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Abstract

Cancer immunotherapy offers tremendous clinical outcomes in cancer management with the potential to induce sustained remission in
patients with refractory disease. One of these immunotherapy modalities is the adoptive transfer of autologous T-cells that are genetically
engineered ex vivo to express chimeric antigen receptors (CARs). These receptors can direct T-cells to the surface antigens of tumor cells
to initiate an efficient and specific cytotoxic response against tumor cells.

This review elucidates the structural features of CAR T-cells and their different generations reaching the recent 4th generation
(TRUCK). The step-wise treatment process using CAR T-cell therapy and some of the updated prominent clinical applications of this
treatment modality in both hematologic and solid malignancies are also covered in the present review. The success of CAR T-cell therapy
is still encountered by several limitations for a widespread clinical application of this treatment modality, these challenges along with
the recent innovative strategies that have been developed to overcome such drawbacks, as well as, the approaches and future directions

aiming for a commercial low cost CAR T-cell immunotherapy modality, are all covered in the present review.
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Cancer immunotherapy

Cancer immunotherapy is a treatment modality that is evolv-
ing quickly with promising results. The mechanism of cancer
immunotherapy relies on enhancing an immune response
against tumor cells, rather than directly killing cancer cells
through radio- or chemical toxicity. Therefore, the aim of this
modality is to harness the patient’s immune system to fight
cancer (Couzin-Frankel, 2013; Morrow, 2017). Cancer immu-
notherapies are classified as active and passive methods; the
active method promotes the effective anti-tumor mechanisms
to improve cancer elimination by vaccination or adjuvant ther-
apy. On the other hand, the passive method involves either
the administration of monoclonal antibodies directed toward
specific tumor antigens or the adoptive transfer of modified
T-cells (Stanculeanu et al., 2016). Adoptive cell transfer (ACT)
or the cell-based therapy implies collecting and using patients’
own immune cells to fight their own cancer cells, so far, the
one that is proved to be successful in clinical applications and
most rapidly developing is the CAR T-cell therapy. As obvious
from the name, the backbone of CAR T-cell therapy is the use
of T-cells which are known as the workhorses of the immune
system (Houot et al., 2015).

Chimeric antigen receptor (CAR) T-cells

T-cells are genetically modified to increase their targeting effi-
ciency toward tumor cells through the expression of a chimeric
antigen receptor (CAR) on their cell surface, producing what is
known as CAR T-cells. This process is currently the most rap-
idly developing approach in cancer adoptive cellular immuno-
therapy. CAR T-cells are engineered cells expressing synthetic
receptors that can efficiently redirect T-cells to surface anti-
gens for subsequent tumor elimination through the cytotox-
ic effect of T-cells (Lipowska-Bhalla et al., 2012). CAR T-cells
typically consist of a single-chain variable fragment (scFv),
which is an antigen-binding moiety of a monoclonal antibody
specific for a tumor cell-surface marker. This variable domain
is linked to the constant region of the T-cell receptor (TCR)
(Fig. 1) (Zhang et al., 2017).

This simplest form of CAR T-cells was first developed in
1989 (Gross et al., 1989). Following this date, many efforts
have been made to develop and improve the recognition spec-
ificity of T-cells toward tumor associated antigens (TAAs) and
also improve the proliferative and cytotoxic efficiency of these
genetically engineered cells.
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Fig. 1. Structural components of T-cell receptor (TCR) and monoclonal antibody (mAb) used in the construction of a CAR. Basic structure of chimeric
antigen receptor CAR T-cell consists of an antigen binding ectodomain, commonly derived from a single chain variable fragment (scFv) of a mAb,

a transmembrane domain, and a signalling endodomain.

Structural design of CAR T-cells

The structural pattern of CAR T-cells typically consists of an
extracellular antigen recognition domain (ectodomain), a
trans-membrane hinge domain that connects the CAR to the
cell membrane, and one or more intracellular signalling en-
dodomains (Fig. 1).

The ectodomain (targeting moiety)

The ectodomain is the domain outside the cytoplasm exposed
to the extracellular space. The domain is derived from a single
chain variable fragment (scFv) of a monoclonal antibody that
targets a specific tumor antigen, therefore the ectodomain is
considered as the antigen recognition region of CAR T-cells
(Srivastava and Riddell, 2015). The scFv can recognize the TAA
expressed on tumor cells independently of the classical anti-
gen processing and presentation by the major histocompati-
bility (MHC) complex, which is considered as one of the main
characteristics of CAR T-cells. The potential target-molecules
are not restricted to peptide antigens, but rather a wide range
of surface marker molecules that are uniquely expressed on
tumor cells including glycolipids, glycoproteins, and ganglio-
sides can all be used as targeting molecules (Wang and Riviére,
2016).

The hinge region (Spacer)

The connection between the ectodomain and the trans-mem-
brane domain relies on the hinge part (spacer); the most
sufficient and simplest form of spacer is the hinge region of
IgG1. The hinge region affects the flexibility of the ectodomain
therefore it is important for ensuring the suitable positioning
of the antigen binding domain during antigen-CAR interaction
process. The length of the hinge region could affect the quality
of interaction between the T-cell and its target. The optimum
distance required is likely to be different for each antigen (Qin
etal., 2017).

