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The last decadewill be remembered as the dawn of the immunotherapy era duringwhichwe havewitnessed the
approval by regulatory agencies of genetically engineered CAR T-cells and of checkpoint inhibitors for cancer
treatment. Understandably, T-lymphocytes represent the essential player in these approaches. These cells can
mediate impressive tumor regression in terminally-ill cancer patients. Moreover, they are amenable to genetic
engineering to improve their function and specificity. In the present review, we will give an overview of the
most recent developments in the field of T-cell genetic engineering including TCR-gene transfer and CAR T-
cells strategies. We will also elaborate on the development of other types of genetic modifications to enhance
their anti-tumor immune response such as the use of co-stimulatory chimeric receptors (CCRs) and unconven-
tional CARs built on non-antibodymolecules. Finally, wewill discuss recent advances in genome editing and syn-
thetic biology applied to T-cell engineering and comment on the next challenges ahead.
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1. Introduction

In the past decade, we have been witnessing a tremendous progress
in cancer treatment due to the development of immunotherapeutic ap-
proaches that can target efficiently tumor cells. While checkpoint inhib-
itors can clearly lead to unprecedented clinical responses in advanced
cancer patients [1], their efficacy is based in part on the preexistence of
tumor-specific T cells. However, to remedy to the absence of the latter,
a broad effort that started in the 80's, has been deployed in the form of
T-cell engineering approaches. It was first geared to endow T cells with
novel specificities. In subsequent studies, strategies were (and are cur-
rently) elaborated to qualitatively enhance lymphocyte functions such
as resistance to inhibitory signals, persistence or homing capabilities.
As we shall see, challenges remain and substantial efforts are invested
to safelyharness thecurativepotential of anengineered immune system.

2. T-lymphocytes: a potent and malleable platform

The immune system has been attributed several protective capabil-
ities directed against pathogens and lately, against neoplastic cells.
Though “self” by origin, cancer cells can express tumor antigens that dis-
criminate them from normal tissues and which can be targeted by the
adaptive immune system. These can be classified into tumor associated
antigens (TAA) which are also expressed in normal tissues, but are dif-
ferentially or overexpressed in tumor cells, and tumor specific antigens
(TSA)which are expressed specifically in tumor tissues, often as a result
of mutations in their coding region [2]. T-lymphocytes are amongst the
most potent immune components that can eradicate cancer cells. In this
regard, the use of checkpoint inhibitors to block inhibitory pathways in
T cells can lead to tumor regression [1]. Moreover, the adoptive cell
transfer (ACT) of tumor infiltrating lymphocytes (TIL) [3] isolated
from the tumor itself, can mediate impressive tumor regression in ad-
vancedmelanoma patients, with nearly a quarter of the treated individ-
uals achieving durable complete responses [4]. Recent findings show
also the successful application of TIL therapy to other types of cancer in-
cluding cholangiocarcinoma [5], cervical cancer [6], colorectal cancer [7]
and lately, breast cancer [8].

Whereas TIL therapy exemplifies the strong curative potential of T
cells, it is relying on the preexistence, correct isolation and expansion
of these cells. These laborious tasks are not always easily undertaken
due to the poor presence of specific anti-tumor T cells (if they even
exist) and the relatively long period of time required to grow and ex-
pand the T cells from patients (who often have limited life expectancy).
Therefore, two main strategies have been developed to de novo geneti-
cally engineer the specificity of the immune response against cancer,
using either T-cell receptors (TCR) or an antibody-based chimeric anti-
gen receptors (CAR) [9].

3. Engineering T cells to express an antigen specific TCR

3.1. TCR structure

T lymphocytes recognize specific peptides (or epitopes) presented
by theMHC complex, via their TCR. Following recombination and selec-
tion in the thymus, T cells clonally express a fixed TCR with defined
specificity. The TCR is a heterodimer complex mostly comprised of α/
β chains (only 5% approximately of the T cells display a TCR that consists
of γ/δ chains). Both chains are formed by 2 Ig-like domains, namely a
variable and a constant region (VR and CR). The variable portions inter-
act with the MHC/antigen complex mainly via 6 protruding loops (3 on
each chain) known as CDRs (Complementarity-determining regions).
The role of the constant region is to promote the pairing between the
alpha and beta chain as well as to facilitate the interaction with the
CD3 signaling complex. Indeed, since theα andβ chains have a short cy-
toplasmic region, they cannot signal by themselves when binding to
their cognate antigen. Therefore, the TCR α/β dimer is associated with
three CD3 dimers (a dimer of CD3γ and CD3ε, of CD3δ and CD3ε and
of CD3ζ) which can provide activation signals via their ITAMs
(immunoreceptor tyrosine-based activation motifs) contained in the
cytoplasmic domains. For naïve T cells, an additional co-stimulatory sig-
nal is usually required to properly activate the T cells and induce cell
survival and proliferation, such as that mediated by the binding of
CD28 receptor to its ligand CD80/CD86. A third signal (destined to pro-
mote differentiation) may be provided by cytokines [3].

3.2. TCR-gene transfer

As depicted below, the TCR determine T-cell specificity and an un-
derlying consequence to this is that it may be feasible to endow T cells
with new specificities using TCR-gene transfer approaches. Dembic
et al. first demonstrated the successful redirection of T-cell specificity
using TCR-gene transfer in amurine system [10]. Though the original in-
tent of their study was to define TCR dynamics, it led to a new area of
translational research geared at reprogramming T-cell specificity. This
strategy was then applied to provide T cells with melanoma [11] and
viral specificity [12].

