression irrespective of the
cell cycle or treatment with no escape mechanism such as downregulation or loss of the
antigen, and the antigen must be accessible for a CAR expressed by an effector cell [78,79]
and not only by a soluble protein such as an antibody. On these premises, CD19 is not the
perfect CAR antigen as patients treated with CD19-CAR-T cells develop immune escape
variants. Nonetheless, CD19 is the best CAR target antigen available to date in terms of
clinical efficacy [80].

CD19 is almost a perfect antigen with high expression levels in a large fraction of acute
and chronic B-lineage-derived malignancies [81] with high and stable expression from early
progenitor cells to late maturated B cells [77]. Besides, the generally high antigen density
of CD19 in the range of several thousand molecules per cell (4000–25,000/cell) in BCP-
ALL [82]. CD19 is a high-quality antigen because of the small size of its extracellular domain
(271 amino acids), the configuration of the extracellular domain and the easy accessibility of
its targeted epitope [83,84]. In multiply relapsed disease, patients may experience CD19low
(several hundred molecules per cell) or negative leukemia, yet the expression level in most
cases still exceeds the expression of CD22, an alternative CAR-targeted antigen [83,84].
To recruit CAR-T cells to lyse target cells under optimized in vitro conditions, as low
as 200 molecules per cell can be sufficient. However, to induce cytokine secretion, 10×
more molecules are required [85] and the activation threshold clearly depends on the
CAR architecture, especially the costimulatory domain and of course also on the targeted
antigen [86].

High-affinity anti-CD19 antibodies have been generated by immunization of mice.
CD19 carries several immunogenic epitopes, with one prominent epitope (around
loop [87–95]), against which numerous high-affinity antibody clones (FMC63, AB1, B4,
4G7, HD37, BU12, F974A2, and SJ25) have been generated [96]. The most commonly
used scFv in CD19-CAR-T cells is based on the murine FMC63 clone [26] which binds
CD19 at a picomolar affinity (0.32 nM) [97]. Fortunately, the FMC63-based scFvs do not
show any tendency for tonic signaling in the context of CAR-expressing cells [98]. All
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FDA/EMA-approved CD19-CAR-T products are based on the murine FMC63 recognition
domain (scFv) [26].

7.2. CD19 in Comparison to Other Leukemia-Associated Antigens

The distance of the T cell to the target cell is critical for optimal effector function. In na-
tive T cells, the TcR–pMHC interaction occurs at a distance of approximately 15 nm [99,100].
For optimal CAR T cell engagement, the distance between the CAR T cell and the target
cell is also a determining factor of CAR function [101]. CD19 appears to be an optimal CAR
target antigen compared to other interesting alternatives such as CD22 [102].

The spatial distance of T cells engaging with virus-infected or cancerous cells via T
cell receptor (TcR) engagement is approximately 15 nm. Most CAR receptors mimic the
function of the TcR via CD3ζ chain signaling. FDA/EMA-approved CAR products are
optimized to operate at the distance of TcR–MHC synapses. If the distance between the
effector cell and the target cell is too long, the formation of the cytolytic synapse is impaired
and CAR targeting is non-efficient which results in poor CAR function. Thus, choosing
the best suitable targeted epitope is critical for the function of CAR T cells targeted to
proteins with a large extracellular domain. However, target antigens cannot be modified
and therefore the CAR receptor must be adapted perfectly to engage with the target
antigen and initiate the formation of the cytolytic synapse. CAR function in CD19 and
BCMA-targeting CARs is supported by the small extracellular domain. CD22 CARs require
targeting of a proximal epitope, since targeting a distal epitope of the large extracellular
domain hinders the formation of a cytolytic synapse [103,104]. The proximal epitope is
recognized by the mouse antibody clone m971. More distal epitopes are targeted by the
mouse antibody clones HA22 and BL2 which do not translate in any relevant effector
function used in CAR-expressing cells [104]. In the FDA/EMA-approved CAR-T cell
products, the recognition domain for CD19-CAR-T cells is based on a scFv, derived from
the mouse anti-CD19 antibody clone FMC63 [21], and in idecabtagene vicleucel Abecma®,
the only BCMA-CAR-T cell product on the market to date, was constructed from the mouse
anti-BCMA antibody clone C11D5.3.

Alternative target antigens in the treatment of BCP-ALL are CD20, CD22, CD38 and
CD79B. The expression level varies significantly between CD10+ and CD10− BCP ALL,
with unfavorable prognosis of CD10− leukemia [105]. CD38 is homogenously expressed
across BCP-ALL, whereas CD22 has a higher expression in CD10+ BCP-ALL, and CD20 is
expressed only in CD10+ in 42% of patients [106].

In patients who experienced CD19-negative relapse after CD19-CAR-T cell treatment,
CD22-targeted CAR T cells are able to induce complete remissions [107]. However, the
expression of CD22 in general is lower than CD19 and leukemia-free survival is significantly
lower than in CD19-CAR-T cell therapy [104]. Due to the high risk of relapse post CD22-
CAR-T cell therapy, subsequent allogeneic stem cell transplantation in molecular remission
is highly recommended as patients are unlikely to survive without consolidation therapy
by allo-HSCT [84]. Relapsed patients showed a significantly reduced CD22 expression at
diagnosis compared to the pre-treatment condition, which is indicative of the selective
evolutionary pressure. Thus, combinatorial CD19-CD22 bivalent CAR T cells may reduce
the risk for leukemia recurrence and are studied in clinical trials in children and adults [80].
In preclinical models, trispecific CD19-CD20-CD22 CAR T cells can control heterogenous
cancers [108,109]; however, antigen loss remains the major cause of CAR T cell resistance
also in dual-targeted CAR therapies [80]. Strategies to specifically increase the target
antigen expression by co-administration of medications, such as Bryostatin1 to increase
CD22 levels, can improve CAR T cell performance, but curing patients will depend on
a robust target antigen expression [110]. In preclinical models, CD20 [111], CD22 [84],
CD38 [112] and CD79B [87] CAR T cells have been proven efficacious and are used in
clinical trials to treat B-lineage malignancies. CD38 CAR T cells can also be used for the
treatment of T ALL and AML [113], but they are associated with a broader spectrum of
toxicities in the lymphoid and myeloid compartment and leads to fratricide of early T cell
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progenitor cells [112]. In Figure 4, the structural properties of the CAR target antigens
CD19, BCMA and CD22 are illustrated.
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The use of CAR T cells for the treatment of acute myeloid leukemia (AML) is chal-
lenging due to dramatic on-target off-tumor toxicities. The most effective AML-associated
CAR-targeted antigens such as CD33 and CD123 are co-expressed in hematopoietic progen-
itor cells [114]. Strong activity of CD33- [115] or CD123-CAR-T cells can lead to profound
depletion of the myeloid compartment [116,117] that is acceptable only for a limited time
frame within the range of several weeks because lethal infectious complications including
systemic and invasive bacterial and fungal infections result from mid-term agranulocytosis,
which is a major cause for transplant-related mortality in allogeneic stem cell transplan-
tation with delayed myeloid immune reconstitution [118]. Many cancer-associated over-
expressed antigens cannot be targeted continuously on a tissue-depletion level, because
lethal inflammatory complications can lead to organ failure. Thus, transient targeting may
provide a solution for targeting non-exclusive overexpressed antigens as CAR targets.

8. A Paradigm without a Shift—Affinity and CAR Performance

In the context of CAR-mediated cancer targeting, predominantly the affinity of the
recognition domain, but also the signaling as well as the structural domains determine the
CAR activation threshold to the corresponding target antigen density, which allows the CAR
to successfully recognize and engage with low antigen-expressing cancer cells [86,119,120].
As immune escape mediated by downregulation or any functional antigen loss is the major
cause of relapse in CD19-CAR-T cell-treated patients, it appears favorable for CD19-CAR-T
cells to also engage with CD19low-expressing cancer cells [2,78,121] at the price of on-target
off-tumor toxicity on healthy cells, e.g., neurons with low CD19 expression. High-affinity
CD19-CAR-T cells (FMC63, KD 0.32 nM) may have a lower risk of antigen escape variants
as a result of reduced CD19 antigen expression required to be recognized and eliminated
by high-affinity CD19-CAR-T cells, compared to moderately reduced-affinity CD19-CAR-T
cells (CAT19) [2,97]. Conversely, the severe neurotoxicity (ICANS) can be ameliorated
by using reduced-affinity CD19-CAR-T cells (CAT19, KD 14 nM), which may however
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not engage with CD19low-expressing cancer cells on the other end. Despite that CAT19
CD19-CAR-T cells have been reported to show a greater tendency for rapid expansion
and persistence compared to high-affinity CD19-CAR-T cells based on (FMC63), the com-
monly observed life-threatening toxicities CRS and ICANS occurred significantly less [97].
However, comparing the outcome of high-affinity versus reduced-affinity CD19-CAR-T
cell-treated patients, event-free survival revealed substantial differences. Under the current
circumstances with limited clinical data available, the most relevant and alarming discrimi-
nator of high- versus reduced-affinity CD19-CAR-T cell-treated patients seems to be the
significantly increased risk of CD19-negative and CD19low relapse in the reduced-affinity
CAT19 CD19-CAR-T-treated cohort (35%, 5/14 pts) [97] compared to 10–20% in high-
affinity FMC63-based CD19-CAR-T-treated patients [2]. With regard to mediating tumor
lysis via secondary mechanisms, cytokine secretion plays an important role to facilitate
the elimination of antigenlow and antigen-negative tumor cell populations [122], and thus
activation thresholds based on the variables antigen density, scFv affinity and signaling
also determine the performance of CAR T cells in antigen-negative cancer cells [30,86].

