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Abstract

In the recent years, using genetically modified T cells has been known as a rapid developing therapeutic approach due to the
heartwarming results of clinical trials with patients suffering from relapsed or refractory (R/R) hematologic malignancies
such as R/R Acute Lymphoblastic Leukemia (R/R ALL). One of these renowned approaches is Chimeric antigen receptors
(CARs). CARs are synthetic receptors with the ability to be expressed on the surface of T lymphocytes and are specifically
designed to target a tumor-associated antigen (TAA) of interest. CAR-expressing T cells have the capability of proliferating
and maintaining their immunological functionality in the recipient body but like any other therapeutic approach, the safety,
effectiveness, and specificity enhancement of CAR T cells still lingers in the ambiguity arena. Genetic manipulation methods,
expansion protocols, infusion dosage, and conditioning regimens are all among crucial factors which can affect the efficacy
of CAR T cell-based cancer therapy. In this article, we discuss the studies that have focused on various aspects that affect the
efficacy and persistence of CAR T-cell therapy for ALL treatment and provide a widespread overview regarding the practical

approaches capable of elevating the effectiveness and lessening the relative toxicities attributed to it.
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Introduction

Acute lymphoblastic leukemia (ALL) has been known as
the most common cancer in children and the most frequent
cause of cancer-related death in patients with less than
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20 years of age [1]. In the United States, approximately 6000
cases of ALL are diagnosed annually, half of which com-
prised children and teenager cases [2]. Thrombocytopenia-
related bruising or bleeding, infections caused by neutro-
penia, and anemia-related pallor and fatigue are all among
common symptoms of ALL [2]. Spleen, liver, lymph node,
and mediastinum leukemic infiltration have also been known
as common signs during diagnosis [2]. Currently, there are
several treatment options available for various leukemia sub-
types because of their genetic heterogeneity. However, the
outcome of these therapeutic methods is not satisfactory as
a result of resistance development by the cancer cells [3].
Recently, cancer treatments based on immunotherapy have
gained considerable clinical success and they have achieved
several FDA-approvals [4]. Allogeneic bone marrow trans-
plantation (BMT) or hematopoietic stem cell transplantation
(HSCT) is a type of immune-based therapy for leukemia
which is capable of mediating prolonged survival rates in
about 50% of the patients [5]. Nevertheless, there are some
serious concerns that limit their broad application. Relaps-
ing after the treatment and lack of suitable donors in addi-
tion to several clinical complications make HSCT not an
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optimum gold standard treatment option for these patients
[6]. Therefore, there is a need to find more efficient and safer
therapeutic strategies to improve the treatment outcome
of leukemia patients. Recently, chimeric antigen receptor
(CAR) T cell-based therapy has been known as an effective
immunotherapeutic tool that could be used for the treatment
of disorders that are refractory or resistant to the available
treatment options [7]. For instance, CAR T cells that target
the CD19 antigen molecule have been shown to mediate
complete remission (CR) in relapsed or refractory acute
lymphoblastic leukemia (R/R ALL) patients. These CAR
T cells have shown prolonged persistence of even 6 months
after infusion [8]. Scientists in Memorial Sloan Kettering
Cancer Center (MSKCC) reported that patients with R/R
ALL, who did not receive HSCT, had prolonged disease-free
survival of more than 12 months after treatment by CAR T
cells. These results hypothesize the possibility that HSCT
therapy can be replaced with CAR T-cell therapy in patients
with R/R ALL [9]. Recent improvements with the purpose
of having more effective T-cell therapies have been achieved
by the progression of CAR T-cell manufacturing process
alongside using conditioning regimens before and after the
administration of CAR T cells [10]. In this review, we dis-
cuss various aspects that affect the efficacy and persistence
of CAR T-cell therapy and then we focus on different practi-
cal strategies for the aim of having more effective and less
toxic CAR T cells.

Clinical trial history and development
of CAR T-cell therapeutics

The Leukemia and Lymphoma Society reported about
54,270 new leukemia patients and 24,450 leukemia-related
deaths in the United States in 2015 [11]. The different
overall survival rates in various leukemia types were also
reported by this organization, with a rate of 70% for ALL
[12]. Almost a quarter-century ago, the remission dura-
tion in ALL patients who had received BMT and suffered
from graft versus host disease (GVHD) demonstrated the
significant role of grafted T cells in long-term remission
induction after the treatment [13]. Based on these findings,
researchers theorized that tumor cells could be targeted and
eliminated by the administration of genetically manipulated
autologous T cells capable of recognizing malignant cells
without causing further development of GVHD [10]. Since
then, CAR T cells have been considered as dynamic and
intelligent medications that have the potential to proliferate
and provide strong tumoricidal effects against a particulate
target after their systemic administration into patients [14].

To this date, more than 57,889 oncology trials have been
registered on Clinical Trials.gov. Some of these trials can
be categorized as CAR T-cell therapy, most of which have
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been conducted in the United States and/or the European
Union and China [15]. Studies in the field of adoptive T-cell
therapy in cancer treatment are taking rapid steps around
the world. More than 200 protocols were recorded only in
December 2015 [16], around 40% of which were related to
CAR T-cell therapy [17]. Surprisingly, about 65% of these
CAR T-cell therapies were designed for the treatment of
hematological malignancies by targeting CD19 as a com-
mon antigen involved in the pathogenesis of various B cell
malignancies (more than 80%) [18]. It is interesting to know
that although researchers introduced CAR T-cell therapy
for targeting solid tumors in the beginning [19], its clinical
response in the treatment of B cell malignancies has been
more successful [20].