The trans-membrane domain

Between the spacer and the signalling end domains, lies the
trans-membrane domain (Fig. 1). The trans-membrane do-
main consists of a hydrophobic alpha helix that extends over
the membrane. Several studies have suggested that the sta-

bility of CAR is related to the trans-membrane domain. Most
CAR T-cells include a trans-membrane domain derived from
type I membrane proteins, such as CD3(, CD8, CD4, or CD28.
Currently, CD28 trans-membrane domain is considered as the
most stable receptor (Dotti et al., 2014).

The endodomain (signalling domain)

The endodomain is the functional part of CAR T-cells responsi-
ble for T-cells activation, proliferation, and survival. Upon an-
tigen recognition by the ectodomain, CAR endodomain trans-
mits co-stimulatory signals to T-cells to start their cytotoxic
action. The structure of the CAR endodomain has been the
main subject of many modifications and improvements in an
effort to improve the functionality and efficacy of CAR T-cells
(Li and Zhao, 2017).

Generations of CAR T-cells (based on endodomains)

For an efficient and optimal activation of T-cells; two distinct
signals are required. Signal 1 is provided by the binding of the
TCR expressed on T-cells with the foreign peptide presented by
the MHC complex. Signal 2 is provided by the binding of the
co-receptor protein CD28 expressed on the T-cell surface with
the co-stimulatory B7 molecules [B7.1 (CD80) or B7.2 (CD86)]
expressed on antigen-presenting cells. The function of signal 2
is to amplify the intracellular signaling triggered by signal 1.
If T-cell received signal 1 without signal 2, it could undergo
apoptosis or become non efficient so that it can no longer be
activated. Therefore, signal 1 and signal 2 are both necessary
for the optimal activation and effective function and survival
of T-cells (Chen and Flies, 2013). Based on this mechanism of
action, the procedure of CAR T-cell construction yielded four
generations of CAR T-cells based on the structure of the en-
dodomain (Fig. 2).

First generation of CAR T-cells

The structure of the first generation of CAR T-cells consisted of
scFvjoined to a single structure intracellular signalling domain
CD3(. This structure was only able to provide signal 1 required
for T-cell activation with modest cytokine secretion. However,
as mentioned before, T-cells cannot functionally perform their
cytotoxic effect if the co-stimulatory signal 2 is absent. There-



El-Daly and Hussein / J Appl Biomed 3

Ectodomain
Antigen |
binding
Cytokines
B IL-12 °
LI ]
> L[]
Transmembrane m™TIT T ‘T ; mITT T 7777 PP’?PP

domain aval v dvd YaVay A VAV, e PV AV avavd

RERAISIAN NATSVATRRSTSIET! ITEVATSTREraan! [1AVEVAYRuuRETaverl [ISVRNIaTaven,

e
i Signal 2 Signal 2 Signal 2 &
Z::;:' 1 cD27/cD28/ CD27/cD28/ CcD27/CD28/!
€D134/CD137 €D134/CD137 CD134/CD137 [}
Endodomain .
a Signal 2 -
signalling = Signal 1 ; " Signal 1 °
4 g D37 4-1BB/0X-40 D37 oo
Transgenic IL-12
Signal 1
cD3y

1%t generation 2"d generation

4th generation
(TRUCK)

3" generation

Fig. 2. Schematic representation elucidating the different generations of CAR T-cells

First generation of CAR T-cells contains single signaling module CD3(, while second and third generations contain one or two additional co-stimulatory
domains to enhance the survival as well as proliferation and persistence of activated CAR T-cells. The 4th generation (TRUCK) is the newest approach
in adoptive T-cell therapy, where CAR T-cells are genetically modified with an inducible cytokine gene cassette to immediately secrete cytokines such as

IL-12 upon CAR T-cell activation.

fore, first generations of CAR T-cells were not effective with
very weak proliferation ability and high apoptotic potential
(Cheadle et al., 2014).

Second generation of CAR T-cells

To improve limitations of the first generation of CAR T-cells,
the second-generation involved the addition of two intracel-
lular signalling domains from various co-stimulatory protein
receptors (such as CD28) to the cytoplasmic tail of the CAR
T-cells. The interaction between the intracellular signalling do-
main CD28 and the B7 family molecules (B7.1 or B7.2) found
on the sur-face of tumor cells is efficient to provide the second
activation signal that enhances signal 1 from the TCR-CD3(
complex, and therefore improves the sustained proliferation
of CAR T-cells. Eventually this will enhance the production of
cytokines and granulocytes and improve the cytotoxic activity
of these engineered cells (Ritchie et al., 2013). In the study by
Brentjens et al. (2007), the treatment of acute lymphoblastic
leukemia using the second-generation CAR T-cells containing
signalling domain of the CD28 receptor increased the eradi-
cation efficiency compared to the use of the first-generation
CAR T-cells.