8.1. Comparison of the T Cell Receptor and a Chimeric Antigen Receptor

The recognition domain is one of the subunits responsible for determining the antigen-
density activation threshold in CAR-expressing immune cells [101]. The signaling domains
also have an impact on the antigen-density threshold [86]. As discussed above, in compar-
ison to TcRs, the activation threshold of CAR receptors is at least a 100-fold higher [123].
This means 100-fold more antigens on the cell surface are necessary to engage a CAR T
cell compared to native unmodified T cells via TcR engagement [124]. Even though TcRs
have an affinity in the micromolar range (1 to 50 uM), the signaling, especially the ZAP70
recruitment of the CD3ζ chain, is much more efficient in native TcRs compared to artificial
CAR receptors [125]. In general, TcR-mediated and CAR-mediated targeting involve two
separate mechanisms with the same goal to eliminate aberrant cells. While TcRs are highly
specific to changes in the genome, e.g., mutations or foreign non-human proteins, CARs
recognize cancer-associated antigens. The level of aberrant peptides presented by MHC
(pMHC) in cancer is very low [126], inconsistent and heterogenous compared to pMHC in
virus-infected cells [127]. In virus-infected cells, the interaction of TcR and MHC is more
potent and still the total number of available pMHC complexes often is lower than the
minimum target antigen expression required for substantial CAR engagement [84,86,127].
These comparisons are important and drives major implications on how to reconstruct
new artificial receptors with higher sensitivity [123,128]. Despite TcRs having the superior
capability for lower target antigen density, CAR-expressing cells are extraordinary in their
performance, as CAR receptors facilitate antigen-specific immune responses in a novel
mode of action that native T cells with their TcRs cannot achieve. CAR signaling must
be adapted to the expressed antigen density in wise consideration of the targeted antigen
to balance efficacy and toxicity [129,130]. Therefore, the super high sensitivity of TcR-
mediated targeting for the target antigen CD19 would potentially lead to self-destruction
of vitally essential tissues including CD19+ cells in the CNS. High-sensitivity CAR designs
may also drive exhaustion due to the abundance and consecutive overactivation during
the targeting process [129]. T cells, unlike CAR-T cells, are designed to detect and function
on a low or very low-antigen pMHC frequency level [123]. In general, depending on the
targeted antigen, CAR function requires adaptation to the expression level of the targeted
antigen. As there are no exclusive surface expressed cancer antigens (MHC independent),
the sensitivity of the CAR has to be fine-tuned and adapted to react robustly with cancer
cells and shall not engage with healthy tissue at best, if the target antigen is co-expressed
on vitally essential tissues [97,119]. In some respects, the almost exclusive target antigens
CD19, CD20 and CD22 for B-lineage-derived cells are exceptions, as the B-lineage compart-
ment can be regarded as non-vitally essential tissue [131]. CAR receptors by nature cover
a different range of target antigen density than TcRs and to date the activation threshold
has not been successfully tuned to the same sensitivity level as TcRs [123]. The clou of
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CAR-mediated targeting is not to find a way to make a CAR another variant of a TcR,
which it is not, but rather to appreciate the limitations of CAR targeting and identify smart
combinations of CAR targeting to increase the potency of CAR technologies [80,132].

8.2. Requirement for CAR Optimization per Antigen

For every target antigen, the challenge is to identify the best CAR architecture with an
optimized sensitivity for that particular target antigen to balance anticancer activity and
on-target off-tumor toxicity in order to prevent fatal complications [130]. The threshold is
thought to be above the low threshold target antigen density of CD19 [129]. To date, no
CAR T has been identified to target at a lower antigen threshold density (molecules per cell
surface) than CD19-CARs and most likely the target antigen threshold for most antigens
will be in the range of several 1000 molecules per cell and above [30,84,86]. Understanding
the complexity of CAR targeting requires rethinking and thinking beyond CD19. Even
though CD20, CD22 and BCMA are almost exclusive B-lineage-derived antigens, the
targeting is less potent and reveal the molecular challenge in CAR T cell therapy, which
are the identification and fine-tuning of the most efficient CAR T cells in an approach
tailored to the target antigen expression. It is noteworthy that high-affinity CARs compared
to low-affinity CARs show an improved recognition capability of low-expressed target
antigens. On the other hand, they are more likely to exhaust, and long-term persistence
may be impaired. Further, CRS and ICANS are more common in high-affinity CD19-CAR-
Tcells [97]. As a result, patients who receive low-affinity CD19-CAR-T cell treatment appear
to be at a higher risk to experience CD19low and CD19-negative leukemia recurrence which
is less common in high-affinity CD19-CAR-T cell therapy [2,97].

Generally speaking, the sweet spot of CAR targeting is reached at the point where
cancer is specifically targeted, while the CARs are not overactivated, lose their fitness
through exhaustion and lack persistence. There is a need to achieve a target antigen-
specific balance to facilitate robust anticancer immunity with acceptable on-target off-tumor
toxicity [119]. Current CAR concepts are limited in their ability to meet these complex
and dynamic criteria, but next-generation CAR designs with the ability of combinatorial
targeting may solve some of these problems [132].

9. Immunogenicity of CAR Products

Originally, CAR receptors used to be artificial immune receptors composed of murine
and human protein sequences making them a chimeric receptor. Today, fully human CAR
receptors can be generated [133], which should be appreciated in the nomenclature of
artificial immune receptors. This may seem to be a minor difference in the molecular
anatomy and evolution of CAR receptors, considering the few changes of the amino acid
residues only in the recognition domain, the single-chain variable fragment (scFv) [134].

However, these minor differences in immunogenicity may as well be one of the
key changes, making CAR-expressing cells applicable to a broader range of antigens
with reduced risk of antibody-mediated CAR rejection [135]. Another way of potentially
decreasing the immunogenicity of a recognition domain is to reduce the size and simplify
the structure to single-domain heavy-chain-only binding domains [136]. By CAR-specific
depletion of the antibody producing cells including the B cells and the plasma cells, CAR
effector cells targeting B-lineage malignancies inherently suppress the generation of anti-
CAR antibodies. However, antitransgene rejection of CAR T cells has been observed in
CD19- and CD20-CAR-T cells [137] as well as in CAR-T cells targeted to non-B-lineage-
associated antigens131. Thus, the function of the B-lineage compartment is dramatically
impaired by CAR T cell therapy targeted to B-lineage-associated antigens such as CD19,
CD20, CD22 and BCMA [138,139].
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Anti-CAR humoral response is capable of rejecting non-human proteins, especially
those highly expressed and accessible on the cell surface such as CAR receptors on CAR-
expressing cells distributed in the whole body [103]. Besides the production of immunoglob-
ulins, B-lineage-derived cells are regarded as professional antigen-presenting cells (APCs)
to ensure effective production of high-affinity antigen-specific antibodies while minimizing
the production of non-specific antibodies and auto-antibodies [140]. As CAR receptors are
expressed at very high levels > 50,000 molecules per cell [141], presentation of non-human
immunogenic peptide sequences by MHC bears the risk of T cell-mediated immune re-
jection. Thus, the risk of T-cell-mediated CAR elimination is also reduced by depleting
B-lineage-derived cells which act as antigen-presenting cells.

Targeting non-B-lineage-associated antigens does not impact on the B-cell compart-
ment and thus does not inhibit its function. Logically, both the risk of immune rejection of
CAR-expressing cells via antibodies targeted to the murine extracellular component of the
CAR as well as T cell-mediated CAR rejection are higher in CAR T cells targeting antigens
that do not suppress the humoral immune response.

Potent strategies to reduce the risk of immune-mediated rejection of CAR-expressing
cells include deimmunization, humanization and the generation of fully human CAR
sequences [58,133,142]. In theory, fully human CAR constructs should not be recognized
as foreign proteins and trigger an immune response. The truth, however, is that immune
rejection may occur in response to any synthetic protein as it is of non-human origin and
in the light of autoimmune phenomena, we know that naturally present physiological
human proteins may be attacked by the immune system as a result of cross-reactivity
with immune responses against pathogens (virus, bacteria, fungus) [143]. Errors in the
maturation of immune cells may cause transient or chronic autoinflammation, partially
leading to devastating autoimmune diseases such as Crohn’s disease [144,145]. The devel-
opment of antidrug antibodies against the fully human anti-TNFα antibody adalimumab is
associated with treatment failure [146]. Nonetheless, all mentioned strategies to reduce the
immunogenicity of foreign proteins have been proven efficacious.

10. Comparison of FDA/EMA-Approved CAR-T Cell Products

The CD19-targeting FDA/EMA-approved CAR-T cell products are constructed in dis-
tinct architectures, even though they share the same recognition domain derived from the
murine FMC63 IgG2a antibody clone with the same orientation (VL-VH) of the single-chain
variable fragment (scFv) [21]. Despite these differences, all CD19-CAR-T cell constructs—
tisagenlecleucel (marketing name Kymriah®), axicabtagene ciloleucel (marketing name
Yescarta®), brexucabtagene autoleucel (marketing name Tecartus®), and lisocabtagene mar-
aleucel (marketing name Breyanzi®)—have demonstrated outstanding clinical performance
in various B-lineage malignancies [2,3,22–24,147,148]. Tisagenlecleucel was FDA approved
and later approved by the EMA based on the findings in the clinical trial “Study of Efficacy
and Safety of CTL019 in Pediatric ALL Patients (ELIANA)” with the ClinicalTrials.gov iden-
tifier: NCT02435849, funded by Novartis [2,21,149]. Recently, the BCMA-targeted CAR T
cell product idecabtagene vicleucel (marketing name Abecma®) was US-FDA approved for
the treatment of multiple myeloma with identical molecular architecture to the CD19-CAR
T cell product tisagenlecleucel [21,25,150].