For the first time, the efficacy of adoptive cell therapy
(ACT) was proved by the initiation of molecular remission, a
complete remission with no PCR-detectable trace of the dis-
ease in the blood cells or bone marrow, after T-cell infusion
in hematological malignancies [21]. The quick responses in
patients with refractory malignancies induced through the
administration of CAR T cells make them a suitable option
for the treatment of such malignancies [22]. For instance,
in the first published trial from the University of Pennsyl-
vania (UPenn), 90% of R/R-ALL patients enrolled in the
trial experienced complete remission (CR) shortly (1 month)
after the administration of CAR T cells [8]. Nevertheless, the
clinical outcomes attributed to CAR T-cell therapy exhibit
variations in different clinical centers which can be influ-
enced by various factors such as the manufacturing process
of CAR T cells and their management procedure before and
after infusion [2]. Furthermore, CAR T production meth-
ods and the type of conditioning regimen are also among
important factors affecting the clinical outcomes of CAR
T-cell therapy [23].

Currently, researchers have focused on strategies that
could lead to the improvement of CAR T-cell therapy effec-
tiveness. Strategies such as using retroviral and plasmid vec-
tors to generate a broader population of CAR-expressing
T cells since the number of T cells are important in deter-
mining the final clinical response [24]. Based on previous
findings, patients who received CAR T cells with a higher
potential of continuous expansion showed more promising
clinical responses. Furthermore, these CAR T cells managed
to keep their cytotoxic functionality for more than 4 years
in the patient’s body who achieved CR without any relapse
[25]. Another encouraging report on CD19-redirected T
cells has been issued by the research groups at UPenn and
MSKCC reporting 70 to 90% CR rates in almost 65 patients
with R/R ALL between 3 different trials [26]. Also, another
report from the Great Ormond Street Hospital Biomedical
Research Centre/Institute of Child Health, University Col-
lege London, United Kingdom, has shown successful treat-
ment of R/R-ALL patients with CD19-specific allogeneic
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CAR T cells [27]. Kochenderfer et al. showed additional
promising clinical outcomes after CD19-specific CAR T-cell
infusion in patients with B cell lymphoma which included
57% CR [28]. In another clinical trial by Gauthier et al.,
twelve months of CR was achieved after autologous anti-
CD19 CAR T-cell therapy in 75 R/R-ALL patients [29].
Table 1 summarizes some of the CAR T-cell therapy clinical
trials using various targets for the treatment of ALL.

Various aspects affecting the CAR T-cell
therapy efficacy and persistence

Adoptive T-cell therapy is based on creating an immune-
mediated anti-tumor response by ex vivo T-cell manipulation
via transferring a CAR gene into them [20]. The main prin-
ciples for the generation of CAR T cells for adoptive immu-
notherapy [30] are presented in Fig. 1. The first clinical trial
regarding the treatment of an ALL patient (1 patient) using
CAR T cells was published by Brentjens et al. in 2011 which
reported the achievement of CR [31]. In 2013, they repeated
the experiment but this time with an increased number of
ALL patients (5 patients) [32]. In clinical trials conducted
at MSKCC [9], UPenn [33], NCI [34], and Fred Hutchinson
Cancer Research Center (FHCRC), researchers achieved
similar response rates. Also, Grupp et al. reported CR in two
children with R/R ALL treated by second-generation CAR

T cells with just one of them having undergone prior condi-
tioning chemotherapy [35]. In another study conducted by
Cruz et al. 25% of ALL patients (4 patients) that were treated
by second generation of CAR T cells without precondition-
ing therapy showed CR for 3 months [36]. In 2014, Davila
et al. reported CR of 75% of R/R-ALL patients (16 patients)
who had undergone preconditioning chemotherapy before
the administration of second-generation CD19-targeting
CAR T cells [32]. Another study reported 70% CR of ALL
patients in a clinical trial including 20 patients who were
treated with second-generation CD19 CAR T cells [26]. Dif-
ferent clinical effectiveness and safety variations observed
in these different institutions can result from differences in
the experimental design such as the population of patients,
conditioning regimens, tumor burden, administered dosage
of CAR T cells, the generation of the CAR, and gene transfer
methods [37, 38].

Target discovery

Preferably, an antigen targeted by CAR-modified T cells
should be tumor-specific and ubiquitously expressed only
by tumor cells, but not normal cells. For instance, CD19
which is a B cell-specific surface marker expressed through-
out B-cell development stages could be considered as a suit-
able CAR T therapy target in B-ALL [39]. Furthermore, the
management of B-ALL with CD19-targeted CAR T cells is

Table 1 Several clinical trials using various targets for CAR T cell-based ALL treatment in the United States and China

Targeted Antigen CAR Construct Gene-transfer Phase Num- ClinicalTrials. Responsible party Starting date Status
Signaling Domain Method ber of gov Identifier
patient
CD19 CD28-CD3¢ Retroviral 1 14 NCTO00586391 Baylor College of February 2009 Completed
Medicine
CD28-CD3¢ Retroviral 1 68 NCTO00840853 Baylor College of  April 2009 Completed
Medicine
4-1BB-CD3( Lentiviral 1 26 NCT01029366 University of March 2010 Completed
Pennsylvania
4-1BB-CD3( Lentiviral 1&2 73 NCT01626495 University of August 2011 Completed
Pennsylvania
CD28-CD3¢/ Lentiviral / Ret- 1&2 50 NCT00466531 Memorial Sloan ~ March 2007 Completed
4-1BB-CD3(¢ roviral Kettering Can-
cer Center
CD28-CD3¢ Retroviral 1 53 NCT01593696 National Cancer  June 2012 Completed
Institute
CD20 4-1BB-CD3( Lentiviral 1&2 50 NCTO01735604 Chinese PLA January 2013 Completed
General Hospital
CD22 4-1BB-CD3(¢ Lentiviral 1 126 NCTO02315612 National Cancer ~ December 2014 Ongoing
Institute
CD133 4-1BB-CD3¢ Retroviral 1&2 20 NCT02541370 Chinese PLA June 2015 Completed
General Hospital
RORI1 4-1BB-CD3(¢ Lentiviral 1 60 NCT02706392 Fred Hutchinson ~ March 2016 Ongoing

Cancer Research
Center
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Fig. 1 Main principles for the a
generation of CAR T cells for S
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known as the most advanced engineered T-cell therapeutic
approach that has been experienced so far [32].