Third generation of CAR T-cells

In the effort to improve CAR T-cell design for a more eradica-
tion efficiency, the third generation of CAR T-cells was devel-
oped. In this form, three co-stimulatory domains were added
in order to offer signal 1, signal 2, and another co-stimulatory
signal to boost T-cell activation signals. These multiple signal-
ling domains like (CD3({-CD28-ICOS) or (CD3({-CD28-CD137)
or (CD3(-CD28-0X40) could improve the survival of engi-
neered T-cells and provide a much stronger cytokine produc-
tion and anti-tumor cytotoxic effect. In the study by Pulé and
his colleagues (Pulé et al., 2005), the signalling domains (CD28
followed by 0X40 followed by CD3() produced sustained ac-
tivation, proliferation and improved the production of the
cytokines IL-2 and TNF-« and hence efficiently enhanced the
cytolytic activity of the engineered T-cells compared to the

second generation of CARs with only the signalling domains
(CD3({-CD28).

Fourth generation of CAR T-cells

The fourth generation of CAR T-cells, also known as T-cells
redirected for universal cytokine killing (TRUCKSs) is generat-
ed by adding a transgenic cytokine like interlukin-12 (IL-12)
to the base of a second-generation constructs (Chmielewski
and Abken, 2015). IL-12 is a pleiotropic cytokine that could
provide potent anti-tumor responses through stimulating
the immune system (Choo et al., 2009). Interaction between
fourth-generation CAR T-cells and their target antigens will
cause activation of these cells and simultaneous secretion of
cytokines like IL-12 in the target tissue, accumulation of IL-
12 can effectively attract innate immune cells mainly natural
killer cells and macrophages to the tumor microenvironment
in an effective way to initiate a second wave of immune cells in
order to attack and kill other tumor cells which were not recog-
nized by the CAR T-cells due to the lack of the CAR-recognized
target on their surface (Chmielewski and Abken, 2015; Zhang
etal., 2017).

Selection of the target antigen

The most important challenge in the production of the ideal
CAR construct is choosing the appropriate target associat-
ed antigens (TAA). Ideally, engineered CAR T-cells should
target only tumor cells away from normal cells, but actually
the expression of most TAAs is not restricted to tumor cells
and unique tumor antigens are rare to be found (Shirasu and
Kuroki, 2012). Tumor cells are mainly derived from normal cells
and most of the identified TAAs are self-antigens, the only dif-
ference is that TAAs are usually over-expressed in tumor cells
but low expressed in normal cells. Antigens arising from gene
mutations could be the ideal targets for CAR construct since
such targets are not expressed on normal tissue cells. Unfor-
tunately, not all tumors express specific mutations with com-
mon genetic alterations that could be targeted (Chmielewski
et al., 2013; Li and Zhao, 2017). Therefore, choosing the right
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target is a critical point in CAR-T construction not only for en-
hancing the targeting specificity but also for patients’ safety.
The B-lymphocyte antigens CD19 and CD20 are validated tar-
gets that are widely used in CAR T-cell therapy for CD19- and
CD20-positive hematologic malignancies. CD19-CAR T-cells
and CD20-CAR T-cells have been successfully applied in sev-
eral clinical trials to treat chronic lymphocytic leukemia (CLL),
acute lymphoblastic leukemia (ALL), diffuse large B cell lym-
phoma (DLBCL), and B-cell non-Hodgkin lymphoma (B-NHL)
(Chu et al,, 2015; Hartmann et al., 2017; Martyniszyn et al.,
2017). Examples of other antigens that have been used for the
construction of CAR T-cells targeting hematologic malignan-
cies/solid tumors are summarized in Table 1.

Table 1. List of some tumor associated antigens that have been
used in different clinical trials of CAR T-cells application with
different levels of success and efficacy

Target antigen Tumor type

CD22 B-cell acute lymphoblastic leukemia (Haso et
al,, 2013)

CD30 Hodgkin lymphoma (Di Stasi et al., 2009;

Ramos et al., 2017; Wang et al., 2017)

CD33 Acute myeloid leukemia (Kenderian et al.,
2015; Li et al., 2018; Minagawa et al., 2016)

Estrogen-related Breast cancer (Teng et al., 2004)
receptor beta type 2 Prostate cancer (Pinthus et al., 2003)
(ERRB2)

Prostate-specific Prostate cancer (Junghans et al., 2016; Maher
mem-brane antigen et al., 2002; Zuccolotto et al., 2014)
(PSMA)

Carbonic anhydrase IX  Renal cell carcinoma (Lamers et al., 2006)

(CAIX)

Carcinoembryonic Colon cancer (Sheen et al., 2003)
antigen (CEA)

Mesothelin surface = Malignant pleural mesothelioma (Mayor

glycoprotein et al., 2016), Ovarian cancer (O’Hara et al.,
2016), pancreatic adenocarcinoma (Beatty et
al., 2014), breast cancer (Tchou et al., 2012)

Procedure of CAR T-cell therapy in the clinic
The process of CAR-T production and patient treatment is a
sophisticated procedure that requires several carefully per-
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formed steps, and a continuous quality control evaluation
throughout the entire procedure. The procedure can be sum-
marized in the following steps (Fig. 3):

1. Collecting T-cells from the patient: Patient’s T-cells are
collected via a procedure called leukapheresis. In this pro-
cedure, the blood of the patient is withdrawn and the leu-
kocytes are collected while the remaining components of
the blood are infused back into the circulation. Separation
of T-cell (CD4+/CD8+ composition) are conducted using
specific antibody bead conjugates for T-cells enrichment
(Maus and June, 2016).