Within two decades, this approach was applied clinically byMorgan
et al. [13] for the treatment of metastatic melanoma. In this first
pioneering TCR-gene transfer clinical trial, a MelanA/MART1-HLA-
A*0201 restricted specific TCR termed DMF4 was isolated from a TIL
clone and expressed in T cells isolated from metastatic melanoma pa-
tients. MART1 is a TAA expressed in close to 90% of melanomas [14]
and the fact that 40–50% of the Caucasian population express the HLA-
A*02 allele hypothetically made this approach clinically relevant to
more than a third of melanoma patients. While only 2 patients out 15
displayed had an objective response, this trial demonstrated the feasi-
bility of TCR-gene transfer. To achieve a better response, a second clini-
cal trial was conducted with another high affinity TCR for MART1
(derived from the same patient) designed DMF5 [15]. In this trial, 30%
of the patients demonstrated an objective response, but five days post
infusion, patients also developed severe skin rash and oculo-vestibular
side effects. Toxicity was found to be linked to off-target effects since
MART1 is also expressed in the skin, ears, eyes and other pigmented tis-
sues [16]. In parallel, Johnson et al. alsomade use of anothermelanoma-
specific high-affinity TCR specific for gp100154–162 and derived from an
HLA-A2 transgenic mice and this led to a response rate of 19% [16]. To
extend this approach to other malignancies, the use of TCR for non-
melanoma tumors was also investigated and several studies made use
of TCRs directed against overexpressed or germline antigens. For exam-
ple, 10 patients underwent TCR-gene transfer using a wt p53-specific
TCR isolated also from HLA-A2 transgenic mice [17] and although a
non-mutated ubiquitous epitope was targeted, no major toxicity was
noted and a single cholangiocarcinoma patient experiencing a partial
regression [18]. While no obvious relationship was found between
levels of p53 measured in tumors and p53-specific T-cell reactivity to
these tumors [19], further studies revealed that T-cell reactivity seems
associated with p53 protein stability induced by different mutations
[20]. It is important to bear in mind that the choice of the targeted anti-
gen is crucial to the success of- and reduced toxicity by gene-engineered
T-cell therapy [21]; targeting tumor associated antigens could bear seri-
ous and even fatal consequences. Patients treated with a CEA-specific
TCR experienced tumor regression accompanied with severe colitis
[22] while the use of MAGE-A3 specific-TCR led to coma, leuko-
encephalopathy and lethal cardiac toxicity [23,24]. Thus, strategies
should be elaborated to help determining the potential cross-
reactivities displayed by TCRs [25,26]. In sharp contrast, when targeting
the cancer testis antigen NY-ESO1 using derivatives of the 1G4 TCR, im-
pressive results (the best to date for TCR-gene transfer treatments)
were obtained with objective responses ranging between 50 and 90%:
two studies show the successful treatment of synovial cell sarcoma,
melanoma and multiple myeloma with no immune-related adverse ef-
fects reported [27,28]. Viral antigens expressed by cancer cells can also



Fig. 1. Schematic representation of diverse strategies used in genetic engineering of T-cells. In brackets are indicated some examples of relevant molecules/approaches. Ab – Antibody;
NCR – Natural Cytotoxicity Receptor; CCR – Co-stimulatory Chimeric Receptor; AD – Activation domain (e.g. CD3z IC); CSD – Co-stimulatory domain (e.g., CD28 IC, 41BB IC); ZFN –
Zinc Finger.
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be targeted as described in a current phase I/II clinical trial
(NCT02858310) using a HPV-E7 specific TCR for the treatment of meta-
static HPV+ carcinoma.

3.3. Isolation and structural modifications of TCRs

A central challenge in TCR-gene therapy is to isolate the genes
encoding an anti-tumor TCR restricted to a defined MHC-peptide com-
plex. TCR sequences can be isolated from a reactive TIL, in vitro stimu-
lated peripheral T cells, frozen tumor samples, yeast display libraries,
humanized TCR-transgenic or HLA-transgenic animals [15,17,29–34].
From there, as the 5′ region of the TCRα and β chain is highly polymor-
phic, one can perform a 5’RACE (rapid amplification of cDNA ends) pro-
cedure or otherwise elaborated PCRs and screening of reconstituted TCR
library to isolate the desired sequences [34,35]. Single cell PCR has also
been performed successfully to isolate functional TCRs [36,37].

As aforementioned, the TCR is composed of 2 chains (α/β) which di-
merize through their respective constant regions. When expressing an
additional (exogenous) TCR into a T-cell, mispairing can occur with
the endogenous TCR chains, that is, the exogenous α can pair with the
endogenous β through their CR and vice versa [38]. Additionally, since
TCR surface expression is dependent on the association with (the lim-
ited pool of) CD3 chains, competition with endogenous TCR chains can
lead to decreased exogenous (therapeutic) TCR expression. Moreover,
it is possible that these TCRs mixed heterodimers bear undefined self-
reactivity [39,40].

Therefore, several strategies have been employed to enhance exoge-
nous TCR expression and/or reducemispairing [31,41]. For example, we
showed that the replacement of TCR human constant regions with mu-
rine ones can lead to preferential pairing between the “murinized” ex-
ogenous chain [38]. Furthermore, in order to reduce the potential
immunogenicity of murine constant regions [18], it was possible to
identify key amino acid residues that mediate the preferential pairing
and to useminimallymurinized TCR chains that retainedmost of the ac-
tivity displayed by the fullymurinized one [42,43]. The use ofmurinized
receptorwas successfully extended to other TCRs [44–46]. Another pos-
sibility to promote chain pairing we and others explored, was to engi-
neer an additional di-sulfide bond in the constant region of the TCR
inserted chains [47,48]. One can also swap residues [49] or entire do-
mains [50] between the α and β chains to promote exquisite pairing.
To overcome the competition for the CD3ζ chains between endogenous
and exogenous TCRs, other strategies were elaborated such as the gen-
eration of chimeric TCR fused to the intra cellular region of CD3ζ [51] or
of a single-chain TCR in which the variable α and β portions are linked
(similarly to scFv) [52]. Alternatively, one can also knock down the
expression of the endogenous TCRusing shRNAor RNAi [53,54] zingfin-
gers [55],TALEN [56] or more recently CRISPR/Cas9 systems [57,58]
(Fig. 1).