Alongside CD19, various other antigens could be tar-
geted for the treatment of ALL by CAR T cells. For instance,
almost 5 to 15% of patients that suffer from B-ALL show
a high expression profile of thymic stromal lymphopoietin
receptor (TSLPR) [40]. This marker is known as a JAK and
STAT signaling cascade inducer that supports the prolifera-
tion and growth of immature B cells. Abnormal activation
of the TSLP-TSLPR axis could promote the metastasis of B
lineage in ALL [41]. Researchers have shown the potential
influence of TSLPR-targeting CAR T cells on the elimina-
tion of TSLPR-positive leukemic cells in human ALL [42].
Additionally, CD20 and CD22 are also cell surface markers
that are specifically expressed on B cells and can be targeted
for the elimination of leukemic cells in B-ALL [43].

As mentioned earlier, the specific expression of CD19
in various B cell differentiation stages from pro-B cells to
memory B cells, but not on hematopoietic stem cells and
other cell types, make the CD19 molecule as the most suit-
able antigen for targeting by CAR T cells in the treatment
of R/R B-ALL [26]. Many clinical trials which have been
conducted in USA research centers such as the NCI [26],
MSKCC [9], UPenn [8], FHCRC [44], and the MD Ander-
son Cancer Center [45] have used CD19 as their CAR T
cell-targeted antigen for the treatment of B-ALL. Despite
the initial poor clinical outcomes of CAR T-cell therapy in
clinical trials [26], the therapeutic effectiveness of this novel
adoptive cell therapy platform has experienced an increase in
complete remission rates from 70 to 90%, during the recent
years [26]. A report from UPenn and Children’s Hospital
of Philadelphia (CHOP) showed a 90% CR rate (out of 30
patients) in R/R-ALL patients in phase 1 trials [8]. Clini-
cal trial results from MSKCC (16 patients) [32] and NCI
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(20 patients) showed 88% and 70% CR rates in R/R-ALL
patients, respectively [26], and also in 2016, Grupp et al.
reported the improvement of CR rates to 92% [46].

CAR design and structure

CAR design and structure, for example, the presence and
type of the co-stimulatory domains, can have a substantial
impact on the efficacy and tumoricidal functionality of CAR
T cells [47, 48].

The importance of co-stimulatory domains was intro-
duced by Savoldo et al. in 2011 as they observed a signifi-
cant enhancement in CAR T-cell persistence after using a
combination of first and second-generation CAR T cells
for the treatment of lymphoma patients [49]. Several stud-
ies showed enhancement of T-cell expansion, activation,
cytokine production, and antitumor responses in patients
with hematologic malignancies through the introduction of
co-stimulatory signaling domains such as CD28 or 4-1BB
to form the second generation of CAR T cells [26]. Most
of the clinical trials that used the second-generation CARs
composed of either CD28 or 4-1BB co-stimulatory signal-
ing domains have stated that CAR T cells containing CD28
exhibit faster expansion and shorter persistence, on the other
hand, CARs with 4-1BB as their co-stimulatory domain
display longer persistence [10]. It is worth mentioning that
4-1BB is known as a ‘late’ co-stimulatory signaling domain
which could have substantial effects on CAR T-cell persis-
tence [50]. Clinical studies that used the second generation
of CAR T cells have reported high efficacy and potential of
this CAR design [20]. Maude et al. [8] and Riches et al. [51],
respectively, reported 90% (out of 30 patients) and 83% (out
of 70 patients) CR in ALL patients receiving second-genera-
tion CD19-targeting CAR T cells. On the other hand, clinical
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trials that utilized the first-generation of CAR T cells with no
co-stimulatory signaling domains suffered from insufficient
cytokine production, T-cell proliferation, and also insuffi-
cient antitumor response [8].

Third-generation CAR T cells contain two co-stimulatory
signaling domains which can be the combination of CD28
and OX40, CD28 and 4-1BB, or other co-stimulatory sign-
aling domains that can mediate continuous activation of T
cells [52-54]. Alongside sustained expansion and tumori-
cidal activity, third-generation CAR T cells have shown
reduced activation-triggered cell death [55, 56]. In 2015,
Zhao et al. reported promising clinical outcomes while
they used the combination of CD28 and 4-1BB signaling
domains in their CAR construct [57]. However, to this date,
different studies have evaluated the pros and cons of third-
generation CAR T cells and have compared them to their
second-generation counterparts. Toxicity-related safety con-
cerns are pointed at the fact that the three signaling domains
used in the construct of third-generation CAR T cells may
synergistically contribute to lowering the threshold of CAR
T-cell activation to a point that it can be triggered even
when there is no target-antigen engagement. However, the
use of two co-stimulatory domains can be utilized as a tool
for engineering various properties of CAR T cells includ-
ing T-cell memory development, metabolic pathways, and

tonic signaling regardless of antigen engagement [55, 58,
59]. In this regard, CD28 and OX40 co-stimulatory domains
can be used to inhibit the production and secretion of anti-
inflammatory T-cell activity compromising cytokines such
as interleukin-10 (IL-10) [60]. Moreover, increased in vivo
persistence of CAR T cells can be achieved by using CD28
or 4-1BB coupled with the inducible T-cell co-stimulator
(ICOS) co-stimulatory domain. Also, the utilization of
MyD88/CD40 co-stimulatory domains has been known to
enhance the in vivo proliferation of third-generation CAR T
cells [61, 62]. Various CAR generations and the details of
their signaling domains are shown in Fig. 2.