2. Reengineering of T-cells in the laboratory: The col-
lected T cells (CD4+/CD8+ composition) are then sent
to a laboratory where they are cultured to be genetically
engineered for the production of CARs on their surfaces.
In this process, isolated T-cells are transfected with a viral
vector (such as y-retroviral or lentiviral) encoding genes
for the desired CAR construct. The virus fuses with the
cell membrane of the isolated T-cells and introduces the
genetic material in the form of RNA. The RNA is then re-
verse-transcribed into DNA and permanently integrates
into the genome of the isolated patient cells; therefore,
CAR expression is maintained as the cells divide and ex-
pand to large numbers in culture. Lentiviral vectors are
commonly used than p-retroviral vectors because of their
safe integration site profile. Following the expansion in the
number of the engineered CAR T-cells in vitro, these CAR
T-cells are then frozen and sent to the hospital where the
patient is under treatment (Li and Zhao, 2017; Morgan
and Boyerinas, 2016).

3. Infusing CAR T-cells into the patient: At the hospital
and prior to infusion of the CAR T-cells, the patient is giv-
en a brief course of chemotherapeutic agents, in a process
called “lymphodepletion” to avoid possible rejection of the
infused CAR T-cells through reduction of T regulatory cells
(Treg) in the lymphoid tissues and in tumor (Yao et al.,
2012). Early studies using CAR T-cells with no prior lym-
phodepletion step, resulted in short persistence and poor
antitumor activity of the infused cells (Gattinoni et al.,
2005). CAR T-cells that have been returned to the patient’s
blood circulation are considered as the “attacker” cells that
could recognize and attack cells that have the targeted an-
tigen on their surface.
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Fig. 3. A diagram presenting the steps of CAR T-cell therapy procedure in clinic
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Advantageous characteristics of CAR T-cell

immunotherapy

The use of CAR T-cells has several privileges over other can-

cer immunotherapy modalities. These advantages are summa-

rized as follow:

1. One of the greatest benefits of this technique is that the
chimeric receptors ensure this therapy is a targeted thera-
py. Moreover, CAR T-cells are live cells so they are expected
to expand in the patient for the establishment of an im-
mune memory, providing continuous surveillance to target
localized and metastatic lesions (Hartmann et al., 2017).

2. The use of CARs is applicable to a broad range of patients
irrespective of the MHC complex type, as the mechanism
of interaction is not restricted to the antigen presentation
by the MHC molecule. In CAR T-cell application, the inter-
action between CAR and the antigen ligand differs from
that which occurs between a normal T-cell receptor and its
antigen peptide-MHC ligand where the affinity and avidity
in the first case are much higher. This feature enables the
engineered T-cells to overcome the tumor’s ability to es-
cape from immune recognition through down-regula-tion
of MHC molecules on tumor cell surface (Farkona et al.,
2016).

3. Genetically modified T-cells could effectively target a wide
range of molecules in comparison with native-TCR, since
targeting molecules in case of CAR-T therapy are not re-
stricted to antigen peptides expressed on tumor cells, rath-
er any surface markers uniquely or abundantly expressed
on tumor cells can be used. Specific glycolipids, glycopro-
teins, and gangliosides can all be used as targeting mole-
cules (Lo et al., 2010; Wang and Riviére, 2016).

4. The engineering process of CAR T-cells can involve one or
more T-cell activating signalling domains which will be as-
sociated with a high proliferation and persistence potential
of T-cells in the tumor microenvironment, and eventually
effective cytotoxic potential (Pulé et al., 2005).

Clinical trials of CAR T-cell immunotherapy

Early clinical trials applying first generation of CAR T-cells did
not demonstrate remarkable response; however encouraging
clinical outcomes have been reported only with the application
of the second and third generation of CARs (Hartmann et al.,
2017). In the following section a brief summary of some of the
prominent clinical trials using CAR T-cells in different cancer
types is presented.