Another general approach to increase TCR potency, and thus T-cell
avidity, is to increase the relative expression of the chains [59,60].
Codon optimization [61,62] or introduction of “strong” TCRs [63] have
often proven an promising options to increase receptor expression. It
also possible to boost the level of CD3 molecules (a bottleneck for TCR
expression) [64] or to mutate glycosylated residues [65] to increase
TCR expression.We have devised an original approach to selectively im-
prove exogenous TCR stability by increasing the hydrophobic nature of
the TCRα transmembrane region. Incorporation of hydrophobic resi-
dues at evolutionary-permissive positions resulted in an enhanced sur-
face expression of the TCR chains, leading to an improved cellular
avidity and anti-tumor TCR activity [66]. Since then, this approach was
successfully applied to a number of TCRs [8,67–70].

4. Chimeric antigen receptors (CARs): From design to
commercialization

The idea of “reprogramming” T-cell specificity by expressing a
targeting receptors was exemplified in the early works of Dembic
et al. [10] using TCR. However, around the same time Kuwana et al.
[71] and Gross et al. [72] demonstrated the feasibility of using chimeric
receptors based on antibodies. In parallel, several groups showed in the
early nineties the possibility to generate and express chimeric receptors
in T cells that incorporated a signaling moiety [73–75]. The latter led to
the design and successful implementation of a first antibody-based chi-
meric antigen receptor (CAR) that incorporated a signalingmoiety [76].
Since then, the development of three generations of CARs [77], which
differ in their basic structure, took place and this led to CAR therapy ap-
proval by the FDA inmid-2017 [78].We shall explore herein various as-
pects of CAR design and development.

4.1. CAR basic structural principal and determinant of function

First and foremost, we should emphasize the fact that empirical
studies and functional testing are crucial to ascertain the potential and
function of CARs [79]. That being said, several guidelines can be enunci-
ated to ease the design process [80]. CAR primary structure includes a
targeting moiety (often derived from an antibody), a hinge region, a
transmembrane portion and fused to signaling endodomain
(s) (Fig. 1). In addition, 3 “generations” of CARs have been studied; orig-
inally, first generation CAR included only an activating / signaling moi-
ety in the form of CD3ζ or FcγRIII endodomains. Second generation
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CARs include a co-stimulatory domain (usually CD28 or 4-1BBdomains)
before the activating domain. Third generation CARsmake use of multi-
ple co-stimulatory domains in tandem [77]. CARs bear several advan-
tages: they combine in a single molecule activating and costimulatory
domains and they work in an MHC-independent way (and thus are
not restricted to a particular population bearing a suitable HLA allele)
[60,81,82]. However, unlike TCRs which can recognize proteosomally
degraded proteins presented by MHC molecules, CARs are limited to
surface antigens only, which constitute only approximately 1/5 of the
proteome [83]. One way to bridge between the flexibility of CAR and
the broad recognition pattern of intracellular antigens mediated by
TCRs, is to use TCR-like antibody fragments [84,85] or CAR/TCR hybrids
[86]. These can be usually isolated from phage display libraries
[84,87–92] and further converted into CARs [93]. Nevertheless, some af-
finity adjustments may be needed in order to achieve optimal function
of these hybrid molecules when expressed as membrane-bound CARs
[94,95].

As aforementioned, the ectodomain of a classical CAR consists of a
scFv domain (derived from an antibody) proceeded by a signal peptide
(SP). Both scFv chains, i.e. variable heavy (VH) and (VL) light chains, are
interconnected by a flexible linker (usually (Gly4Ser)3 - Gly for flexibil-
ity and Ser for solubility, but other linkers such as GSTSGSGKPGSGEGS
can be successfully used). To date, more than 100 CAR specificities are
being investigated in the different pre-clinical and clinical studies [96]
with almost 300 CAR T-cell clinical trials taking place [82]. Additionally,
bi-specific CARs can also be generated by fusing two scFv's together
[97,98]. As for TCRs, the choice of antigen is crucial to prevent off-
target effects, which can even be fatal [99,100]. This undesirable behav-
ior may be mitigated for example by modulating the antibody affinity
[101,102], by pairing high affinity heavy chains derived from a defined
antibody to various light chains [103] or by mutating the signalingmoi-
ety [104].

The hinge or spacer region linking the targeting moiety to the
transmembrane region of the CAR and can be derived from CD28,
CD8a or Fc IgG molecules. It has been shown that its nature may influ-
ence CAR function [105,106]. For example, to reach antigens that are
short and proximal to the target cell membrane, one should use
lengthier hinges [107]. Hence, the hinge region can modulate the an-
tigen recognition and, as it was shown for an anti-CD22 CAR [108] or
for a ROR1 specific CAR [109], could facilitate CAR dimerization. More-
over, the hinge region can influence CAR flexibility, making for exam-
ple heavily glycosylated antigens, such as MUC1, more accessible
[110]. Interestingly, hinge/spacer domains can impact on a variety of
cellular effects such as tonic signaling [111] and they are amenable
to mutagenesis to modulate the “off-target” activity of CAR-T cells
[112]. Finally, hinge domains can also bear a functional purpose and
can include Strep-Tag to facilitate transduced cell isolation, sorting
and function [113].

The transmembrane region (TM) can also impact on CAR expression
and function and it is generally derived from CD28, CD3ζ, CD8a, CD4, or
FcεRIγ molecules. It was suggested the role in CAR signal transduction
via TM domain that comes into interaction with different membrane
co-receptors [114]. We also recently showed that CD28 TM domain
maybe superior to the native one in certain types of chimeric receptors
[105,115]. Still, more research is required to obtain a more reliable un-
derstanding of TM domain impact on CAR stability and function [116].