Currently, six different CAR T cell products are approved by the US-FDA and/or
the EMA for the treatment of refractory patients with B-lineage-derived cancers including
ALL, lymphomas, and multiple myeloma. All products are based on a second-generation
CAR architecture with one costimulatory domain and CD3ζ as the signaling domain.
Interestingly, the CD19-CAR-T cell products use different spacer, transmembrane and
costimulatory domains. Kymriah® is approved for use in pediatric patients and young
adults (<25 years). The integrated table provides details on the gene transfer, the marketing
company, the constitutive promotor, the cell source and information about the activation
and culturing conditions if accessible. VH/L: heavy/Light chain of single-chain variable
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fragment (scFv). SIN Lentivirus: Self-inactivating Lentivirus. PBMC: peripheral blood
mononuclear cell. ND: not disclosed.

Evidently, CD19 is a perfectly well-suited CAR target antigen with different CAR
constructs being efficacious for patient treatments [26,78,151]. This is not the case for
most CAR-targeted antigens, which prove to be more challenging for various biological
reasons, including the expression level [83] and expression in cancerous tissue as well
as vitally essential tissues, the size of the extracellular domain [102], configuration and
accessibility (hidden epitopes) of the targeted antigen [84,104,152]. The most obvious
difference of the CD19 CAR constructs lies in the costimulatory domains 4-1BB or CD28
which lead to a differential gene expression signature of >200 genes [153], despite the
shared bidirectional activation of the NF-kB and mTOR pathway with the induction of
proinflammatory cytokine production such as IL-2 and IL-6 as well as the expression and
activation of antiapoptotic proteins such as BCL-xL [154–156]. The biological consequences
of CD28 and/or 4-1BB costimulation are diverse, with distinct differences in response
kinetics, cell cycling, clonal expansion, survival, metabolism, and long-term persistence
in vitro and in vivo.

Depending on the requirements of the CAR, the features of CD28 or 4-1BB costimula-
tion may be advantageous [157]. Costimulation by a receptor of the TNFR family such as
4-1BB leads to increased oxidative metabolism, mitochondrial biogenesis and mitochondrial
fitness and capacity associated with the pronounced maturation in central memory T cells
with enhanced persistence, whereas costimulation by the CD28 family leads to increased
glycolytic metabolism, reduced mitochondrial biogenesis, fitness and capacity associated
with the maturation to effector memory T cells with shortened persistence [158]. The
strongest activating costimulatory domain is CD28. Clinically, CD28 costimulation leads to
a more rapid expansion of the CAR T cells accompanied by life-threatening adverse events
such as cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity
syndrome (ICANS) [159]. Preclinical studies have revealed that CD28-costimulated CAR T
cells express higher levels of exhaustion markers such as PD-1, TIM3 and LAG3 compared
to 4-1BB-costimulated CAR T cells [120,160]. To date, there are no sufficient biological data
available in a clinical setting to allow a conclusive comparative analysis of CD28 versus
4-1BB costimulation in CAR T cells. Despite the unclear data landscape in preclinical
models with regard to enhanced persistence of CAR T cells, most likely due to the short
observation time of less than 3 months in most mouse studies [157,161], greater persistence
in 4-1BB-costimulated CD19-CAR T compared to CD28-costimulated cells were observed
in various clinical trials and are in general accepted, even though the value of CD19-CAR
persistence remains elusive and seems to be cancer-specific [2,3,162]. In adult patients with
B-NHL lymphomas and B-ALL, CD19-CAR T long-term persistence does not correlate with
response to treatment and long-term cancer-free survival [163], whereas in pediatric ALL
patients, persistence for over 6 months appears to be the determining factor for long-term
leukemia clearance or leukemia recurrence in case of shorter CAR persistence [2]. Thus, in
pediatric and adolescent patients, 4-1BB costimulation in CD19-CAR-T cell therapy may be
superior compared to CD28 costimulation for the treatment of B-cell precursor ALL.

11. State-of-the-Art CAR T Cell Therapy in Children

Outcome of relapsed and refractory BCP-ALL remains poor at approximately 40%
with a median survival of 14 months despite the use of allogeneic hematopoietic stem cell
transplantation and the emergence of novel therapies in recent years [164–166]. CD19-
targeted therapies including the bispecific T cell engager (BiTE) therapy blinatumomab and
the even more potent CD19-CAR-T cell therapy have been proven efficacious in heavily
pre-treated patients, albeit with severe but widely accepted toxicities due to the lack of
alternative treatment options [2,167]. As outlined above, the main reason why CD19
qualifies for highly potent and long-term immunotherapy is the differential overexpression
of CD19 on malignant blasts compared to the low expression levels on vitally essential
tissues, such as low-level expression on neural tissues [168,169]. Tisagenlecleucel therapy
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provides cures to patients who were considered incurable until CD19-CAR-T cells were
used in a substantial number of patients and continuously showed high complete remission
induction rates and durable leukemia-free survival [2,17,78,149].

11.1. Clinical Indication for CD19-CAR-T Cell Product Tisagenlecleucel (CTL019, Kymriah®)

The indication for treatment with tisagenlecleucel in children and young adults (3
to 25 years) is relapsed or refractory pediatric B-cell ALL. Tisagenlecleucel treatment is
approved for autologous CAR T cell therapy only. The major eligibility criteria include
the presence of >5% blasts at screening, second or subsequent bone marrow relapse, or
bone marrow relapse after allogeneic hematopoietic stem cell transplantation and must be
≥6 months from HSCT. The definition of refractory is not achieving an initial complete
remission after two cycles of standard chemotherapy regimen (primary refractory) [21,149].

11.2. Tisagenlecleucel Therapy

According to inclusion and exclusion criteria, eligible patients are identified and
required to undergo unstimulated mononuclear cell apheresis. Subsequently, the apheresis
products are evaluated first for manufacturability, before the patient is approved eligible
for tisagenlecleucel treatment. In the meantime, patients receive an individual bridging
therapy according to the treating physician [21]. An overview of treatment with CAR T cells
including the lymphodepletion, the most common adverse events and the pathophysiology
of CRS and ICANS is illustrated in Figure 5.

After clearance of the patient-individual CD19-CAR-T cell product tisagenlecleucel,
the patient undergoes a preparative lymphodepleting chemotherapy. Lymphodepletion
includes 4 doses of fludarabine (Flu) at 30 mg/m2 and 2 doses of cyclophosphamide (Cy) at
500 mg/m2. Lymphodepletion paves the way for CAR T cell engraftment by eradication of
immunosuppressive cells such as regulatory T cells (TREG) and myeloid-derived suppressor
cells (MDSCs), which leads to enhanced expression of costimulatory ligands on cancer cells,
reduced elimination of relevant T cell homeostatic cytokine levels such as (IL-2, IL-7 and
IL-15) thus promoting the initial anticancer immune response, exponential proliferation,
robust engraftment and persistence of CAR T cells [170]. This may also induce immune
tolerance and prevent rejection of chimeric transgene cells. Tisagenlecleucel may be infused
into the patient from 2 to 14 days after completion of the (Flu/Cy) non-myeloablative
lymphodepletion. CAR T cells are infused at 0.2 to 5.0 × 106 tisagenlecleucel transduced
viable T cells per kg body weight for patients ≤ 50 kg, or 0.1 to 2.5 × 108 tisagenlecleucel
transduced viable T cells for patients > 50 kg) [21,149].

It is noteworthy that a significant proportion of pediatric BCP-ALL patients do not
survive while waiting for the production and preparation of CAR T cell products. In the
ELIANA trial NCT02435849, a total of 107 patients were screened, 92 were enrolled, but
only 75 (70%) underwent infusion [149] which meant 32 (30%) patients did not receive the
CAR T cell treatment. Multiple factors contributed to the significantly reduced number of
patients who finally received the tisagenlecleucel (CTL019) product including biological
reasons, but also infrastructural reasons and time, which has a determining role in some
patients’ lives. Centralized versus decentralized manufacturing is an ongoing discussion in
the field. Decentralized on-time manufacturing may shorten the waiting time for the CAR T
cell product and may reduce costs [171]. On the other hand, implementing tisagenlecleucel
CAR T cell therapy earlier in the treatment algorithm will improve the outcome of CAR T
cell therapy [172]. Hence, the success of CD19-CAR-T cell therapy using tisagenlecleucel
was significantly lower when all enrolled patients (intent-to-treat) were taken into account,
compared to exclusively analyzing patients who received the CAR T cell product. In the
clinical trial NCT02028455, the decentralized CAR manufacturing improved the intent-to-
treat to >90% [173] compared to 70% in the ELIANA trial [149]. Notably, the real-world
outcomes for tisagenlecleucel showed the same efficacy and even a higher safety profile
than in the pivotal study [174]. First presented data of brexucabtagene autoleucel by
Wayne et al. in pediatric patients also demonstrated a reliable remission induction rate
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and an impressive leukapheresis to product release time of 14 days. Not unexpectedly,
higher grades of CRS were observed (≥3 adverse events in 100% of patients); and among
responders, CAR T cells were undetectable by 3 months post infusion [175]. Even though
there is still a need for major improvements, it is beyond question that CD19-CAR-T cells
and tisagenlecleucel especially are novel therapeutics that have contributed significantly to
better outcome and prolonged survival in r/r pediatric BCP-ALL patients.
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11.3. Follow-Up Patient Care Post Tisagenlecleucel Infusion

Usually, patients are closely monitored after tisagenlecleucel infusion for the first
28 days [21]. The follow-up intervals are extended in due course comparable to follow-
up intervals common in autologous HSCT. However, patients are required to receive
regular immunoglobulin replacement in case of sustained tisagenlecleucel persistence and
consecutive B-cell aplasia that can cause chronic hypogammaglobulinemia-dependent
humoral immune deficiency [131].