Furthermore, enhancement of the effectiveness of CAR
T-cell therapy can also be achieved through targeting more
than one antigen. Multiple targeting strategies may reduce
the possibility of tumor escape variants or tumor relapse
[63].

T-cell isolation, expansion, and activation method

The methods applied for the isolation of defined T-cell sub-
sets are also important factors that affect the success rate of
CAR T-cell therapy. Many clinical trials have used periph-
eral blood as a source to isolate mononuclear cells (PBMC),
as well as purifying and expanding the T cells in vitro.

1st generation 2nd generation

Fig.2 Various CAR generations classified by their intracellular sign-
aling domains. The first-generation of CAR is composed of an scFv,
a transmembrane domain, and the CD3( chain as a signaling domain.
This molecule provides activation signal only to T cells which
encounter T-cell anergy upon repeated antigen stimulation [98]. The
second-generation of CAR has a co-stimulatory signaling domain
which can be CD28 or 4-1BB [8, 99]. These co-stimulatory signaling
domains are responsible for the activation signal which can be pro-

Co-stimulating
ligand

ot

Tr'ansg('ne
CD3¢

3rd generation 4th generation

vided through the engagement of the targeting domain with the target
antigen [99]. The third generation of CARs contains two co-stimula-
tory signaling domains which can be either the combination of CD28
and 4-1BB or CD28 and OX40 [99]. The fourth generation of CARs
(also known as TRUCKSs or armored CARs), use the combination of
a second-generation CAR alongside factors such as co-stimulatory
ligands, cytokines, etc., that enhance the anti-tumoral activity of CAR
T cells [100]. Made in ©BioRender—biorender.com
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Utilization of CD3/CD28 Dynabeads and the Dyna-Magnet
has been reported to be popular methods for the stimulation
and activation of T cells in several clinical trials [64].

Lately, numerous studies have focused on improving
T-cell isolation methods through providing good man-
ufacturing (GMP) conditions [65]. For instance, using
a combination of CAR T cells derived from naive and
memory T cells in animal models could induce a more
effective anti-tumor response [66]. Memory T cells that
have a potential of higher proliferation rate, as compared
to more differentiated T cells, are responsible for the
long-term maintenance of CAR T-cell effectiveness which
could eventually result in the improvement of CAR T-cell
therapy [67].

Immune checkpoint blockade

The blockade of the negative immune regulators is also
among other factors that can improve the clinical outcome of
CAR T-cell therapy. Blocking the negative regulators such as
CTLA-4 and PD-1/PD1-L to control their inhibitory effects
can mediate the enhancement of CAR T-cell functionality
[68]. Kobold et al. confirmed this hypothesis by targeting
PD-1 and disrupting its immunosuppressive effects which
resulted in the augmentation of CAR T-cell efficacy [69].

Conditioning regimen

Conditioning regimen before the infusion of CAR T cells
is another critical factor that affects the clinical outcome
of CAR T-cell therapy [70]. Lymphodepleting chemo-
therapy is a type of conditioning regimen that provides
an appropriate environment for the infused T cells before
their administration through the elimination of regulatory
and suppressive components of the immune system [71].
The effects of conditioning regimens on the efficacy and
persistence of CAR T cells have been demonstrated by the
encouraging clinical outcome improvements in FHCRC
[44]. Even before the clinical trial experiments, preclini-
cal studies had shown the role of lymphodepletion in CAR
T-cell efficacy [72]. Clinical trials conducted without
conditioning chemotherapy at MD Anderson have shown
considerably lower response rates in CAR T-cell therapy
[45]. Using chemotherapeutic drugs such as fludarabine in
B-ALL patients in clinical trials before or after the infusion
of CAR T cells is a particulate example of a conditioning
regimen that controls the result of the treatment [44]. Fur-
thermore, Turtle et al. have shown the effect of fludarabine
on the enhancement of T-cell expansion and persistence.
They found a lower CAR T-cell population 28 days after
the administration in patients who had not received fludara-
bine in comparison to those who had undergone lymphode-
pletion chemotherapy [44].
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Aging parameter

Aging is also another parameter that could significantly
affect the response rate to CAR T-cell therapy. Immuno-
therapy by CAR T cells has been more promising in pediat-
ric R/R ALL as compared to adult R/R ALL [2]. Long-term
follow-up reports from B-ALL patients after treatment with
CD19 CAR T cells have stated longer median event-free
survival in children and young adult patients (more than
11 months) in comparison with adult patients (more than
6.1 months) suggesting a considerable difference between
the survival rates of pediatric and adult patients which can
be resulted from age-related changes of the collected T cells.
In detail, T cells (later genetically modified to express CAR)
derived from aged donors exhibit enhanced cytotoxicity
but less memory-like phenotypes and shorter persistence.
It has been demonstrated that age-dependent CAR T-cell
phenotype characterized by the unique secretory profile,
gene expression pattern, and/or transcription factor balance
can substantially cause differences in the clinical outcome
of CAR T-cell therapy between younger patients and older
ones [73]. Taken together, T-cell collection from younger
donors for CAR T-cell therapy can result in longer persis-
tence and memory-like phenotype of the T cells leading to
the improvement of the clinical outcome.