The intracellular domain (IC) of CARs is certainly of paramount im-
portance to the receptor function. Historically, 1st gen. CARs possessed
either a CD3ζ or FcγRIII endodomain [76], though CD3ζ functional supe-
riority was demonstrated in a mouse model [117]. The functional long-
term benefits of CD3ζ over Fc signaling domain were attributed to the
lower activation threshold provided by the three ITAMs in the CD3ζ sig-
naling domain vs. one in the FcRγ chain [118]. Though several works
depicted promising in vitro functionality of first generation CARs
[119,120] as well as notable in vivo function [121], their persistence in
the host could be variable, from quite limited [122] to extensive [123].
Nonetheless, a 2nd generation of CARs was developed to incorporate
both signal 1 (activation via CD3-zeta) and signal 2 (co-stimulation)
which are essential for the full activation and survival of naïve T cells.
The advantage of including a costimulatory domain [124–126] over
first generation CARs was undoubtedly demonstrated in a comparative
clinical study a few years ago [127].

Both CD28 and 4-1BB (CD137) are commonly used, like in the case
of the two FDA approved CARs, Axicabtagene ciloleucel and
Tisagenlecleucel respectively. Recent comparative studies [128,129]
showed that the 4-1BB could promote the outgrowth of CD8+ central
memory T cells with enhanced mitochondrial biogenesis, oxidative
phosphorylation, respiratory capacity and fatty acid oxidation. On the
other hand, CD28 domain contributed to enhanced glycolysis and effec-
tor memory phenotype and functionality. Moreover, anti-CD19 CAR
constructs containing either CD28 or 41BB IC domains were compared
in a recent clinical trial - although the response was quite similar for
both groups (3 CRs of 5 patients in each), some differences were ob-
served in terms of peak reaction time and adverse events [130]. Indeed,
it seems that CD28 would be preferable when fast reactivity is needed
while 4-1BB is more indicated when more prolonged function is desir-
able [131]. CAR antigen-independent tonic signalingmay also represent
a problematic issue as it was shown that the CD28 domain via CAR clus-
tering mediates CD3ζ tonic signaling in αGD2, αHER2/Neu, αCD22
CAR-T cells but not in αCD19 CAR, leading to the CAR-T cell exhaustion
and to reduced viability, while the incorporation of the 4-1BB signaling
domain could mitigate this effect and prevent exhaustion [132]. None-
theless, another recent study proposes that 4-1BB tonic signaling may
activate the LTR in certain viral vectors in leading to some toxicity and
reduced anti-tumor activity [128]. Additionally, it was shown that 4-
1BB signaling domain produces antigen-independent tonic signaling
in α-CD19 and α-GD2 CAR and is vector dependent [133]. In another
comparative study, it was found that CD28 and4-1BB signaling domains
produce the same level of tonic signaling in α-CD5 second-generation
CAR [134]. Thus, one should take into account that tonic signaling, pro-
duced either by CD28 or 4-1BB domains, may limit CAR-T cell persis-
tence and lead to the T cell exhaustion and possible off-targets effects.
Due to the modular character of these receptors, third generation
CARs were designed to include more than one co-stimulatory domain
(for example CD28 and 4-1BB) [77,135,136]. At this point, it is difficult
to say if 3rd generation CARs are really advantageous compared to
2nd generation CARs in the clinics as they are also associated with tox-
icities and tumor relapse [99,137]. Nonetheless, a recent study byRamos
et al. reported that in a CD19-CAR clinical trials comparing 2nd genera-
tion CD28-based CAR to 3rd generation CD28/41BB CAR, the latter was
able to facilitate enhanced CART expansion and seems to be more
adapted for the treatment of low disease burden [138].

As both the B7 and TNFR co-stimulatory receptor families include
multiple members, studies are not limited to CARs containing either
CD28 and/or 4-1BB [96]. For example, ICOS co-stimulatory IC domain
was demonstrated superior to that of CD28 or 4-1BB in an α-
Mesothelin 2nd gen. [139] or 3rd gen. CAR [140], especially when
expressed in Th17 differentiated cells. ICOS signaling was shown to en-
hance CAR-T cells persistence and ICOS-based CAR expressing CD4+ T-
cell subset can provide support to 4-1BB or CD28 equipped CAR-CD8+T
cells [140]. OX-40 (CD134) is another T cell co-stimulatory molecule,
belonging to the TNFR superfamily and expressed in CD4+ activated T
cells. Its utilization in CARs was shown to lessen the amount of secreted
IL10 [141]. CD27, also of the TNFR family, is implicated in the generation
of long-term T-cell immunity [142] and its addition to 2nd-gen. CAR
mediated superior immune response, better persistence and induction
of the anti-apoptotic molecule BclXL [143].

4.2. Beyond CD19: New CAR-T Cells for Solid Tumors – In search of the grail

The paradigm of anti-CD19 CAR is a striking example of the
complexity related to finding an adequate target. Despite CD19
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being a tumor associated (i.e. non-mutated) antigen and thereby
expressed on normal cells, several characteristics made it a suitable
antigen for CAR-T cell therapy: 1) Its expression is constant and up-
regulated on tumor cells, 2) Normal cells expressing CD19 are of a
self – renewable single cellular lineage (B cells) and 3) CD19 is
expressed on non-vital tissues (even after total B-cell aplasia, pa-
tients treated with CD19-CAR T cells may eventually reach immune
reconstitution) [82].

Additional antigens are now being evaluated as promising targets
for T-cell based immunotherapy. BCMA is a normal plasma cellsmarker,
falls in to the near-ideal antigen formultiplemyelomawith no evidence
of expression on the normal non-hematological tissue [144]. Latest
multi-center BCMA-CAR trials results indicate a relatively safe profile
(although cytokine release syndrome - CRS and transient neurotoxicity
were observed) with an overall response rate over 90% [145,146]. Other
antigens currently being targeted to treat hematological malignancies
include CD20 for NHL, CD138 for MM [144], CD33 [147], CD123 for
AML [148,149] and CD7 for certain leukemias and lymphomas [150].
Lately, using a very elegant approach to treat T-cell malignancies, Pule
and colleagues isolated an antibody specific for the TCRβ1 constant re-
gion. A CAR based on this TCRβ1 specific antibodywas efficient inmedi-
ating cytotoxicity against leukemic and healthy TCRβ1 cells while
preserving the TCRβ2 population and thus potentially, full immunity
[151].