11.4. Allogeneic HSCT versus CD19-CAR-T Cell Therapy

It is difficult to make a direct comparison of clinical efficacy between allogeneic HSCT
and CD19-CAR-T cell therapy, as HSCT improves outcomes in specific ALL populations,
while CD19-CAR-T cell therapy has demonstrated efficacy in patients who failed allogeneic
HSCT and/or are not eligible for HSCT [176]. Tisagenlecleucel CAR T cells exhibit im-
pressive antitumor efficacy with superior complete remission induction of 81–90% and
overall survival rates of 67–76% at 12 months, superior to conventional chemotherapy or
HSCT [2,149,177]. In patients with high CD19 expression and no escape variants, CD19-
CAR-T cell therapy is associated with less toxicity and superior leukemia-free survival than
after HSCT. It is noteworthy that the combination of blinatumomab and HSCT also results
in excellent survival rates in patients with complete MRD response [178]. Patients who
show a tendency to develop CD19-negative tumor cell populations, e.g., during blinatu-
momab treatment, are likely to fail CD19-CAR-T cell therapy as well [2]. CD19-CAR-T cells
cannot provide durable remissions for patients with CD19-negative cancer. In this case
or if CD19-CAR-T cells do not persist > 6 months after infusion in BCP-ALL (but not for
DLBCL), consolidative allogeneic HSCT may be a valid strategy to improve the outcome
at the price of chemotoxicity from the conditioning regimen [2,179] and posttransplant
complications such as acute and chronic GvHD as well as infectious complications [180].
Further, CD19-negative relapse post tisagenlecleucel occurs in 10–20% of patients [2]. De-
spite limited data available to date, CD22-CAR-T cell therapy is an option for patients who
failed CD19-CAR-T cell therapy, with a high complete remission (MRD−) induction rate
(61%). Yet, patients who do not undergo a consolidative allogeneic HSCT seem to be at very
high risk of relapse [84,181]. Thus, CAR T cell therapy may be used for remission induction
therapy in these patients and allow patients to proceed for an allogeneic HSCT in complete
MRD-negative remission that cannot be achieved by any other treatment in chemorefrac-
tory patients for consolidation therapy [176,179]. Bivalent CAR T cell technologies address
antigen escape but have not proven to solve the antigen question rigorously [80].

11.5. Cytokine Release Syndrome

In early-phase post CAR T cell administration, most patients develop an immune
reaction with unspecific clinical symptoms such as fever, rigors, malaise, and anorexia [182].
Fever can reach high grades for a week or longer and may be accompanied by multiorgan
dysfunction including dyspnea, lung edema, hepatic, and renal dysfunction as well as
heart dysfunction, which can consequently lead to a life-threatening clinical state with
multiorgan failure and death [183,184]. Today, cytokine release syndrome (CRS) can be
treated successfully if CRS is detected at an early stage and the specific anti-inflammatory
treatment is initiated without delay utilizing tocilizumab to block the IL-6 signaling and
corticosteroids to dampen the overall immune response and dampen the CAR T cell
function [182,185].

The conditioning regimen fosters the increased production and secretion of the TH1-
associated cytokines IL-2, IL-7 and IL-15 after CAR T cell engagement with targeted
antigen-positive cells. In stage one (1), the highly activated CAR T cells lyse target cells,
secrete cytokines, and undergo polyclonal exponential proliferation. The cytokines promote
survival and ongoing proliferation of the CAR T cells, and in parallel co-activate monocytes
and macrophages which are capable of producing massive amounts of cytokines in any tis-
sue. The systemic activation and secretion of cytokines by CAR T cells as well as monocytes
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and macrophages drive local CRS to become a systemic CRS. Thus, the second stage (2) of
CRS is introduced by a second wave of cytokines which is predominantly characterized by
high serum levels of GM-CSF and the pleiotropic cytokine IL-6, an early detection marker
of CRS. In the third stage (3), CRS can evolve dynamically into a life-threatening cytokine
storm based on the autocrine, paracrine and systemically paracrine pyramid activation sys-
tem [186]. CRS may develop over a couple of days but may be initiated immediately after
CAR T cell administration. Secondary, life-threatening neurotoxic complications usually
develop during the course of CRS, but may also develop in patients with mild CRS or in
patients with absent CRS [187]. The clinically predominant features of CRS may depend on
the systemic involvement of different body compartments and organs [184]. The higher
the grade of inflammation, the more severe the specific immune response. The secondary
recruitment of accessory cells including monocytes, macrophages and endothelial cells
further exacerbates CRS, leading to the increased risk of direct organ toxicity [186]. In the
beginning of CRS, the brain is protected from primary and secondary involvement of CRS
by the blood–brain barrier. The migration of CAR T cells to the brain is slower compared to
other compartments of the body. In due course, the endothelial cells of the omnipresent
vascular system contribute to CRS complications by expressing Ang-2 and von Willebrand
factor triggered by IL-1 and IL-6 [188]. This makes the blood–brain barrier porous, allowing
cytokines to intrude the central nervous system and affect the brain with increasing con-
centrations [186]. There is evidence that higher CAR T cell numbers and higher cytokine
levels in the CNS promote ICANS. Yet, the complex pathophysiology of ICANS make it
difficult to discern the severity of ICANS with simple measures such as cell numbers or
with cytokine levels. Nonetheless, there is a clear correlation between the incidence of
neurotoxicity and CRS [189]. In general, ICANS may be regarded as a local CRS of the brain.
The main reason why the treatment and pre-emptive treatment utilizing the IL-6 receptor
blocking antibody tocilizumab significantly reduces the risk for extracranial CRS, but not
intracranial CRS (ICANS) is the lack of ability to reach sufficient blocking concentrations in
the brain (approximately 1% of peripheral extracranial concentration) [190]. The clinical
grading and management of CRS are well described in the article “Current approaches in
the grading and management of cytokine release syndrome after chimeric antigen receptor
T-cell therapy” [191].

11.6. Neurotoxicity

A range of neurologic symptoms after CAR T cell administration including headache,
tremor, speech impairment, confusion, delirium, and reduced consciousness (lethargy,
stupor, obtundation) are in the scope of the clinical presentation of ICANS [28]. B-ALL
patients are at higher risk than lymphoma patients to develop ICANS even though the exact
mechanisms for the development of severe ICANS are not well understood and severe CRS
is one of the main risk factors for ICANS [28,192].

CD19 is a B-cell receptor (BCR) co-receptor almost exclusively expressed in the B-
lineage compartment. Even though there is low expression of CD19 on neural tissues [168],
the actual clinically relevant on-target off-tumor toxicity in neural tissue is limited to the
very early phase of the treatment after infusion of the cells. ICANS usually develops
on day 4–6 post CAR infusion and lasts for up to 14 days [193] during the exponential
proliferation phase of highly activated CD19-CAR-T cells. It is the main cause of life-
threatening events and fatalities especially in CD19-CAR-T cell treatments with CD28 as
costimulatory domain [188,194]. There is an association between serum concentrations of
IL-15, a key cytokine for T cell expansion and survival, and the development of ICANS [28].
Neurotoxicity due to cerebral edema lead to the termination of the phase II ROCKET
JCAR015 CD19-CAR-T cell trial treating adult patients with r/r ALL [195]. The mechanism
of neurotoxicity caused by CD19-CAR-T cell therapy is not fully understood and various
factors appear to impact on the susceptibility and severity such as bone marrow disease
burden, the use of cyclophosphamide and fludarabine for lymphodepletion, and the
presence of any pre-existing neurologic comorbidity [187,188,194].
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11.7. Macrophage-Associated Hyperinflammation

There are several distinct life-threatening inflammatory syndromes associated with
macrophage-derived pathological hyperinflammation characterized by high persistent
fever, cytopenia, liver dysfunction with coagulopathy accompanied by high cytokine levels
(IL-1β, IL-6, IL-18, TNF, and IFNγ), hypertriglyceridaemia and hyperferritinaemia [196].
These are hemophagocytic lymphohistiocytosis (HLH) and macrophage activation syn-
drome (MAS) mostly triggered by viral infections, rheumatological diseases and inherited
lymphoid immune cell dysregulation [197–199] or a gain-of-function mutation in the in-
flammasome component gene NLRC4 [200]; and in the era of T cell immunotherapies, HLH
and MAS are also initiated via BiTE [201] and CAR T cell therapy [181].

A biphasic inflammatory response was observed after CD22-CAR-T cell therapy,
with a self-resolving initial CRS and signs of HLH features. In a second wave, driven by a
secondary CAR T cell expansion, patients developed HLH/MAS-like symptoms dissociated
from the first CRS phase [181]. Morris et al. suggested a unique pathophysiology [202]
but the clinical pattern may as well be a recurrence of the initial CRS with a triggered
HLH/MAS component induced by the very same mechanism.