GVHD management

GVHD is an immune response that can have adverse effects
on the recipient’s vital organs and it may require the admin-
istration of immunosuppressive drugs which in their way
increase the risks of infectious diseases and other immuno-
suppression-related complications. Since the early days of
considering this therapy for the treatment of ALL, GVHD
has not been a famous complication in the post-transplant
patients [74]. One example for chronic GVHD development
was in a patient with previous stage 1 acute skin GVHD,
which had happened three months after the beginning of
the therapy, for which subsequent treatment with corticos-
teroid was considered [74]. Furthermore, it has been dem-
onstrated that donor-derived CAR T cells can substantially
cause GVHD (grade 2-3) 3-4 weeks after cell infusions
[75]. Nevertheless, researchers could manage GVHD by
manufacturing T cells deficient in the expression of both
their afy T-cell receptors using multiplex genome-editing
strategies [76].

CAR T-cell therapy toxicity management

Although treatment with CD19-targeting CAR T cells has
reached almost 70-80% complete remission in R/R-ALL
patients, it has several serious complications that require
meticulous clinical management [7]. As mentioned earlier,
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the effectiveness of CAR T cells in clinical trials is asso-
ciated with various factors. Possibilities of providing an
uncomplicated manufacturing process as well as producing
a safe cellular product are two important criteria that must
be taken into consideration. Toxicity management of this
therapeutic approach could be achieved by improving our
knowledge about the probable immunological responses that
happen after the infusion of CAR T cells [13]. The most
potential toxicity symptoms that happen as the consequences
of CAR T-cell therapy are cytokine release syndrome (CRS),
neurological toxicities, on-target/off-tumor recognition, and
anaphylaxis.

Cytokine release syndrome (CRS)

For having a more effective CAR T therapy, clinical outcome
optimization must be taken into consideration through seri-
ous adverse event (SAE) management. Since CAR T cell-
based treatment has been known as a promising method
of therapy in pediatric R/R ALL, SAE management has
become a subject of paramount importance [32]. CRS is
an acute systemic inflammatory syndrome characterized
by outrageous multi-cytokine release caused by an immune
system hyperactivation resulting from the rapid stimula-
tion and proliferation of the infused T cells. CRS is usually
associated with fever [77], tachycardia [77], hypotension
[77], acute respiratory distress syndrome [77], and various
other life-threatening complications such as multi-organ
failure. The altered cytokine profile pattern is character-
ized by the elevated levels of soluble interleukin-1 receptor
(IL-1R), interleukin-2 (IL-2), interleukin-2 receptor (IL-
2R) [8], interleukin-6 (IL-6) [74], interleukin-10 (IL-10)
[74], interferon-y (INF-y) [74], granulocyte-macrophage
colony-stimulating factor (GM-CSF) [74], tumor necrosis
factor-o (TNF-a) [35], C-reactive protein [77], lactate dehy-
drogenase (LDH) [77], and hyperferritinemia [77]. Based
on the results obtained from clinical trials, there is a direct
relationship between the CRS severity and effectiveness of
CAR T-cell therapy [8]. In reports, between 19 and 43%
of R/R B-ALL patients have shown CRS after treatment
with CD19-targeting CAR T cells [8]. Studies in MSKCC,
UPenn, NCI, and FHCRC have reported 44%, 27%, 29%,
and 23% of their patients with high-severity CRS resultant
from the administration of CAR T cells, respectively [78].
Since elevated levels of cytokines are known as hall-
marks of CRS, anti-cytokine therapy seems like a suit-
able first-line agent choice for its treatment [77]. Clini-
cal administration of a humanized monoclonal antibody
against the interleukin-6 receptor (IL-6R) called tocili-
zumab has provided considerable satisfaction due to its
rapid response and effectiveness without altering the

antileukemic activity or expansion rate of the infused cells
[35]. Moreover, there has been some slight positive effects
in the resolution of CRS and CRS-related toxicities using a
combination of corticosteroids and tocilizumab [32].

Neurological toxicity

The migration of the genetically manipulated T cells into
the cerebrospinal fluid and subsequent secretion of high
levels of cytokines such as IL-6, IFN-y, and TNF-a make
neurotoxicity as an associated adverse event of this type of
therapy engaging the nervous system which is reportedly
unpreventable by the previously mentioned anti-cytokine
therapy [79]. Encephalopathy, cognitive disturbance, dys-
phasia, tremors, ataxia, myoclonus, seizures, and cerebral
edema are all among mentionable neurological adverse
events attributable to cancer therapy by CAR T cells [80].
Based on a report from CHOP/Penn, 20% of ALL patients
treated with CAR T cells have shown signs of encepha-
lopathy syndrome after the occurrence of CRS [32]. In
another study from MSKCC, R/R B-ALL patients with
lesser disease severity showed a lower risk of neurotoxic-
ity in phase I clinical trial of CD19-targeting CAR T-cell
therapy [7]. Furthermore, neurotoxicity resolution has
been achieved in preclinical animal models manifesting
lethal meningeal inflammation (which tocilizumab failed
to resolve) using an IL-1R antagonist, called anakinra,
which blocks the biologic activity of interleukin-1 (IL-
1) by competitively inhibiting it from binding IL-1R thus
offering a novel therapeutic strategy which enables us to
abolish CAR T cell-mediated neurotoxicity [79].