Adoptive transfer of engineered T cells is an effective treatment for
certain hematological malignancies [152] but it faces many challenges
when targeting solid tumors [153,154]. A large number of CAR clinical
sutides are attempting to replicate the success of α-CD19 and α-
BCMA CARs against the solid neoplasms, but the preliminary outcome
of more than 100 trials are less encouraging. Still, many antigens are
being the focus of CAR-T cell therapy for solid tumors and these in-
clude Folate receptor (FR)α [122] in metastatic ovarian cancer, CAIX
in metastatic RCC [155] and CD171 in neuroblastoma patients [156]
though CAR therapy against those did not show any significant thera-
peutic effect. Other antigens of interest tested in clinical trials include
mesothelin, targeted for example in the context of pancreatic cancer
[157], HER2/Neu in various cancers [99,158,159], CEA [160], EGFRvIII
[161] and PSMA [162]. Of note, Disialoganglioside GD2, which is
mainly associated with neuroblastoma, was also shown to be
overexpressed in glioma, retinoblastoma, Ewing's family of tumors, fi-
brosarcoma, rhabdomyosarcoma, osteosarcoma, small cell lung cancer,
leiomyosarcoma, liposarcoma and melanoma [163]. In a first in-
human clinical trial with α-GD2-ζ 1st gen. CAR-T cells, 1 out of 11
young neuroblastoma patients achieved CR [121] and in a long-term
follow-up study of these 11 patients, 3 subsequent CRs were regis-
tered, making α-GD2-ζ 1st gen, CAR the first one able to mediate CR
in solid tumor patients.

4.3. CAR immunogenicity as a limiting factor

Traditionally, scFv's used as CAR targetingmoieties (for example the
anti-CD19 FMC63 antibody [164]) have been isolated from (mouse) hy-
bridoma. Human-Anti-Mouse Ab's (HAMA) production [122] and anti-
transgene xenoreactivity [18] were linked to impaired T cells trafficking
and transplanted T cells rejection, resulting in poor persistence and
shortening of response. Beyond this, a humoral response could also be
directed against residual vector-derived epitopes [165], immunogenic
epitopes derived from unique fusion sites between CAR domains [166]
or against selection markers or suicide genes expressed by the thera-
peutic vector [167]. Clinical data support these claims – for example in
the long-term follow-up of 8 RCC patients treated with α-CAIX CAR,
no clinical response was observed. In 3 of 8 patients, anti-transgene
antibodies were detectable and patients' sera effectively blocked the
CAR-T cells function [165]. Likewise, in a CD19/CD20-based CAR-T cell
clinical trial, Jensen and colleagues showed that a central hurdle to ther-
apeutic efficacy is linked to engineered T-cell limited persistence
associated with humoral and cellular xenoreactivity [168]. Similarly, in
5 out of 29 ALL patients treated with αCD19-BBz who were found to
be complete responders, CAR-T cells failed to persist after a second
transplant infusion. Further examination revealed that all 5 patients de-
veloped anti-CAR immune response leading presumably to a CD19+

leukemia relapse [169]. Anti-transgene xenoreactivity was also associ-
ated with serious adverse effects. Of the 3 mesothelioma patients
treated with a murine SS1-based a-Mesothelin CAR, one individual de-
veloped a severe anaphylactic event as a symptom of anti-scFv
xenoreactivity. In these patients, HAMAs were detectable, even though
CAR expression was achieved using a transient system [170].

A possible solution to scFv xeno-immunogenicity is to humanize the
framework portions of antibody fragments or to use fully-human
targeting moieties. While one may surmise that humanization could
harm CAR structure and function, the function of selected humanized
or fully-human scFv was shown to be on par or even superior to their
murine counterparts [171]. Johnson et al., successfully targeted EGFRvIII
with a humanized scFv which was shown functionally superior to the
murine 3C10 scFv [172]. Similarly, a panel of fully-human scFv CARs
against CD19 was generated using Ab/DNA libraries [166] and these
demonstrated similar or superior activity compared to the well-
characterized murine anti-CD19 FMC63 antibody.

4.4. Non scFv-based CARs

The recent success obtainedwith anti-CD19 CAR T cells for the treat-
ment of several hematological malignancies [152] have motivated the
immunotherapeutic community to look for additional targeting moie-
ties specific for other antigens. Beyond specificity, the use of non-scFv
based CAR EC domains may help solving the CAR immunogenicity
issue we just described as well as problems of tonic signaling and ex-
haustion induction observedwith certain scFv's due to their predisposi-
tion to oligomerization [132,152].

Several non-scFv targeting moieties were described in the recent
years – for example, nanobodies [173,174] which are single Ig-like do-
main binding molecules can serve as surrogate for full scFv in CARs.
Smaller moieties such as oligopeptides were also demonstrated to be
adequate scaffold for the binding portion of CARs [175]. Additionally,
synthetic proteins termed DARPins (designed ankyrin repeat proteins)
can also be engineered to serve as CAR targeting moieties. Indeed,
they contain ankyrin repeats (ARs) which are one of the most common
protein binding motifs found in nature (usually stretches of 33 amino-
acid forming a β-turn and two anti-parallel α-helices). These can be
engineered to bind efficiently Her2 providing an alternative to the
4D5 murine scFv-based CAR [176,177]. Similarly, adnectins are affinity
molecules derived from a fibronectin domain and can serve as an alter-
native to scFv in CAR configuration [178] though the complex structure
of the two last examples may trigger immunogenicity.