CAR T-cell immunotherapy for hematologic malignancies

Although hematological malignancies represent a relatively
small part of the total cancer burden, they have been presented
as the ideal types with high responsive rates for cancer immu-
notherapy. In case of CAR T-cell therapy, the most promising
results have been reported from the clinical trials on B-cell ma-
lignancy patients (Gauthier and Yakoub-Agha, 2017). Most of
the published clinical trials of CAR T-cell therapy for hemato-
logical malignancies involved the usage of a CD19-target moie-
ty. CD19 is a B-cell surface protein that is highly overexpressed
on all B-cell malignancies, therefore CD19 is considered as an
attractive target for immunotherapy (Sadelain, 2017). The in-
itial trials using the second generation of CD19-directed CAR
T-cells were applied on small number of patients diagnosed
with ALL or refractory CLL, however, the results were impres-
sive with a complete remission (Brentjens et al., 2011; Grupp
et al,, 2013; Porter et al., 2011) which encouraged for further
clinical trials. These results were later supported by a series
of clinical trials describing larger number of patients with

B-cell malignancies receiving CD19-directed CAR T-cell ther-
apy (Brentjens et al., 2013; Davila et al., 2014; Maude et al,,
2014; Turtle et al., 2017). In all these studies, there were sev-
eral differences between the treated groups (e.g. the patients
population, the type of B-cell malignancy, the engineering
technique used for the construction of CAR T-cells, and the ap-
plication or not of the lymphodepletion step), however several
remarks were observed (Gill and June, 2015). These remarks
can be summarized as following: (1) second generation of CAR
T-cells were superior to first generation; (2) patients that re-
ceived a lymphodepleting chemotherapy protocol prior to the
infusion of CAR T-cells reported better results; (3) patients
with ALL showed better response than patients with CLL;
(4) patients with high response rate suffered severe cytokine
release syndrome; (5) no dose-response relationship could be
related to the number of infused CAR T-cells and the response
magnitude; (6) no significant correlation could be detected
between initial tumor burden and response (Gill and June,
2015). An interesting observation has been reported in few pa-
tients who initially responded very well to the treatment using
CD19-directed CAR-T but then suffered from a relapse with
CD-19 negative tumor cells. This could be an indication for the
ability of progressive tumor cells to rapidly initiate an immune
escape however, no much reports of such a case are observed
in the different clinical trials (Grupp et al., 2013). Other prom-
inent clinical trials of CAR T-cell immunotherapy for different
hematologic malignancies are presented in Table 2.

CAR T-cell immunotherapy for solid tumors

Clinical trials using CAR T-cells to target solid tumors have
not achieved the same response seen in hematological ma-
lignancies (Xu et al., 2017). The reduced efficacy of the CAR
T-cell immunotherapy in solid tumors is attributed to various
factors. For example; the complex structure of the microenvi-
ronment of the solid tumor (immune cells, fibroblasts, extra-
cellular matrix molecules, cytokines, endothelial cells, stellate
cells) would hinder the access and trafficking of CAR T-cells
and would also affect their efficacy, unlike the hematological
malignancies (Scarfo and Maus, 2017). Hypoxia (low oxygen
availability) of solid tumor microenvironment, which is a
hallmark of most solid tumors, also negatively affects the ef-
ficiency of CAR T-cells. However, in the study by (Hatfield et
al., 2015) it is reported that respiratory hyperoxia reduced the
intra-tumoral hypoxia and as a result increased the production
of pro-inflammatory cytokines, decreased the immunosup-
pressive molecules, and most importantly enhanced the in-
tra-tumoral infiltration of CAR T-cells. Subsequently, hyperox-
ia improved tumor regression, supporting the suggestion that
oxygen supplementation should be accompanied with CAR-T
therapy for a more potent effect.

Solid tumor cells are also characterized by the over-ex-
pression of immune checkpoint ligands such as programmed
death-ligand 1 (PD-L1) that could bind to the PD-1 receptors
expressed on T-cells and thus reduce the cytotoxic effect of
T-cells. Therefore, it was suggested that a combination of CAR
T-cells and PD-1 blockade should be considered to improve the
effect of CAR T-cell therapy in solid tumor (Chong et al., 2017;
John et al., 2013).

The other concern that is also highlighted in solid tumor is
the on-target/off-tumor toxicity (this point will be explained
in detail later in the toxicity section). Most of the targeting
moieties that have been used in CAR construct to target solid
tumor cells are also expressed at low levels on the surface of
normal cells. This problem is less common in hematological
malignancies (Xu et al., 2017). In a trial using first generation
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Table 2. List of some published clinical trials of CAR T-cell immunotherapy for different hematologic and solid malignancies