On-target off-tumor recognition

Selecting the targeted antigen in CAR T-cell therapy is
extremely crucial because the most suitable antigen should
be the one specifically expressed by the tumor cells of our
interest. Expression of the target antigen by other types
of cells or normal cells could cause “on-target off-tumor”
toxicity in the recipients. For example, in CD19-target-
ing CAR T-cell therapy, normal B cells can be affected
alongside cancerous cells. This phenomenon leads to
the depletion of normal B cells, known as B cell aplasia,
and consequent reduction in the level of gamma-globulin
(hypogammaglobulinemia) thus rendering patients suscep-
tible to potentially opportunistic life-threatening infections
[80]. Reconstituting the patient’s immunoglobulin G (IgG)
level via intravenous (IV) or subcutaneous injection of
IgG obtained from the plasma of healthy donors is a clini-
cal strategy to address this issue which offers the patients
protection against a wide variety of pathogens [80].
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Anaphylaxis

Another toxicity syndrome intertwined with the platform of
CAR T-cell therapy is the clinical rejection of the infused
cells if the antigen recognition domain of the CAR construct
is based on animal-derived antibodies such as murine or
camelid antibodies [81]. So, the hope to achieve prolonged
persistence and consequently better anti-tumor responses in
patients by repeating the rounds of infusion is terminated
due to immune-mediated rejection [82]. Administration
of autologous T cells equipped with a murine antibody-
decorated CAR results in the occurrence of anaphylaxis
within minutes following the infusion which is most likely
through IgE antibodies against the targeting domain of the
CAR. This phenomenon strongly accentuates the potential
immunogenicity of using these animal-origin antibodies as
targeting domains [83]. Construction of CAR constructs
using a fully human targeting domain is a simple strategy to
overcome the issues of immunogenicity. Also, humaniza-
tion techniques such as grafting of the heavy and light chain
complementary determining regions onto acceptor human
germline frameworks for the development of humanized
antibodies can be viewed as an immunogenicity-tackling
guideline [82].

Practical strategies for having a more
effective and less toxic CAR T-cell therapy

Dual targeting receptor strategies (Logic-gated
CARs)

Dual targeting receptor strategies use two different CAR
constructs with each targeting a particulate antigen. One
CAR construct only harbors the CD3( signaling domain

Fig.3 Dual targeting CAR T
cells and their mechanism of
action. As shown in the figure,
CAR T cells cannot achieve
the signals necessary for their
activation and cytotoxic func-
tionality upon their encounter
with normal cells that only
express one of the antigens.

On the other hand, upon their
interaction with tumor cells
simultaneously expressing both
of the antigens, they receive €D37
the necessary activation signals &
resulting in their activation and
tumoricidal effects. Made in
©BioRender—biorender.com
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and the other CAR construct is designed to contain the co-
stimulatory signaling domains necessary for the cytotoxic
functionality of the CAR T cells. Conceptually, geneti-
cally modified T cells benefiting from this strategy will
not enforce cytotoxic effects unless they encounter tumor
cells that simultaneously express both of the antigens rec-
ognized by those two CARs. In conclusion, this strategy
which simultaneously targets two dissimilar tumor-associ-
ated antigens has been developed for the improvement of
CAR T-cell therapy specificity and safety index (Fig. 3).

CARs affinity management

Commonly targeted tumor antigens are usually expressed
by healthy tissues as well. The T cell-mediated killing of
normal cells alongside malignant cells, as referred to as
on-target off-tumor toxicity, has put obstacles in the way
of wider clinical application of adoptive T-cell therapy.
The mentioned phenomenon could lead to B cell aplasia
in the case of CAR T-cell therapy for the treatment of
CD19* ALL which results in unwanted elimination of nor-
mal CD19-expressing B cells alongside leukemic B cells.

Adjusting the level of target-antigen affinity of the
CAR T cells can be used as a means to discriminate tar-
get-antigen overexpressing tumor cells from normal tis-
sues expressing it at physiologic levels. Affinity-tuned
cells show sufficient antitumor efficacy, similar to that of
high-affinity cells, only towards tumor cells and manage to
refrain killing normal cells expressing the target antigen at
physiologic levels. This elaborate strategy can be viewed
to further validate the use of T cells equipped with affinity-
tuned CARs as a means by which it is possible to target
tumors and minimize the unwanted damages to normal
tissues in the meantime [84].
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Using a combination of CD4* and CD8" CART cells

To increase the persistence of CAR T cells, in addition to
their in vivo expansion, a combination of CD4" and CD8"
CAR T cells have been used in several studies. This strategy
decreases the requirement of a high number of cells and
leads to a more effective and less toxic CAR T therapy in
B-ALL patients [74].

Inhibitory CAR (iCAR) and switchable CARs

Inhibitory CAR (iCAR) and switchable CARs can also play
important roles in the improvement of CAR T-cell therapy
efficacy. CAR T cells benefiting from iCAR strategy express
two separate CAR constructs. One CAR construct is a con-
ventional CAR that is capable of recognizing a tumor anti-
gen of interest and the other one is designed by attaching the
signaling domains of exogenous T-cell inhibitory receptors
such as PD-1 to an antigen recognition domain that recog-
nizes an antigen expressed by healthy cells. Conceptually,
cells that simultaneously express these two antigens will not
be eliminated by CAR T cells equipped with an iCAR. This
strategy helps CAR T cells discriminate between tumor cells
that only express the tumor antigen and healthy cells that
express both of them at the same time (Fig. 4) [85].
Furthermore, switchable CARs can also be utilized to
help CAR T cells eliminate a broad spectrum of tumor cells
through the administration of a small target module (TM).
Switchable CAR T cells can be redirected towards differ-
ent antigen-expressing tumor cells via a TM. The targeting
domain of the CAR construct recognizes one part of the
TM and attaches to it. On the other hand, the other part of

Fig.4 Inhibitory CARs
(ICARs) and their mechanism of
action. Upon the interaction of
iCAR T cells with healthy cells
expressing the antigen recog-
nized by the targeting domain of
the iCAR construct, the inhibi-
tory signaling cascades suppress
the activation of the CAR T
cells leading to minimization

of on-target/off-tumor toxici-
ties. On the other hand, upon
the encounter of iCAR T cells
with tumor cells and subsequent
engagement with the activatory
antigen (in the absence of the
inhibitory antigen), genetically
modified T cells achieve the
necessary activation signals and
eliminate the tumor cells. Made
in ©BioRender—biorender.com
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the TM is specific for a tumor antigen of interest (Fig. 5).
In conclusion, this strategy can be used for broadening the
cytotoxic effects of CAR T cells towards different tumor
cells without the need for developing separate CAR con-
structs for them [86].