Nevertheless, less synthetic and more “native” molecules can be
utilized in CARs. This was first exemplified with the use of the CD4-
zeta 1st gen. CAR for which persistence and ex vivo reactivity of the
transduced cells was shown to last more than a decade (though no
clinical response was observed) [123]. In another study, a membrane
bound version of IL13 cytokine was developed to target glioblastoma
tumors expressing the IL13Ra2 molecule. The latter is present on
80% of high-grade gliomas, including GBM, but much less on normal
tissues [179]. A GBM patient with multiple foci in the brain and
spine was treated with intracranial and intraventricular injections of
IL13-BBz 2nd gen. CAR (bearing a E13Y for added specificity). All the
intracranial and spinal tumors regressed though, unfortunately, soon
after the treatment completion, 4 additional foci emerged and the pa-
tient relapsed probably due to escape variants [180] Since gliomas can
express additional tumor associated antigens, bivalent CAR-T cells
targeting HER2 via scFv and IL13Ra2 via IL13-mutein in tandem
[181] or trivalent CAR-T cells specific for the HER2, IL13Ra2 and
EphA2 [182] may represent a valuable treatment option. Lately,
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Stepanov et al. showed it is feasible to isolate from peptide libraries li-
gands that bind to BCRs presented by lymphoma cells and to use these
as targeting moieties in CARs [183].

4.5. Using NK receptors to bridge between innate and adaptive immunity

NK cells are a type of lymphocytes from the innate immunity arm
that can eradicate viral-infected and malignant cells. Their function is
dependent on the integrated balance of signals transduced by activating
and inhibitory receptors [184–186]. As such, the recognition of cancer
cells by NK cells is mediated by different activatory receptors such as
DNAM-1, NKG2D and members of the natural cytotoxicity receptors
(NCRs) family [187].

NKG2D is a type II TM receptor that can mediate NK-tumor recogni-
tion and its 8 cancer/stress ligands (e.g.MICA,MICB, ULBP1–6) [188] are
attractive targets for immunotherapy as these are highly expressed on
neoplasms while they are normally absent or minimally expressed by
healthy tissues. Based on this, an NKG2D-based CAR was generated by
fusing full-length NKG2D receptor to the CD3ζ signaling domains
[189]. Promising results were achieved in vitro and in vivo with this
CAR or its derivative in multiple myeloma [190], ovarian cancer [191],
glioblastoma [192] and more. NKGD2-CARs are currently evaluated in
clinical trials (NCT02203825, NCT03018405) and so far, nomajor toxic-
ities were observed [193].

Other promising NK activating receptors are the members of the
NCR family, known as NCR1 (NKp46), NCR2 (NKp44) and NCR3
(NKp30). Their ligands are often expressed by viral-infected and
tumor cells and as such, NCR molecules can mediate the recogni-
tion of a wide range of tumors and their lysis by NK cells
[194,195]. NCR ligands can also regulate the receptor function and
may facilitate tumor escape from NK cells [195–197], which
would support their extensive expression by tumor cells. Although
usage of NK-based immunotherapies is currently limited by poor
expansion and endogenous inhibitory mechanisms [198], one way
to combine the tumor recognition capability of NK cells with T
cell effectiveness and flexibility is to design CARs based on the EC
domain of NCRs. Thus, we and others showed that NCR1 [199],
NCR2 [105] and NCR3 [200] based chimeric receptors can mediate
the recognition of several types of tumors (e.g. pancreatic, lung,
cervical cancers) both in vitro and in vivo. Again, some major ad-
vantages to this kind of CARs are the possibility to target multiple
cancers with the same molecule, their non-HLA restriction and of
course the fact that these are native human receptor which should
not trigger immunogenicity. An important task that will need to be
accomplished in order to promote the implementation of NCR-
based CAR-T cells in the clinic will be to precisely define the
pattern of expression of NCR ligands.

5. Improving engineered T-cell function beyond specificity

The tumor microenvironment (TME) is a hostile milieu for immune
cells, mainly NK and T cells [201]. Often, tumors can accumulate muta-
tions that will facilitate their escape from immune surveillance and
function [202]. 3rd party cells such as myeloid derived suppressor
cells (MDSCs), tumor associated macrophages (TAMs) and Tregs may
also be recruited to the tumor vicinity to suppress anti-tumor immune
function. In addition, exposure of cancer cells to Th1-type pro-
inflammatory cytokines (like IFNγ), may lead to the implementation
of tolerance-inducing program such as the overexpression of PDL1
[203,204]. This suppressive environment can drive T cells into an
exhausted/dysfunctional/anergic/tolerized phenotype [201,205], espe-
cially through the triggering of co-inhibitory receptors such as PD-1,
CTLA-4, TIGIT, LAG3, VISTA or due to the exposure to immunosuppres-
sive cytokines and enzymes such as TGFβ, IL10, IL4 and IDO
[206–210]. Although these receptors are important for preventing auto-
immunity [211,212], they induce dysfunctional and exhaustion
phenotypes in tumor-specific T cell (e.g., reduced cytokine secretion /
effector function and apoptotic death). Some of the co-inhibitory li-
gands such as PD-L1 are known to be upregulated by solid tumors in-
cluding myeloma, ovarian, breast and renal cancers [213]. Thus,
blocking such pathways using antibodies (immune checkpoint inhibi-
tors) may lead to “rejuvenation” of existing T cells and impressive
anti-tumor functions [1,214] and to the clinical implementation of
novel T-cell engineering treatments (reviewed in [215]).

5.1. Use of chimeric co-stimulation and/or switch receptors

As with chimeric antigen receptors, additional co-stimulatory sig-
nals could be provided to engineered cells to enhance their function, cy-
tokine secretion and survival; for example restoration of CD28
expression [216] or simultaneous expression of CD80 and 4-1BBL (re-
spective ligands for CD28 and 4-1BB; Fig. 1) [217] by T cells can promote
cell proliferation both in vitro and in vivo. Moreover, we recently
showed that the constitutive expression of 4-1BB/CD137 in engineered
T cells can lead to improved cytokine secretion, proliferation and cyto-
toxicity in vitro an in ovo model we developed [218].