Tumor target Type of tumor Signalling domain No. of cases Clinical efficacy Clinical trial gov. identifier
41BB-CD3( 27 complete remission NCT01626495
€D-19 ALL “2nd generation” 30 3 progressive disease NCT01029366
€D-19 ALL ) CD28-CDSi{ . 16 14 completfz remission NCT01044069
2nd generation 2 progressive disease
1 complete remission
D19 CLL + CD28-CD3{ 8CLL 1 girt;‘ﬁ rf;_’;“issfn NCT00466531 (CLL)
ALL “Ind generation” 2ALL € s NCT01044069 (ALL)
4 progressive disease
2 non evaluable
1 complete remission
€D20 DLBCL . 41BB-CD3¢ 7 4 partial remission NCT01735604
2nd generation 1 progressive disease
1 non evaluable
BCM Multiple Myeloma . CD28-Ch3C | 12 Overall response rate NCT02215967
2nd generation 33%
3 complete remission
1 partial remission
CD3¢ . NCT00085930
GD2 Neuroblastoma “Ist generation” 19 1 stable.dlse?\se NCT02546167
6 progressive disease
8 non evaluable
) CD3¢ DDHK97-
CAIX Renal cell carcinoma “Ist generation” 12 none 29/P00.0040C
HER2 Colon carcinoma CD28-41BB-CD3( 1 none NCI-09-C-0041
3rd generation
HER? Sarcoma ., CD28-CD3C | 19 4 stable disease NCT00902044
2nd generation 15 none

of CAR T-cells to treat patients with renal carcinomas, car-
bonic anhydrase-IV (CAIX) which is over-expressed on renal
carcinomas cells was used as the target moiety in CAR T-cell
construct (Lamers et al., 2006). However, since CAIX is also
expressed at low levels on the epithelial cells of the bile duct, a
significant hepatotoxicity was reported in the patients and the
therapy was discontinued (Lamers et al., 2013).

In the search to improve CAR T-cell treatment modali-
ty in solid tumor, several innovative strategies are suggested
to reduce the immunosuppressive effects of the solid tumor
microenvironment, to address the intra-tumoral metabolic
challenges, and to choose the accurate target antigen in order
to enhance the success of CAR T-cell therapy in solid tum-
ors (Chmielewski et al., 2014; Nishio et al., 2014; Scarfo and
Maus, 2017).

Limitations and challenges of using CAR T-cells

Toxicity that could evolve from CAR T-cell therapy is consid-
ered the main limitation hindering the wide clinical applica-
tion of this treatment modality. There are several types of tox-
icities and they can be summarized as follow:

Anaphylaxis (Antigenicity problem)

The majority of the engineered CAR T-cells reported so far
have an ectodomain (scFv) derived from mice or humanized
antibodies for the recognition of tumor associated antigen,
this could trigger a host immune response with risks for the
production of human anti-mouse antibodies (HAMA), which
could limit the efficiency of CAR T-cells. Therefore, most of
the research now is focusing on synthesizing CAR T-cells with
full human antibodies, in a way to reduce immunogenicity re-
sponse (Bonifant et al., 2016).

Toxicity from the gene delivery system (insertional mutagenesis)
During the engineering process of CAR T-cells, viral vectors
(y-retroviral or lentiviral) are used to express CARs on isolat-
ed T-cells, however the insertion of a transgene into T-cells
may carry the risk of induced insertional mutagenesis that
might lead to oncogenesis. Although this toxicity risk is still a
hypothetical concern, the recent research interest is focusing
on developing alternative vector systems that could maintain
efficient genomic integration capacity while cost-effective.
Sleeping Beauty (SB) transposon vectors could fulfil these re-
quirements and additionally overcome limitations associated
with the viral gene transfer vectors. Transposon vectors offer
high stable gene transfer with sustained transgene expression
(Hackett et al., 2013; Morgan and Boyerinas, 2016).

On-target / off-tumor toxicity

This type of toxicity is attributed to the fact that most of the
TAA could also be found at low levels on normal cells. There-
fore, targets of CAR T-cells expressed on normal tissue cause
what is called “on-target/off-tumor” toxicity (Fisher et al,
2017). This type of toxicity could range from manageable B-cell
aplasia to severe toxicity and death. An example of this kind of
toxicity is the severe transient colitis that has been detected in
colon cancer patients treated with CAR T-cells targeting car-
cinoembryonic antigen (CEA). This toxicity was attributed to
the possibility that normal colonic tissue that express CEA was
also targeted by CAR T-cells (Parkhurst et al., 2011). A fatal
example of the “on-target/off-tumor” toxicity was reported in
a case study where a patient treated with CAR T-cells targeting
ERBB2 antigen developed a rapid respiratory failure, multi-or-
gan dysfunction, and subsequent death after 5 days of treat-
ment. The fatality in this case was attributed to the reactivity
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of CAR T-cells against healthy pulmonary tissue expressing
ERBB2 (Morgan et al., 2010). To prevent or reduce this type
of toxicity, the accurate selection of antigen is required with a
careful monitoring dose of CAR T-cells (Bonifant et al., 2016).

Cytokine release syndrome (CRS)

This kind of toxicity is the most challenging side effect follow-
ing CAR T-cells injection and is attributed to the rapid activa-
tion of CAR T-cells following infusion in the blood circulation
of the patient, causing general perturbation of the immune
system and a sudden release of pro-inflammatory cytokines,
mostly interleukin-6 and IFN-y (Xu and Tang, 2014). The
symptoms of CRS include fever, fatigue, myalgia and head-
ache. Few patients were reported to suffer from severe symp-
toms leading to multisystem organ failure. To control this type
of toxicity, the injected dose of CAR T-cells is modified and the
use of interleukin-6 blockade (anti-interleukin-6 antibody, to-
cilizumab) is reported to be the front-line treatment option for
CRS following CAR T-cells infusion (Maude et al., 2014).