Suicide genes

Using suicide genes is another strategy that can be used for
reducing CAR T-cell therapy toxicities [87]. Inducible sui-
cide genes are utilized to control the cytotoxic effects of the
infused CAR T cells in vivo since they can be activated upon
the introduction of a small non-therapeutic chemical inducer
of dimerization (CID) such as inducible death molecules of
Fas or Caspase9 (iCasp9) which trigger downstream cellu-
lar apoptotic pathways resulting in the selective elimination
of the infused T cells in situations of emergency (Fig. 6a)
[87]. Another example of a safety switch is the use of her-
pes simplex virus thymidine kinase (HSV-TK) which can
be implemented for selective CAR T-cell depletion since
it has successfully achieved encouraging results in clinics
(Fig. 6b) [87].

Bispecific antibodies

Bispecific antibodies have been widely investigated because
of their ability to recruit cytolytic T cells to eliminate can-
cer cells. A bispecific antibody named Blinatumomab which
is an anti-CD19/CD3 bispecific T-cell engager (BiTE) has
shown promising clinical results in B cell leukemia and lym-
phoma patients. Despite this, disadvantages such as possi-
ble immunogenicity, manufacturing-related challenges, and
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Fig.5 Switchable CAR T cells Tumor cell
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Fig.6 Safety switch strategies for increasing the safety index of CAR
T cells and their mechanism of action. a iCasp9 safety suicide and its
mechanism of action. The activation of inducible caspase 9 is medi-
ated upon the introduction of a small synthetic dimerizing agent lead-
ing to the activation of downstream apoptotic pathways and selective
elimination of the CAR T cells equipped with this switch. b Herpes
simplex virus thymidine kinase (HSV-TK) safety switch and its mech-

non-favorable pharmacokinetics are all among reasons limit-
ing the clinical-level application of these bispecific antibod-
ies. Taken together, the utilization of bispecific antibodies
such as anti-CD20/CD3 is another strategy that can improve
the clinical outcome of CAR T-cell therapy by simultaneous
targeting of the tumor-associated antigen expressed by the
cancer cells and CD3 presented on polyclonal T cells [88].

VHH-based CART cells

Heavy-chain antibodies (HCAbs) are structurally unique
antibodies since they are composed of only heavy chains

@ Springer

Apoptosis

anism of action. Upon the introduction of ganciclovir, HSV-TK cata-
lyzes it to ganciclovir-monophosphate (MP) which will eventually
be modified to ganciclovir-trisphosphate (TP). Furthermore, TP will
mediate the inhibition of DNA synthesis leading to the selective elim-
ination of the T cells harboring this safety switch. Made in ©BioRen-
der—biorender.com

and they lack light chains and CH1 domain in comparison to
a conventional IgG [89]. As naturally occurring antibodies
in camelids, each heavy chain is composed of a single-var-
iable domain that is called “VHH” or “nanobody®”, which
is considered as the smallest intact functional antigen-bind-
ing fragment of HCAbs, and two constant domains called
CH2 and CH3 [89]. Recently, VHHs have been successfully
applied in various experimental and clinical settings such as
their implementation in CAR T cells because of their favora-
ble properties such as their ability to target uncommon or
hidden epitopes which is due to their relatively longer com-
plementarity-determining regions 3 (CDR3) loop compared
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with those in human and mouse antibodies, their small size
which is about 15 kDa and half of the molecular weight of
a conventional single-chain variable fragment (scFv), their
solubility and high stability profile at high temperatures
of between 80 and 92 °C and extreme of pH conditions,
their low immunogenicity profile and the easy task of their
humanization because they share more than 80% similarity
with family III of the human variable heavy chain, and their
binding kinetics which is comparable to those of conven-
tional antibodies [37, 47, 90-92]. It is worth mentioning
that Cablivi (caplacizumab) has been the first nanobody®
approved for adults with acquired thrombotic thrombocy-
topenic purpura (aTTP), even though in combination with
plasma exchange and immunosuppressive therapy, by the
European Union and FDA [93]. In this section, we briefly
discuss the use of VHHs as targeting domains of CAR con-
structs used in the CAR T-cell therapy of solid tumors and
hematologic malignancies, review our own long-time labo-
ratory experience in this field, and try to demonstrate why
the use of VHHs in the field of CAR T-cell therapy is associ-
ated with several therapeutic benefits.

The utilization of VHH as the extracellular domain and
the targeting domain of CARs is not broadly investigated in
comparison to scFv. Our lab team is among the first groups
that have used this novel strategy for the development of
CAR T cells. About almost a decade ago, we generated
CAR-expressing T cells equipped with anti-MUC1 VHH as
the targeting domain [92]. Later, we incorporated the OX40
(CD134) co-stimulatory domain into the mentioned CAR
construct and we showed that it effectively optimizes the
T-cell activation signaling process alongside improving its
IL-2 production level [91]. Our efforts for achieving a more
optimized third-generation VHH-based CAR with a safety
switch even went further. As a proof of concept, we used a
regulated dimerization system with caspase 8 that acts as a
suicide gene. In an in vitro experiment, we proved that this
system shows considerable efficacy [91].