Major complications following CAR T cell therapy over the course of 180 days after
infusion. (Figure 5A) Different phases of treatment with CAR T cells: conditioning (yellow)
with lymphodepleting chemotherapy starts with 4 doses of fludarabine 30 mg/m2 and two
doses of cyclophosphamide 500 mg/m2. CAR T cells are administered on day 0 and go
through an expansion phase (red). After clearing the tumor cells, the CAR T cells enter the
persistence phase (blue). Major complications are CRS and ICANS, both manifesting in the
first days after treatment with CAR T cells. (Figure 5B) Kinetics of leukemic blasts (black)
and CAR T cells (red) after conditioning and infusion of CAR T cells. Blast count starts to
drop slightly after lymphodepleting chemotherapy and decreases rapidly after infusion of
CAR T cells. CAR T cell count starts to rise exponentially shortly after infusion and reaches
peak values at approximately day +10. After clearing tumor cells from patients’ blood, CAR
T cell count drops again but remains detectable on a low level for several months. Depicted
on the upper half are the kinetics of cytokine secretion and development of CRS/ICANS
without intervention. Secretion of GM-CSF and IL-1β (light blue) rises almost immediately
after infusion of CAR T cells and peaks rapidly followed by an equally rapid decrease, IL-6
secretion (purple) starts to increase shortly after and peaks at the same time as CRS (orange)
is most likely to occur; after which, IL-6 drops but remains on an elevated level for some
time. Peak level of IL-6 correlates to the severity of CRS. ICANS (grey) typically occurs a
bit later than CRS and is connected to migration of CAR T cells to the neural compartment.
Treatment of severe CRS consists of inhibition of IL-6 signaling with tocilizumab (indicated
by black bars), a blocking monoclonal antibody targeting the membrane bound and soluble
IL-6 receptor. After injection of tocilizumab, IL-6 decreases shortly but accumulates over
time as elimination by receptor internalization is inhibited as well. Normalization of body
temperature and amelioration of CRS symptoms can be observed immediately or within
a few hours after administration of tocilizumab. In the case of severe CRS, the effect of
anti-IL-6 therapy can wear off and multiple injections are required for treatment. Indication
for subsequent application of tocilizumab is re-occurrence of fever which is followed by
an increase in IL-6 and exacerbation of CRS symptoms. (Figure 5C) Pathophysiology
of CRS/ICANS. Expansion of CAR T cells results in inflammation in the extracerebral
compartment (orange), which activates resting macrophages into cytokine-producing
macrophages (TNF, IL-6, etc.). These cytokines stimulate other macrophages to produce
more cytokines in series, resulting in a vicious cycle of stimulation and cytokine secretion.
This so-called macrophage activation syndrome (MAS) is the major trigger for CRS in
CAR T cell therapy. During expansion, CAR T cells migrate through the blood–brain
barrier (light brown) into the intracerebral compartment (grey) followed by activated
macrophages evoking intracerebral MAS. Consecutively, these effector cells start to attack
neurological tissue, leading to neurological damage, which is observed clinically as ICANS.
CAR: chimeric antigen receptor. CAR T: chimeric antigen receptor T cells. CRS: cytokine
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release syndrome. ICANS: immune effector cell-associated neurotoxicity syndrome. TNF:
tumor-necrosis factor. IL-1ß: Interleukin 1-beta. GM-CSF: granulocyte-macrophage-colony-
stimulating factor.

11.8. B-Cell Aplasia

CD19-CAR-T cell-mediated B-cell aplasia results in reduced immunoglobulin levels,
which requires treatment by IgG replacement. Due to the fundamental understanding of
the immune system and the well-established technologies to purify antibodies from healthy
donors, the immune protective function of the B-lineage compartment can be substituted
by regular immunoglobulin infusions [149] to prevent infections and are associated with
improved quality of life in antibody deficiency [203]. Hypogammaglobulinemia post CD19-
CAR-T cell therapy seems to be more pronounced and cause more complications in children
than in adults. Continued B-cell aplasia and subsequent hypogammaglobulinemia are
linked to CD19-CAR performance and persistence, which is dependent on the product that
was used for the treatment of the underlying disease [131,139]. Tisagenlecleucel incorporat-
ing a 4-1BB costimulatory domain tends to persist longer than axicabtagene ciloleucel with
a CD28 costimulatory domain [2,3]. Only tisagenlecleucel is approved for the treatment
in children and young adults (<25 years) [21]. Infectious complications post CD19-CAR-T
cell therapy are of multifactorial origin. Strategic combinatorial medications including
antiviral, antifungal and antibacterial therapy in a time- and risk-adapted approach can
prevent infectious complications. IgG replacement on a regular basis can reduce the risk
for high grade infections [131,204].

11.9. Relapse Patterns in Pediatric CD19-CAR-T Cell Therapy

The main cause of death after tisagenlecleucel treatment according to the ELIANA
trial NCT02435849 is relapse at a rate of 68% (13/19 patients). Only one patient in the
ELIANA trial (1/19 patients, 5%) died from a directly linked tisagenlecleucel toxicity that
caused cerebral hemorrhage during coagulopathy in the context of CRS (15 days after
infusion). The other patients died from infectious complications including HHV-6-caused
encephalitis and systemic mycosis in association with prolonged neutropenia as well
as from complications that occur subsequent to therapies of the primary disease [149].
Undoubtedly, many complications are rather caused by the poor clinical state of patients
when they qualify for CD19-CAR-T cell therapy according to the current treatment criteria.

There are various strategies to reduce the probability of adverse events during CAR
T cell therapy, but the most straight forward approach to improve safety is to implement
CAR T cell therapy earlier in the treatment algorithm of r/r B-lineage ALL in children and
young adults [172]. Consequently, patients will be in better condition than after intensive
chemotherapy and allogeneic HSCT [2,176,177]. Reducing the risk of relapse would bring
the highest impact on improving outcomes of CD19-CAR-T cell therapy, since most patients
die from the leukemia recurrence, but not of CAR T cell induced complications. Therefore,
addressing the question of “How to prevent relapse?” will bring most benefits to our
patients, and understanding the current relapse pattern (illustrated in Figure 6) will direct
the strategies that are most promising for improving patient outcome.
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The interplay of CD19+ B-lineage ALL blasts in childhood ALL and CD19-CAR-T cells
define the relapse pattern after this highly potent targeted therapy. Early and late relapse
may be distinguished at day +180 after CAR T cell infusion; however, the mechanism of
relapse is strongly dependent firstly on the antileukemic performance [2] of the CAR T cells,
and secondly on the pre-existence or development of CD19− leukemic subsets as a result
of the selection pressure [121]. In children with acute B-lineage ALL, the optimal scenario
is the induction of complete molecular remission and maintenance beyond 6 months
after CAR T cell infusion. These patients have a high chance of achieving long-term
remission and leukemia-free survival. Patients whose CAR T cells have poor antileukemic
performance of their CAR T cells, indicated in the figure by non-engraftment, transient
engraftment, non-persistence and/or lack of exponential expansion, tend to develop CD19+

relapses. Without the selection pressure exerted by CD19-CAR-T cells, BCP-ALL blasts
maintain CD19 expression. Patients whose CAR T cells have high antileukemic activity, as
per the definition above, do not experience CD19+ relapse. Nonetheless, 10–20% of patients
develop CD19− relapses. There are two major independent mechanisms on how CD19−

relapse may occur. Pre-existence of CD19− blasts prior to CD19-CAR-T cells at a very low
frequency has been identified as a primary resistance mechanism [205], while the other
mechanism is the development of CD19− subsets over time via lineage switch or antigen
escape (loss of the targeted epitope, alternative splicing of CD19 or downregulation of
CD19) [30,84,206]. Grey: persistence of CAR T cells. Blue: CD19-positive relapse. Red:
CD19-negative relapse.

Relapse patterns post CD19-CAR-T cell therapy can be classified by the expression
status of CD19, but remain elusive and difficult to predict. Nonetheless, there are known
determinants of CD19+ and CD19− relapses. The key discriminators are leukemic burden
at the initiation of treatment with CD19-CAR-T cells (MRD > 10−2 versus MRD < 10−3),
previous exposure to blinatumomab and duration of B-cell aplasia [207].

As known from alternative CD19-targeted therapies including CD19 antibody therapy
and BiTE therapy using blinatumomab, insufficient leukemia control leads to an increased
risk of CD19− relapse and extramedullary leukemia formation, driven by the evolutionary
pressure put on leukemia [16,82]. Incomplete clearance of BCP-ALL by blinatumomab may
also predict resistance to CD19-CAR-T cell therapy [2,207]. In the beginning of CD19-CAR-
T cell therapy, it was observed that patients with a higher leukemia burden would facilitate
a better engraftment of CD19-CAR-T cells and thus CAR T cell therapy would be more
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successful. This early observation has been disproved in B-ALL. It has been demonstrated
that patients with a lower leukemia burden show a favorable outcome [163].

Patients with a higher leukemia burden show a different relapse pattern to patients
with a lower leukemia burden. Patients with a higher leukemia burden carry more leukemic
blasts, leading to faster and more robust engraftment of CD19-CAR-T cells at the cost of
more severe adverse events, such as CRS and ICANS [163]. Since the number of leukemic
blasts is significantly higher, there is a greater chance of both the pre-existence and emer-
gence of CD19 antigen immune escape variants. Thus, patients with a higher leukemic
load tend to relapse with CD19− leukemia. Conversely, patients with a lower leukemic
burden show less rapid and robust engraftment of CD19-CAR-T cells and suffer from less
severe adverse events. Due to the less robust or transient engraftment of CD19-CAR-T cells
in these patients, CAR T cell performance may be reduced, and patients tend to experience
CD19+ relapse (Figure 6) [207].

CD19-CAR-T cell performance and persistence can be monitored efficiently by stan-
dard flow cytometric evaluation of B-cell reconstitution. While continuous B-cell aplasia
indicates persistence and functionality of CD19-CAR-T cells, patients with B-cell reconstitu-
tion at early time after CAR T cell treatment (prior to 6 months post infusion) tend to have
a significantly increased risk for CD19+ leukemia recurrence [2,149,163]. However, some
patients with co-existence of low B-cell counts and circulating CD19-CAR-T cells remain
in remission, which may be partially attributed to the stronger resistance of physiologic B
cells to CD19-CAR-T cells than leukemic blasts [2,149,163,207].