Neurological toxicity

Neurologic toxicities such as confusion, aphasia, seizure, and
delirium have been reported in few patients following treat-
ment with CD19-CAR T-cells. This kind of toxicity could be
attributed to the sudden elevation in the cytokine levels,
however the exact mechanisms of these neurologic disorders
are not yet clearly known. It should be mentioned that these
symptoms have been reported to be reversible in the majority
of cases (Bonifant et al., 2016).

Toxicity management and optimizing CAR T-efficiency
Management of CAR T-cell toxicities is considered as the ma-
jor critical step for a successful clinical application of this treat-
ment modality. Few innovative techniques have been suggest-
ed and applied to reduce toxicity (Bonifant et al., 2016).

Suicide genes

In a way to control the toxicities associated with CAR-T thera-
py, engineering of CAR T-cells that can express a suicide gene
is considered as a promising managing technique that is cur-
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rently under intense evaluation in several clinical trials. The
most successful and clinically validated suicide gene is report-
ed to be the inducible caspase-9 (iCasp9) gene. The dimerizable
iCasp9 is incorporated in engineered CAR T-cells containing
the intracellular part of the pro-apoptotic molecule caspase-9,
which is fused to a drug-binding domain derived from human
FK506- binding protein (Fig. 4). Selective depletion of the
genetically modified CAR T-cells can be initiated by the intra-
venous administration of a small, bio-inert, chemical inducer
of dimerization (CID) drug AP1903. This drug will cross-link
with the drug binding domain and initiate dimerization of
the infused caspase-9 leading to activation of the downstream
executioner caspases and eventually induction of CAR T-cells
apoptosis (Jones et al., 2014). A single low dose of the dimer-
izing agent (AP1903) was able to eliminate almost 90% of
iCasp9-modified CAR T-cells after 30 minutes of administra-
tion (Di Stasi et al., 2011; Zhou et al., 2014). This suicide gene
system is known as CaspaCIDe®.

Enhancing targeting specificity

Controlling the “on-target/off tumor” toxicity could be possi-
ble through the inclusion of what is called “on-switch” in the
design of CAR T-construct. In this case, the response of T-cell
is controlled through a combinatorial targeting of two anti-
gens with separation of T-cell activation signals. This requires
the recognition of two target antigens co-expressed on tumor
cell in order to initiate a CAR T-cell response. In this case, du-
al-antigen binding is necessary for a complete cytotoxic effect
of CAR T-cells while normal cells expressing only one target
antigen will not be efficient to activate CAR T-cells (Jaspers
and Brentjens, 2017; Li and Zhao, 2017). On contrary, if ex-
pression of dual antigens is exclusive to normal cells, inclusion
of inhibitory signalling in CAR T-cell construct allows for se-
lective targeting of tumor cells expressing only one antigen
while normal cells are excluded (Fisher et al., 2017).

Improving the persistence of CAR T-cells

Genetically engineered T cells should survive for enough time
to perform efficient cytotoxicity toward tumor cells. There-
fore, the efficacy of CAR T-cells is primarily correlated with the
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Fig. 4. CAR T-cell with “off switch” suicide gene (CaspaCIDe®) to initiate apoptosis of CAR T-cell when required. Inducible caspase 9 (iCasp9) is co-
expressed in the genetically modified T-cell as a homodimer with a drug-binding domain. Once a chemical inducer of dimerization (AP20187 or AP1903)
is administered this will result in dimerization of caspase-9 leading to an activated form of the molecule, which in turn initiates a caspase signaling

cascade and eventually initiates apoptosis of the CAR T-cell.
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persistence of these engineered cells in the blood circulation
and the tumor microenvironment (Li and Zhao, 2017; Scarfo
and Maus, 2017). Most of the clinical studies that applied first
generation of CAR T-cells have attributed the failure and low
response rate to the poor persistence of the first-generation
of CAR T-cells. To overcome these drawbacks the second and
third generation of CAR T-cells have been modified to increase
the persistence of these genetically engineered cells through
addition of two or more co-stimulatory domains (Carpenito et
al., 2009; Milone et al., 2009). Another procedure that can also
enhance the persistence of CAR T-cells is the lymphodeplet-
ing step (Conditioning chemotherapy) prior to the infusion
of CAR T-cells. As mentioned before, this step will remove
suppressive cells like T-regulatory cells and myeloid cells and
hence increase the persistence of CAR T-cells (Li and Zhao,
2017).

Adoptive transfer of viral-specific cytotoxic T-lymphocytes
(CTLs) that are genetically modified to express CAR is a suc-
cessful approach for long-time persistent CAR T-cells (i.e. Ep-
stein-Barr virus- or Adenovirus-specific T cells). An increased
persistence of CAR T-cells in the blood circulation have been
detected in neuroblastoma patients that have been injected
with EBV-CTLs expressing GD2-CARs compared to activated
T-cells expressing GD2-CAR, this difference could be attribut-
ed to the superior co-stimulation of CAR-CTLs provided when
the cells engaged EBV antigens on antigen-presenting cells
through their native receptors (Louis et al., 2011; Pule et al.,
2008).