However, as co-inhibitory ligands are abundant at tumor sites and
their co-stimulatory counterparts often rare [208,219], one way to
take advantage of this setting is to engineer T cells to express chimeric
co-stimulatory (switch) receptors (CCRs or CSRs). These consist of two
fundamental portions: an extracellular domain that can bind to an in-
hibitory ligand either on tumor surface or soluble protein secreted in
the tumor vicinity, fused to the intracellular domain of a stimulatory
molecule (Fig. 1). The latter can be derived from a wide variety of co-
stimulatory molecules and other activatory receptors such as primarily
CD28 but also ICOS, 4-1BB, OX40, CD27, IL-7R, IL-2R [220]. Therefore,
CCRs (also known as immune converters or switch receptors) can
bind inhibitory ligands but should activate a stimulatory signaling path-
way, thereby converting the negative signal into a positive one. CCRs
can be used in combination with TCRs [115] or CARs [221] and provide
another layer of reactivity or safety (when combined with 1st genera-
tion CAR).

With this in mind, we and others designed and characterized PD1/
CD28 fusionmolecules (Fig. 1). By transducing a CD4+CD28− T cell lym-
phoma line or CD8+CD28- with a PD1/CD28 CCR, Prosser et al. showed
increased p-Akt and p-ERK levels and cytokine secretion (IL-2, GM-CSF,
TNF and IFNg) when co-cultured with an artificial stimulating target
[222].We concomitantly developed on a similarmolecule using a differ-
ent design and showed that a human PD1/CD28 can improve T-cell
function against cancer cells by synergizing with cancer–specific TCRs
[115]. Using a truncated version of PD1, Ankri et al. also showed the ne-
cessity of including the CD28 endodomain to achieve “co-stimulatory
immune conversion” and thus, improved T-cell function. We also dem-
onstrated for the first time the therapeutic potential of CCRs in vivo
using a xenograft model of human melanoma and noted a that T cells
equipped with PD1/CD28 could delay tumor growth and survive longer
in the tumor than their control counterpart [223].

Following this, Kobold et al constructed fully murine PD1/CD28 chi-
mera replicas of the two aforementioned designs and also a CCR incor-
porating the TM portion of PD1 rather than CD28 [224]. They
demonstrated that the latter could mediate an increased cytokine pro-
duction, better proliferation and binding to soluble PD-L1 using a mu-
rine pancreatic cancer model and lymphoma [225]. It would be
interesting to test the validity of these results in human settings though
our preliminary results did not show a significant improvement when
using PD1 TM rather than CD28 TM in human chimeras (unpublished
results). As mentioned before, CCR can also be combined with a CAR
rather than with a TCR. Indeed, Liu et al electroporated human T cells
with anti-CD19 and anti-Mesothelin CARs together with a PD1/CD28
CCR [221]. Consistent with previous results, no improvement in
in vitro cytotoxicity was observed though this switch receptor did con-
tribute to higher cytokine secretion and improved in vivo function in
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comparison to CAR alone. Lastly, Noessner and colleagues [226] demon-
strated that low-affinity TCR engineered T cells as well as TILs (i.e. not
CAR or TCR engineered) could benefit from the expression of the PD1/
CD28 chimera we previously designed [115]. Moreover, PD1/CD28
engineered T cells combined with checkpoint blockade secreted signif-
icantly more IFN-γ compared to control T cells without PD-1/CD28. As
with CARs, CCR can includemultiple signaling domains –we and others
described also a PD1 CCR that included CD28 and 4-1BB endodomains
[227].

Besides PD1, CCR with other exodomains were also described. For
example, a murine CTLA4/CD28 molecule could improve signaling
through Akt and T-cell function using the melanoma pmel model
[228] or in donor lymphocyte infusion (DLI) settings for diverse hema-
tological malignancies in mouse [229]. In this work, both transduced
murine CD4 and CD8 T cells were found to be important for DLI success.
Interestingly, a recent study reported the “natural” occurrence of
CTLA4-CD28 gene fusion in diverse types of T-cell lymphoma which
can promote cell growth [230]. Further characterization of such kind
of fusion (or natural CCR) should be explored. A recent report also
depicted an extensive characterization and testing of different designs
of human and murine CD200/CD28 CCR (or immunomodulatory fusion
proteins - IFPs) [231].

Another possibility is to use an antigen-specific antibody fragment
as targeting moiety for CCRs. Antibody-based and antigen-specific
CCRs are not intended “to convert a negative signal into positive one”
but rather to supply co-stimulation in an antigen-dependent manner
[232] and/or to improve on target specificity [233]. It is also possible
to transduce T-cells with a CD3ζmolecule fused to CD28 or 41BB IC do-
mains (termed activating adapter molecules - ATAM) to provide co-
stimulation to antigen specific T-cells [234].

5.2. Engineering T cells with cytokines and their receptors

T cell activation and differentiation requires several signals from the
TCR (signal 1), costimulatory molecules (signal 2) and often from cyto-
kines (often termed signal 3). The latter can have profound effects on T-
cell differentiation and function. T cells can be genetically engineered to
constitutively express cytokines such as IL2 [235], IL12 [236], IL15 [237]
or their receptor [238] to improve their function and persistence
(Fig. 1). CAR could also bemodified to incorporate cytokine receptor do-
main. Kagoya et al. showed that a second generation CAR that contained
a truncated IL2Rb domain and a STAT3- binding tyrosine-X-X-
glutamine (YXXQ) motif allowed specific antigen-dependent activation
of the JAK/STAT3 signaling pathways which promoted T cell prolifera-
tion, reduced terminal differentiation and enhanced intratumoral per-
sistence [239]. Anti-CD19–28ζ CAR T cells modified to constitutively
secrete IL-12 can mediate tumor eradication without the need for cyto-
toxic chemotherapy preconditioning in a mouse model [240] and can
recruit host immune cells such as NK and DCs [241]. Armored-CAR T
cells or TRUCKs (T cells Redirected for Universal Cytokine Killing)
were also designed to repolarize the tumor microenvironment by co-
expressing single chain IL-12. It was shown that constitutive IL-12 sig-
naling enhances T-cell cytotoxicity and cytokine secretion, promoting
resistance against Treg immunosuppression [242,243]. As such, IL12 rel-
evance to CAR T-cell treatment is being tested in a Phase I clinical trial
using a novel IL-12 secretingMUC16(ecto) - CAR T cells for ovarian can-
cer patients [244].