11.10. CAR T Cell Trials on Alternative Targets in B-Lineage Malignancies

Relapses can occur in over 60% of patients treated with CD19-CAR-T cells within
the first 12 months, despite remarkable initial response rates [149,163]. The majority of
these relapses are attributable to immune escape due to CD19 antigen loss or decreased
expression [109,208,209]. This has lead to numerous investigations of alternative B-lineage
markers including CD20 and CD22 as targets for CAR T cell therapy against B-cell lym-
phomas. Both CD20 and CD22 are highly expressed in B-cell lymphoblasts, with 50% and
80–90% expression, respectively [210]. CD20 has been extensively studied as a therapeutic
target for the treatment of r/r B-cell non-Hodgkin’s lymphoma (NHL) and r/r B-ALL, with
demonstrated preclinical and clinical efficacy [211]. The clinical success of CD20-CAR-T
cells in adult B-cell lymphoma patients is moderate with high relapse rates (>80%), albeit
showing favorable initial complete response rates (>50–70%) [212–214]. More promising is
the preliminary data from a phase I CD22-CAR-T cell trial in children and young adults,
with a 70% complete response rate and a median 6 month relapse-free survival, despite
including multiply relapsed patients who had previously relapsed CD19low or CD19− after
CD19-CAR-T cell therapy [84,181]. Unlike in CD19-CAR-T cells, relapses post CD22-CAR-T
cell treatment occur mainly due to decreased CD22 expression (antigen downregulation)
rather than antigen loss. However, this accentuates the common problem of immune escape
as a mechanism of resistance to monovalent CAR T cell therapy and raises the question as
to the long-term efficacy of CAR therapy beyond CD19. To counteract the risk of immune
escape in B-lineage cancers, bivalent CAR T cells simultaneously targeting CD19-CD22,
and CD19-CD20 have been developed and tested in phase I trials [80,111,215–217]. An-
tileukemic activities and complete remission rates were comparable to monovalent CAR T
cells; however, long-term efficacy was not attained due to relapse. Interestingly, the relapses
were due to loss or decreased expression of CD19, and not CD22, indicative of a biased
selective pressure on CD19 [80]. In another trial utilizing CD19-CD20 tandem-CAR-T cells,
CD19 expression was retained in all relapsed patients [217]. These results highlight the
presence of multiple resistance mechanisms to CAR T cell therapy.
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Driven by the need for additional target antigens to reduce the risk of antigen es-
cape, CD37 and CD79B have emerged as promising novel CAR T cell targets for B-cell
malignancies. Both CD37 and CD79B are highly expressed across multiple types of B-cell
malignancies. Both CD37- and CD79B-CAR T cells have shown specific and effective
antitumor activities in vitro as well as in vivo, which supports further clinical develop-
ment [87,218,219]. At the time of this review, there is one phase I trial for both anti-CD37-
and CD79B-CAR-T cell products in the early phase of recruitment (Table 2).

Table 2. CAR T cell trials for B-lymphoid leukemias (non-CD19 targeting) and AML.

CAR Target Condition Treated Eligible Age Status ClinicalTrials.gov ID

CD20 B-cell Non-Hodgkin’s
lymphomas ≥18 Recruiting NCT03277729

CD20 B-cell lymphoma r/r to
anti-CD19-CAR-Ttherapy 14 to 70 Unknown NCT04036019

CD20 Lymphomas r/r to
chemotherapy ≥18, <90 Unknown NCT01735604

CD22 r/r B-cell lymphoma/leukemia 3 to 39 Recruiting NCT02315612

CD22 B-ALL 1–30 Recruiting NCT04088864

CD22 B-ALL 1–24 Recruiting NCT02650414

CD22 r/r B-ALL 15–70 Recruiting NCT04150497

CD19, CD20 r/r B-cell lymphoma/leukemia 16–70 Completed NCT03097770

CD19, CD20 r/r B-cell lymphoma/leukemia 18–70 Active, not recruiting NCT03019055

CD19, CD20 r/r B-cell lymphoma/leukemia 18–70 Recruiting NCT04007029

CD19, CD20 r/r B-ALL 1–39 Recruiting NCT04049383

CD19, CD22 r/r B-cell lymphoma/leukemia ≥18 Recruiting NCT03233854

CD19, CD22 r/r B-cell lymphoma/leukemia 3–39 Recruiting NCT03448393

CD19, CD22 r/r B-cell lymphoma/leukemia 6 months to 70 Recruiting NCT04029038

CD19, CD22 B-cell lymphoma/leukemia ≤30 Recruiting NCT03330691

CD19, CD22 r/r B-ALL 1–30 Recruiting NCT03241940

CD37 B and T cell
lymphoma/leukemia ≥18 Recruiting NCT04136275

CD79B r/r B-ALL, B-cell NHL No age limit Not yet recruiting NCT04609241

CD33 AML 1–35 Recruiting NCT03971799

CD123 AML ≥12 Recruiting NCT02159495

CD123 AML 18–65 Recruiting NCT03190278

CD123 AML 18–70 Recruiting NCT04014881

CD123 AML ≥18 Active, not recruiting NCT03766126

CD33, CLL-1, CD123 AML 6 months to 75 Recruiting NCT04010877

CLL-1 AML ≤75 Recruiting NCT04219163

CD38 AML 6–65 Recruiting NCT04351022

CD33, CLL-1 AML/MDS/MPN/CML No age limit Recruiting NCT03795779

11.11. CAR T Cell Therapy for T Cell Malignancies

Among of the most challenging cancers to treat with CAR T cells are T-lineage-derived
malignancies. The main reason for this challenge is the co-expression of the target antigens
on physiological T cells and progenitors thereof. Targeting of T-lineage-associated antigens
leads to fratricide of CAR T cells and physiological T cells, the key immune cell subset of the
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adaptive immune compartment. Further, separating physiological T cells from malignant
T cells during CAR T cell manufacturing has not been solved satisfactorily. There are no
T cell-exclusive target antigens that can be targeted with CAR T cells without severely
compromising the T cell compartment. However, targeting of CD2, CD5, CD7 and CD38
as well as the constant chains of the T cell receptor TRCB1 or TRCB2 have been used
successfully in preclinical models [89,90]. Impressive CD7-CAR-T cell responses (90%
remission induction rate) in patients with acute T cell leukemias were reported from the
Chinese trial NCT04689659, with 15 out of 20 patients being in remission after a median
follow-up of 6 months. CAR T cell persistence was confirmed in month 6 after CAR T cell
infusion of 0.5–1 × 106/kgBW. Interestingly, physiological CD7-negative T cells expanded
and compensated for treatment-related T cell immunodeficiency [91]. Larger cohorts
need to be treated to understand the current value of CAR T cell therapy in T-lineage
malignancies.

11.12. CAR T Cell Therapy for AML

The lack of cancer-specific antigens is the fundamental biological obstacle limiting
the application of CAR T cell therapy in AML. Although AML blasts express various cell
surface antigens such as CD33, CD123, CD38 and CLL-1, against which CAR T cells have
been developed, these antigens are also expressed by hematopoietic stem or progenitor
cells (HSPCs) [92]. Therefore, on-target off-tumor toxicity on HSPCs of these CAR T cells
is of great concern, although they have shown potent antitumor activity in preclinical
models [93,94]. Prolonged myeloablation resulting from on-target off-tumor toxicity on
HSPCs can induce fatal infections in neutropenic fever and bleeding disorders. Strategies
to facilitate CAR T cell therapy in AML include using CAR T cells as a remission induction
therapy and rescuing the hematopoiesis by allogeneic HSCT. Further, myelotoxicity by
CAR T cells can be terminated by CAR T cell ablation via suicide switches, and can be
circumvented by generation of gene knockout of the targeted antigen (e.g., CD33) in rescue
hematopoietic stem cell grafts [116].

Currently, CAR T cell products for AML that are in clinical trials mostly target CD33,
CD38, CD123 and CLL-1 (Table 2). There are limited clinical data published at this stage
to allow a thorough appreciation of the safety and efficacy profile of these CAR T cell
products, although promising clinical responses have been reported, with myeloablation
managed by HSCT [116].

11.13. CAR T Cell Therapy in Solid Tumors

In comparison to hematological cancers, solid tumors pose several unique challenges to
CAR T cell therapy. Solid tumors encompassing the majority of cancers exhibit high levels of
intrinsic tumor heterogeneity. CAR T cells that target only one antigen therefore are unable
to recognize all the cancer cells in the tumor. Target antigens under investigation in solid
tumors are always co-expressed at lower levels in vitally essential tissues. Consequently, it
is inevitable to cause on-target off-tumor toxicities on healthy tissues [95]. Another major
challenge is the highly immunosuppressive tumor microenvironment (TME) inducing
T cell inactivation and dysfunction. Thus far, CAR T cell therapies in solid tumors lack
clinical efficacy and have caused severe toxicities [31].

Pediatric brain tumors remain the leading cause of cancer-related death in children.
CAR T cells have been developed to target the antigens B7-H3 (CD276), GD2, EGFR,
IL13Ra2 and HER2 in a range of brain cancers such as medulloblastoma, glioma and
ependymoma [220]. GD2-CAR-T cells have shown promising antitumor activity in neu-
roblastomas and sarcomas [221]. B7-H3 has been characterized as a pan-cancer antigen
overexpressed in a variety of solid tumors including neuroblastoma and pediatric sarcomas,
for which CD276-CAR-T cells are being investigated [222]. Supported by encouraging
preclinical results, these CAR T cells have progressed to phase I clinical trials to assess their
safety (Table 3).
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Table 3. CAR T cell trials for pediatric solid tumors.