Future direction “Universal CAR T-cells”

There is considerable progress in adoptive cell therapies using
engineered CAR T-cells, which is considered as a highly person-
alized cancer therapy. However, there are few barriers that are
still limiting its clinical applications. Long time is required to
collect T-cells, conduct genetic modification, allow expansion
of the engineered cells, and reintroduce CAR T-cells into the
patient. This long-time manufacturing process can be prob-
lematic for patients. Additionally, the high expense to pro-
duce individualized product for each patient is also a problem
(Hartmann et al., 2017). Novartis (the company that received
the FDA approval for the first approved CAR T-cell therapy
under the name of Kymriah) is going to introduce this treat-
ment modality for each patient at a price of almost $475,000
for a single infusion. Therefore, the interest of many research
groups has been focused on reducing the required starting ma-
terial and eventually the total production time. This has lead
to the development of universal targeting CAR T-cells, which
would allow for an allogenic “off-the-shelf” product that could
be ready for immediate infusion (Torikai et al., 2012; Valton et
al., 2015). The genetically engineered universal allogeneic CAR
T-cells could overcome some of the drawbacks of using the
autologous CAR T-cells. Such allogenic universal CAR T-cells
are generated from healthy donors to treat many patients
and would be integrated with known clinical targeting moie-
ties (such as monoclonal antibodies cetuximab, rituximab or
trastuzumab) depending on the targeted cancer cells (Torikai
et al., 2012). However, the major limitations that still prevent
the clinical use of these allogenic universal CAR T-cells are the
graft-versus-host disease (GVHD) that could cause rejection of
the infused universal CAR T-cells by the patient (Shlomchik,
2007). The endogenous TCR in donor cells could recognize al-
loantigens of the recipient patient and allogeneic HLA mole-
cules leading to GVHD and rapid rejection by the host immune
system. However, with multiplex genomic editing technology
the expression of endogenous TCRs of the donor T-cells could

be ablated (Ren et al., 2017). Knocking down the expression
of endogenous TCR through gene disruption using zinc finger
nucleases (ZFNs), or transcription activator-like effector nu-
cleases (TALENSs) or CRISP/Cas9 technology would allow the
delivery of allogeneic universal CAR T-cells without GVHD and
with long persistence of CAR T-cells (Li and Zhao, 2017).

Universal allogeneic “off-the-shelf” CAR T-cells have been
successfully used to treat two infants with relapsed refracto-
ry acute lymphocytic leukemia. T-cells from a healthy donor
were genetically modified to produce CD19-CAR T-cells at the
mean time the endogenous TCR of the cells were knocked out
through the use of (TALENSs) to eliminate alloreactivity re-
sponse. Following the infusion of these universal CD19-CAR
T-cells, the two infants responded well to the treatment and
both proceeded to allogeneic stem cell transplantation (Qasim
etal., 2017).

Conclusions

CAR T-cell cancer immunotherapy is a rapidly growing treat-
ment modality that has proved impressive results both in re-
search and in clinical trials, especially for hematological ma-
lignancies. FDA approval on August 2017 for the first CAR
T-cell construct “Kymriah” is considered as a new era in cancer
immunotherapy offering the ability to reprogram a patient’s
own immune cells to attack its own cancer cells. However, this
rapidly developing technique still has considerable challenges
that should be addressed for a wide clinical application for dif-
ferent cancer types.

Increasing the tumor targeting specificity by the selection
of the appropriate antigen target moiety for CAR construct is
the first and most important step during CAR T-cell construc-
tion. Moreover, this can reduce toxicity related to “on-tumor/
off-target” effect. The search for the ideal and unique tumor
target for each tumor type is still under intense investigation.

Poor persistence of the infused genetically modified CAR
T-cells could result in week anti-tumor responses. However, the
development of the new generations of CAR T-cells was able
to overcome this drawback and provided high persistence and
proliferation of CAR T-cells with increased cytokine secretion.

Although CAR T-cells therapies have shown encouraging
preliminary results in solid tumors, the clinical data so far fail
to meet the dreamed expectations. Therefore, extensive re-
search is ongoing to address challenges of applying CAR T-cell
therapy in solid tumor and several strategies are being sug-
gested to enhance trafficking of CAR T-cells in the hostile tu-
mor microenvironment and maximizing therapeutic efficacy.

Combining CAR T-cell therapy with other treatment mo-
dalities such as conventional chemotherapy or other immu-
notherapeutic modalities such as checkpoint inhibitors could
provide promising synergistic effects in improving the anti-tu-
mor responses.

The CAR T-cell technology is now in the process of com-
mercialization at an acceptable cost with the ability to devel-
op an effective universal “off-the-shelf” CAR T-cells generated
from healthy donors.
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