More recently, researches generated VHH-based CAR T
cells against CD38 for the treatment of multiple myeloma
(MM). They showed that these VHH-based CD38-targeting
CAR T cells proliferate efficiently and produce more inflam-
matory cytokines, such as IL-2, IFN-y, and TNF-a, upon
activation [94]. The mentioned CAR T cells effectively lysed
CD38" MM cell lines and primary MM cells from multi-
ple myeloma patients. These cells did not demonstrate any
cytotoxicity against CD38" cells. Additionally, the in vivo
results of this study showed that these CAR T cells inhibited
tumor growth in NOD/SCID mice that were subcutaneously
inoculated with a MM cell line [94]. These results strongly
demonstrate that VHH-based CAR T cells can be promising
for the treatment of hematologic malignancies.

In other studies, Munter et al. have generated bispecific
VHH-based CAR T cells against CD20 and HER2. As a

proof of concept, they showed that these CAR T cells can
induce T-cell activation, cytokine production, and tumor
lysis when incubated with transgenic Jurkat cells expressing
either antigen or both antigens simultaneously. The results
of this study also showed that using VHH technology for the
production of CARs allows for the production of compact
CARs with dual specificity and predefined affinity [95].

Furthermore, polyclonal and oligoclonal antibodies can
recognize and bind to several different epitopes of a single
antigen on a given tumor cell, therefore, it is believed that
this property of the mentioned antibodies can minimize the
possibility of the occurrence of escape variants [96]. This
fact is mainly because it is unlikely that a tumor cell loses
all of its target epitopes at once [96]. It is also believed that
CAR T cells that target different antigenic epitopes can
mediate a more effective cytotoxic response in comparison
with CAR T cells that only target a single antigenic epitope
[38]. In brief, polyclonal and oligoclonal CAR T cells might
prevent the development of tumor cell escape variants along-
side generating a more effective cytotoxic effect [38]. Dif-
ferent studies have investigated oligoclonal CAR T cells as
proof-of-concept studies to demonstrate that epitope-distinct
VHHs grant CAR T cells the ability to recognize differ-
ent epitopes on a specific antigen which subsequently leads
to lysing the antigen-expressing cells in a specific manner
[38, 97]. Our previous works are among these studies where
we generated HER?2 epitope-distinct oligoclonal VHHs and
then we incorporated them in CAR constructs and generated
HER?2-targeting oligoclonal VHH-based CAR T cells [38,
97]. Our results showed that these CAR T cells had higher
proliferation rate, cytokine secretion, and cytotoxicity index
in comparison with each individual VHH-based CAR T cells
and we concluded that using oligoclonal VHHs with third-
generation CAR constructs can substantially enhance the
function of engineered T cells [38].

Recently, we established a novel second-generation anti-
MUCI1 VHH-based CAR composed of a camelid-derived
anti-MUCI, IgG3 hinge, a CD28 transmembrane domain,
and the intracellular signaling domains of CD28 and CD3(.
Later on, we transduced human primary T cells with len-
tiviral vectors harboring this gene fragment and evaluated
the CAR cell surface expression alongside with the cytokine
secretion and tumoricidal activity of the anti-MUC1 VHH-
based CAR T cells [90]. Our results indicated that these anti-
MUC1 VHH-based CAR T cells had high levels of CAR
expression. Furthermore, these CAR T cells significantly
increased their cytotoxic activity and IL-2, TNF-a, and
IFN-y secretion upon the recognition of MUC1-expressing
tumor cells [90]

Eventually, to use these promising proof-of-concept level
results for the field of CAR T-cell therapy of hematologic
malignancies especially ALL, lately, we have been working
on CD19-targeting VHHs incorporated in CAR constructs
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for the generation of CD19-targeting VHH-based CAR
T cells. The aforementioned CAR T cells demonstrated
encouraging in vitro and in vivo results (in animal xeno-
graft models) with considerable proliferation rate, cytokine
secretion, and antitumor activity against CD19-positive
targets which are comparable to those of CD19-targeting
scFv-based CAR T cells (under publication). These promis-
ing results propose that CD19-targeting VHH-based CAR
T cells can be considered as alternatives to conventional
anti-CD19 CAR T cells for the treatment of R/R ALL as
well as other hematologic malignancies associate with the
CD19 tumor marker.

Conclusion

The expansion of our knowledge regarding the relationship
between the immune system of the recipient of CAR T-cell
therapy and the type of cancer and its targetable biomarkers
has led to significant improvements in the field of cancer
immunotherapy. The emergence of engineered T cells that
could target the CD19 antigen expressed on the surface of
cancerous B cells has been known as a revolution in the
world of cancer immunotherapy. These engineered T cells
which can express anti-CD19 CAR have shown promising
results in the treatment of patients suffering from R/R ALL.
So far, the data from the completed CAR T-cell therapy
clinical trials have shown that a great percentage (more
than 90%) of ALL patients have responded to the treatment
by anti-CD19 CAR T cells, a number which is very higher
than any other approach of cancer immunotherapy. Later,
researchers achieved even more improvements in the results
of clinical studies by combining CAR T-cell therapy and
other therapeutic approaches such as immune checkpoint
blockade. Optimizing the basic elements of CAR T-cell ther-
apy such as CAR design, delivery methods of the engineered
cells, CAR gene introduction methods, and the design of
clinical trials as well as improving our understanding about
the immunological responses following CAR T-cell infusion
could lead to significant improvements in clinical responses
and toxicity management of the future studies. Moreover,
considering various practical strategies such as logic-gated
CARs, iCARs, and switchable CARs alongside the use of
bispecific antibodies and VHH-based CAR T cells enable us
to achieve a more effective CAR T-cell therapy. Other inno-
vative strategies such as the deployment of suicide switches
can guarantee a shorter list of toxicities attributed to this
therapy platform. It is worth mentioning that studying the
results of the completed CAR T-cell therapy clinical trials
will help us to achieve these new creativities.
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