CAR Target Condition Treated Eligible Age Status ClinicalTrials.gov ID

B7-H3 Pediatric CNS tumors 1–26 Recruiting NCT04185038

B7-H3 Pediatric solid tumors ≤26 Recruiting NCT04483778

B7-H3 Solid tumors 1–75 Recruiting NCT04432649

GD2 DIPG/high grade glioma 12 months to 18 Recruiting NCT04099797

GD2 DIPG/DMG 2–30 Recruiting NCT04196413

GD2 Osteosarcoma, neuroblastoma ≤35 Recruiting NCT04539366

GD2 Neuroblastoma 12 months to 25 Recruiting NCT03373097

GD2 Neuroblastoma, sarcoma 1–74 Recruiting NCT03635632

GD2 Osteosarcoma, neuroblastoma 18 months to 18 Recruiting NCT03721068

EGFR Pediatric CNS tumors ≥15 and ≤26 Recruiting NCT03638167

EGFR Pediatric solid tumors 1–30 Recruiting NCT03618381

EGFRvIII Hematological and solid tumors 4–70 Recruiting NCT03638206

HER2 Pediatric CNS tumors 1–26 Recruiting NCT03500991

HER2 CNS tumors ≥3 Recruiting NCT02442297

IL13Ra2 Pediatric CNS tumors 4–35 Recruiting NCT04510051

IL13Ra2 Glioma 12–75 Recruiting NCT02208362

12. Novel CAR T Technologies—The Antigen Question

The remarkable clinical success of CD19- and BCMA-CAR-T cell therapy [2,3,223] is
the result of three decades of continuous research effort [35]. Today, the focus has shifted to
removing the roadblocks in CAR T cell therapy to facilitate its application in acute myeloid
leukemia (AML) and solid cancers. The main goals are to increase the clinical efficacy of
CAR T cells while improving safety profiles and reducing the treatment costs [172].

Current limitations in CAR T cell therapy are mainly defined by how conventional
CAR T cells operate. Most of the key obstacles are defined by the targeted antigens. The
ideal target antigens are homogeneously expressed on all cancer cells, at sufficient levels
above the CAR T activation threshold, and are significantly overexpressed in cancerous
tissue with low expression in healthy tissues, and no expression in vitally essential tissues
to spare toxicities [132]. The pursuit of the perfect antigen is rather far-fetched. The main
effort to improve CAR T cell therapy in B-lineage malignancies is to efficiently target
beyond CD19 [111,150,181].

As discussed above, the major cause of treatment failure and subsequent death of
patients who received CAR T cell therapy in B-lineage cancers is relapse. To address
antigen-negative relapse, which occurs in approximately 20% of CD19-CAR-T cell-treated
patients (in BCP-ALL) [2], multitargeted CAR T cell products have been developed and
are used in various formats as tandem CAR constructs or bicistronic or even tri-valent
CAR constructs [80,84,108]. Clinical success of combinatorial CAR constructs is to be
demonstrated and first data indicate that the clinical benefit is far less than anticipated.
Dual CAR constructs did not show the same efficacy as two single-CAR T cell constructs for
the same targeted antigens. The reduced potency seems to increase the chance of antigen
low-positive relapse and immune escape variants which may not develop with more potent
monotargeted CAR T cell therapies [181]. Further, sequential CD22 targeting in patients
who experienced CD19-negative relapse after CD19-CAR-T cell therapy was associated
with the emergence of CD22low relapse [84] and did not solve the antigen problem either.

Altogether, the fundamental challenge in CAR T cell therapy is to generate highly
potent and safe CAR T cell products targeting non-B-lineage-derived cancers in a clinical
setting. There are numerous preclinical studies that have demonstrated efficacy in various
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cancer models including AML [224], melanoma, lung cancer, brain cancer, osteosarcoma,
Ewing sarcoma, prostate cancer [225], pancreatic cancer [226], and liver cancer [227]; how-
ever, clinical translation has not been successful [222]. Major advancements in CAR T cell
therapy are expected, once multitargeted approaches facilitate the treatment of antigen
heterogenous cancers.

12.1. Indirect CAR Technologies

One elegant way to overcome immune escape in CAR T cell therapy is a multi-
targeted approach utilizing indirect CAR technologies. Adapter CAR technologies are
two-component CAR technologies. The first component is comprised of a universal CAR T
cell and the second component consists of adapter molecules that link the CAR receptors to
the overexpressed tumor-associated antigen, leading to the recruitment and engagement of
the CAR-expressing cells (Figure 7). The effector functions are the same as in conventional
CAR T cells.
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Conventional CAR T cells directly recognize the targeted antigen with their antigen
recognition domain, which in most CAR constructs is a scFv. Indirect CAR technologies aim
to highly specifically target exclusive neo-antigens incorporated on the adapter molecules as
tags, such as peptides or LLE or chemical agents, on the adapter molecule to facilitate a
clean off-state during the absence of the activating adapter molecules and a clean on-state
during the presence of the adapter molecules and the target antigens. In the case of using
non-exclusive antigens, such as alpha-fetoprotein cross reactivity and blocking phenomena
can be induced. For the adapter CAR T cell system to function properly, the adapter
CAR effector cell, the adapter molecule, and the target need to assemble correctly. This
mechanism is more complex and dependent on more variables compared to the direct
targeting of a conventional CAR. On the other hand, adapter CAR technologies are versatile
and can facilitate features which are not achievable with conventional CAR targeting. These
features include the safety and efficacy aspects determined by the nature of the on and
off switches, the universal targeting (one CAR for all antigens), combinatorial targeting
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and more physiologic recruitment of the CAR-expressing cells. To date, conventional and
indirect CAR technologies shall be regarded as complementary to each other. If adapter
CAR technologies reach the same level of efficacy as conventional CAR technologies, they
are likely to substitute conventional CARs for the clear advantages arising from the flexible
technology.

There are numerous sophisticated adapter CAR technologies that have been devel-
oped over the last decade with distinct functional properties. They may be grouped
into different CAR systems: (I) CARs that make use of the high-affinity CD16 (FCGR3A)
V158 variant [228] in combination with antibodies or Fc-engineered antibodies [229], (II)
scFv-based CARs targeting a tag on the adapter molecules, such as a the chemical com-
pound FITC [230,231], peptides [232,233], alpha-fetoprotein (AFP) [234] or naturally occur-
ring vitamins such as biotin [132,235], and (III) non-scFv-based binding domains such as
streptavidin-derived avidin [236] or leucine zippers [237], and (IV) ligand-based CARs that
are recruited via bivalent adapter molecules [238]. Putting aside the details in the distinct
mode of actions, adapter CAR technologies may be considered to be advanced versions of
antibody-dependent cellular cytotoxicity.

All listed strategies aim to overcome the obstacles of conventional CAR T cell therapy
and can facilitate universal targeting (one CAR for all target antigens), combinatorial
targeting and transient targeting. The switch-on and switch-off mechanism provides both
enhanced safety and efficacy.

In the CAR T cell community, the main criticism arises from the added physiological
complexity of adapter CAR systems. Conventional CAR T cells are always equipped with
the recognition domain, whereas adapter CAR T cells are “blind” without the adapter
molecules. Thus, adapter CAR T cells need to assemble correctly with the adapter molecule
and the targeted antigen before they become functional. There is clear evidence that
the adapter molecule format and size will impact on the distribution and elimination
kinetics, the pharmacokinetics and pharmacodynamics [239]. Human IgG antibodies are
mainly eliminated via intracellular catabolism by lysosomal degradation after pinocytosis,
unspecific endocytosis, or by receptor-mediated endocytosis [240], whereas low-molecular-
weight antibody fragments or fusion proteins below 70 kDa [241] are filtered and usually
reabsorbed and metabolized in the proximal tubule of the nephron [239].

Certain body compartments are less accessible than others and it remains uncertain
how adapter molecules may penetrate into the CNS [242], the testicles, and cancer tis-
sues [243–245]. In many cancers, such as leukemias, primary brain cancers and brain
metastasis, intracranial anticancer activity will be crucial for long-term tumor control [2].
On the other hand, antibodies have been shown to be functional beyond the blood–brain
barrier such as immune checkpoint inhibitors (antibodies) and blinatumomab; however,
their ability to penetrate the CNS is discussed controversially [245–247].

The advantages of adapter CAR technologies though are apparent. They provide
solutions to overcome the major limitations in CAR T cell therapy. With regard to tissue
penetration of adapter molecules, the reduced size of adapter molecules in the Fab or
scFv formats have been used successfully in various adapter CAR technologies [232,248].
There are various strategies to overcome the blood–brain barrier in order to reach effec-
tive concentrations in cancer tissues, the testicular tissue and the CNS. Firstly, there is
an obvious pharmacodynamic advantage of adapter molecules (for adapter CAR T cells)
over blinatumomab. Adapter molecules can be administered at significantly higher doses
than BiTEs, because no relevant unspecific activation of adapter CAR T cells is induced by
adapter molecules in absence of the target [132,232]. In contrast, the maximum tolerated
dose of blinatumomab defined by the study “Clinical Study With Blinatumomab in Patients
With Relapsed/Refractory Diffuse Large B-cell Lymphoma (DLBCL)” (NCT01741792) in
adults is 60 ug/m2/day, reaching serum concentrations of 3 ng/mL, up to a maximum
applied dose of 90 ug/m2/day, reaching 3.5 ng/mL [249]. The recommended blinatu-
momab dose for the treatment of BCP-ALL in children is 5–15 ug/m2/day, reaching serum
concentrations of 0.6 ng/mL [167]. By increasing the dose significantly for instance by
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1000-fold to more than 100 ng/mL, the adapter molecule penetration into the CNS and
cancer tissues would be increased [243]. Secondly, intrathecal, intraventricular or intra-
tumoral applications [250] of adapter molecules and CAR T cells have been shown for
mesothelioma [251] and glioblastoma [252] and appear to be feasible and would help to
overcome the blood–brain barrier or blood-cancer barrier through changing the application
route [190,253]. Intrathecal application of chemotherapy in the treatment of leukemias is
a standard procedure for both treatment of leukemic CNS involvement as well as CNS
prophylaxis [254].

The low clinical tolerability of BiTEs clearly limits the potency of these fantastic new
drugs, and if higher concentrations could be tolerated, the advantages of complex adapter
CAR technologies compared to bispecific immune cell recruiting fusion proteins would be
significantly reduced. In this scenario, BiTEs would most likely make the race for many
applications as they are off-the-shelf products, need fewer complex infrastructures, making
them cheaper to produce, handle and apply, and still have shown great clinical efficacy,
despite being underdosed for toxicity reasons. The real-life clinical experience, however,
will not support using BiTEs at their optimal concentrations in human patients [249].
Despite that adapter CAR T cell technologies will have to prove their superiority over
blinatumomab in resistant CD19+ leukemias and lymphomas, they have a very promising
prospect as adapter CAR technologies have the chance to overcome the unspecific BiTE
toxicities beyond CD19 targeting. Bispecific antibodies including BiTEs have not been con-
vincingly successful in other leukemias such as AML [255], even though they demonstrated
promising in vitro efficacy in primary AMLs at 5 ng/mL [256].

12.2. Technologies to Improve the Safety of CAR T Cells

Major CAR T cell infusion-related side effects comprise systemic inflammatory re-
sponses derived from rapid T cell expansion and on-target off-tumor effects. By expressing
a targetable truncated antigen on CAR T cells (e.g., EGFR) and infusion of the correspond-
ing antibodies (e.g., cetuximab), the elimination of the engineered CAR T cells can be
achieved [257]. Another safety switch makes use of the inducible Caspase 9 (iCasp9) sui-
cide gene, which offers a fast onset and more specific elimination of highly activated CAR T
cells with high levels of transgene expression [258,259]. Sterner et al. studied granulocyte-
macrophage colony-stimulating factor (GM-CSF) disruption by CRISPR/Cas9 in preclinical
murine models and showed that neutralizing GM-CSF by lenzilumab is a potential strategy
to abrogate CD19-CAR-T-related CRS without inhibition of CAR T cell function [260].

Discriminating normal tissues from cancer cells by the usage of logic gating of CARs
can eliminate the on-target off-tumor effects. One example is the synNotch gating [261].
A synNotch receptor recognizes the first antigen which triggers the expression of a CAR
toward a second tumor antigen. The recognition of both antigens enables the activation of
T cells. The slow activation and degradation kinetics are the major limitations for further
clinical application. Another strategy for combined sensing of two or more tumor antigens
is to split the primary CD3ζ and the costimulatory domain into two separate chimeric
receptors that are introduced into the same T cell [258,262].

Recent studies have substantiated the feasibility of controlling CAR functions via
small-molecule interactions. Modulation of CAR functions can be achieved by using
dimerizing agents as on switches and off switches [263], as well as on switches leading to a
conformational change in the variable recognition domains induced by methotrexate that
functions as an off switch [264]. In preclinical models, CAR T cell functions were shown to
be tightly controlled via a pharmacological on/off switch using the tyrosine kinase inhibitor
dasatinib. Dasatinib can abrogate CAR-mediated effector functions such as cytokine
secretion, proliferation, and cytolysis rapidly with regular dosing. After termination
of dasatinib exposure, CAR functions were fully restored, and even synergistic effects
potentiating CAR function have been observed. In contrast to corticosteroid therapy in
CRS, application of dasatinib would be distinguished from the other strategies to ablate
CAR T cells [265,266].
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With respect to the current developments in CAR T cell therapy, translational and
practical approaches will help to improve patient safety. Optimizing the CD4/CD8 compo-
sition in CAR T cell products and reducing the number of accessory cells can reduce life-
threatening CRS and ICANS while retaining the potency of CAR T cell products [181,267].
The development of ICANS in patients treated with the CD19-CAR-T cell product axicabta-
gene ciloleucel is associated with the number of accessory cells in the product and not with
the number of CAR T cells. These cells may be referred to as ICANS-associated cells and
carry a distinct monocyte-like transcriptional signature [267].

12.3. Armored Modules to Increase CAR T Cell Performance in TME

The production of inhibitory cytokines is employed by the tumor cells to create an
immunosuppressive tumor microenvironment (TME) and evade the anticancer immune
response. To protect CAR T cells from the immunosuppressive TME, engineered cy-
tokine factor blockades have been developed in the format of cytokine switch receptors or
dominant-negative receptors (DNR). For example, interleukin-4 (IL-4) is a key cytokine that
controls the differentiation of T cells to the TH2 effector cells, which promotes and maintains
an immunosuppressive environment and abrogates the anticancer immune response [268].
IL-4-IL-7 switch receptors transform the inhibitory IL-4 signal into a proinflammatory IL-7
signal with proliferative potential, promoting fitness, youth, and survival of T cells [269].
Another important immunosuppressive cytokine is TGFβ, which has been associated with
in tumor progression and metastasis formation in several types of cancers. Upon expression
of the DNR TGF-βRII in CAR T cells, enhanced cytokine secretion, resistance to exhaustion
and improved long-term in vivo persistence have been observed in human prostate cancer
mouse models of PSMA-CAR-TGF-ßRII-DNR-T cells [270].

Immune checkpoint inhibition by therapeutic antibodies unleashes the T cell anti-
tumor immunity of T cells. Multiple strategies to achieve engineered PD-1 checkpoint
blockade have been developed. Engineered PD1-CD28 switch receptors [271], secretion of
blocking PD-1-targeted scFv [272] or antibodies by CAR T cells [273], shRNA knockdown of
PD-1 and DNR of PD-1 have been shown to overcome immune checkpoint inhibition [274].
These potentiating CAR technologies and strategies have demonstrated the ability to in-
crease the CAR effector functions in preclinical models [275,276]. Multiple genetic receptor
modifications in CAR T cells have already reached the clinic, as exemplified by the “Study
of CRISPR-Cas9 Mediated PD-1 and TCR Gene-knocked Out Mesothelin-directed CAR-T
Cells in Patients With Mesothelin Positive Multiple Solid Tumors” (NCT03545815) that
demonstrates feasibility with proof-of-concept experiments in preclinical models and with
early preliminary clinical response data in a limited number of patients demonstrating
feasibility [276]. Furthermore, advanced gene editing technology fuels the endeavors
of donor-independent CAR T cell therapy by enabling gene knockouts of the TRAC
and ß-microglobulin gene, which consequently eliminate the T cell receptors and the
MHCs, leading to abrogation of GvHD and prevention of T cell-mediated rejections, respec-
tively [277,278]. These genetic modifications may promote donor-independent allogeneic
application of CAR therapeutics in the future. However, the T cell receptors and immune
checkpoint receptors are important homeostatic receptors involved in the physiological
functions of T cells, for which further investigation to fully understand the impact of these
modifications on co-signaling pathways is imperative in order to ensure patient safety, and
to create the most efficacious transgenic T cell therapy [279,280]. Site-specific integration of
CAR transgenes into the TRAC locus using engineered endonucleases or CRISPR/Cas9 in
combination with AAV templates or single-stranded DNA and electroporation for gene
delivery has been established [63,281]. Integration of the CAR in the TRAC locus under the
expression modulation of the TcR has demonstrated an activation-dependent transgene
expression, which has shown to be advantageous compared to constitutive CAR expression
in preclinical models and a step forward towards universal allogeneic CAR T cell therapy
by disruption of the endogenous TcR [63,282]. However, to date, there is no proof that
this new approach will improve CAR T cell therapy in humans. Despite the amazingly
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sophisticated technology, CARs will not be able to substitute the constitutive signaling
function of the TcR [280]. Other strategies attempt to integrate the CARs in various ways
to achieve the assembly within the native CD3 T cell receptor complex and make use of
the TcR machinery [283,284], but these approaches are accompanied by other obstacles,
such as TcR mispairing, overstimulation, and lack of space for antigen-specific receptor
optimization.

CAR T cells engineered to secrete cytokines such as IL-12 [285] and IL-18 [286] or
express tethered IL15-IL15RA [287] have proven to augment CAR T cell functions and are
regarded as the fourth generation of CAR T cells. CARs that induce cytokine secretion
upon recognition of the antigens are referred to as TRUCKs [62] and may overcome the
toxic limitations of highly and constitutively expressed potent cytokines.

13. Conclusions

CAR T cell therapy has become a highly valued treatment in pediatric patients with
r/r B-lineage malignancies. Thus far, CD19 is the best target antigen for CAR T cell therapy
which has lead to cures for patients who were considered incurable. This unprecedented
clinical success has ignited worldwide efforts to broaden the application of CAR T cell
therapy beyond targeting CD19. On the other hand, we have learned our lessons from CD19-
CAR-T cell therapy [288] and recognized the drawback that every new CAR, targeting
a different antigen other than CD19, will need to go through a rigorous and lengthy
development and optimization program. Identifying the best suitable target antigens
for each cancer and solving the antigen challenges for CAR T cell therapy are the most
important strategies in the development of novel CAR T cell therapies [132,289].

Furthermore, economic aspects constantly change the competitive landscape of adop-
tive cell therapy. Despite the remarkable complete response rates in CD19-CAR-T cell
therapy in children and young adults [2], it has been argued that the initial treatment
costs and secondary costs are too high, and strategies to reduce manufacturing costs [290],
treatment costs and secondary costs such as immunoglobulin replacements have to be
carefully addressed [291,292]. We need to succeed in increasing the potency and safety
of CAR T cell products and expand CAR T cell-based immunotherapy to other cancers.
Next-generation CAR T cell technologies, including adapter CAR technologies, have the
chance to overcome some of the current clinical and economic limitations and transform
CAR T cell therapy into a treatment platform with versatile functions and applications in
cancer and beyond.
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