T cells can be rendered “immune” to the effects of immunosuppres-
sive cytokines such as TGFβ. The TGFβ-receptor complex is a tetramer of
two TGFβR1 and two TGFβR2 subunits [245]. By expressing a truncated
TGFβR2 acting as dominant negative receptor in T cells [246], it is possi-
ble to improve the anti-tumor activity of engineered T cells [247,248]
and this approach is being evaluated in multiple clinical trials (e.g.
NCT02065362, NCT01955460, NCT00368082, NCT03089203). Addi-
tionally, NK92 cells transduced with a chimeric cytokine receptor in
the form of extracellular domain of TGFβR2 fused to the signaling
portion of NKG2D displayed better cytotoxic capacity [249]. Moreover,
it is also possible to use chimeric cytokine receptor to modify T-cell be-
havior when exposed to certain cytokines. For example, IL4 can limit
Th1 differentiation which could ultimately hinder CTL function [250].
Thus, retargeting IL4 function by expressing a IL-4/7 receptor chimeric
to activate IL-7 signaling pathway led to enhanced activity against pan-
creatic tumors when combined with a PSCA-specific CAR [251].

T-cell infiltration and presence in the tumor is vital for the success of
immunotherapy. This applies also to T-cell engineering. To overcome
the lack of trafficking of specific T cells to tumors, it is possible to engi-
neer them to express chemokine receptors such as CXCR2 [252,253],
CCR4 [253], CCR2 [254,255] or CXCR1 as we previously showed [256]
(Fig.1).

Finally, T-cell function can be enhanced by engineering them to ex-
press/secrete selected enzymes and other therapeutic molecules. To
provide some resistance to the oxidative stress and limit cellular dam-
ages due to the exposure to reactive oxygen species (ROS), Ligtenberg
et al. engineered T cells to express catalase [257]. Tumor encapsulation
by extra cellular matrix is considered a potent escape mechanism
displayed by certain types of tumor. To remedy to this, Caruana et al.
engineered T cells to secrete heparanase enabling the efficient degrada-
tion of ECMand targeting of neuroblastoma tumors inmouse [258]. Fur-
thermore, it is feasible to engineer T cells to secrete checkpoint blockers
[259–261] (Fig. 1) or HVEM [262] to lower the immunosuppressive
pressure in the tumor vicinity.

6. Other Practical consideration in T-cell engineering

6.1. Gene engineering and editing platforms

Dysregulation of immune activity can lead to fatal consequences and
this even truer when it comes to genetically manipulated cells
[99,100,263]. Thus, when using engineered T cells, it is critical to not
only consider the nature and distribution of the targeted antigen but
also the type of expression platform and the possible incorporation of
switch/suicide genes to control the transgene expression and function.

The most common viral platforms of expression are based on either
γ-retroviral vectors such as theMSCV (Mouse stem cell virus) -based or
MPSV (myeloproliferative sarcomavirus) [13,264] and lentiviral vectors
[265–268]. The latter may represent a better alternative than γ-
retroviral vectors due to their ability to transduce non-dividing cells,
to bemore resistant to gene silencing [269] and to their safer integration
site profile [60,270]. Nonetheless, both viral vector types are efficient
and currently used in the FDA approved therapeutic products
Axicabtagene ciloleucel (retrovirus) and Tisagenlecleucel (lentivirus).
Still, their use requires safety assessments and the production of GMP-
grade viral supernatant for human trials. In the past few years, several
prominent leaders in the field have called for easing the regulation as
there is no evidence RCL replication-competent lentivirus (RCL) or ret-
rovirus (RCR) was observed in patients [271–273].

Non-viral methods for T-cell engineering such as using the sleeping
beauty transposon systemwere developed to avoid the need for expen-
sive large-scale production and safety testing [69,274]. In this approach,
there is a need to introduce in the target cell both the transposase (orig-
inally identified in the genome of extinct salmonid) and the transposon
(DNA) to be integrated in the host cell genome.While originally this ap-
proach achieved only low transgene expression levels [274], it has been
constantly improved in the past years and this led to its evaluation in a
CD19-CAR trial in which complete remissions were achieved [275]. But
recently, another exciting approach has been described to engineer T
cells using non-viral platforms. Roth et al. made use of a CRISPR-Cas9
genome-targeting system to insert large DNA sequences (greater than
1 kb) at precise genomic locations in primary human T cells to correct
pathogenic mutations or to endow them with tumor-specificity using
an NY-ESO TCR [276]. An additional strategy to transfect T cells that
we and others developed in the past consists in electroporating
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activated T cells with mRNA [277]. One of themain strengths of this ap-
proach is the relative ease and rapidity of the process. The transgene is
expressed within a few hours of electroporation but only transiently
(for several days), with its expression decreasing rapidly following cell
division. This is in sharp contrast to viral methods that do require sev-
eral processing days, but on the other hand, genome integration leads
to constitutive transgene expression. Nonetheless, mRNA electropora-
tion was shown to be implementable even in the context of a clinical
trial [157]. Further clinical application will require process streamlining
using adequate devices and frequent injection to reach a sufficient num-
ber of cells for treatment and compensate for transient transgene
expression.

Multiple tools for genome editing have been developed in the past
two decades [278] and these include zinc-finger, TALEN and of course
CRISPR/Cas9 systems which have been implemented for T-cell engi-
neering [56,279]. Indeed, these approaches were demonstrated to reli-
ably knock down the expression of PD1 and other checkpoint
inhibitors or key signaling molecules [280–283] and further optimiza-
tion has been performed to delineate proper conditions for CRISPR
editing in primary T cells [284] showing the successful silencing of sev-
eral checkpoint targets. Unexpectedly, Fraietta et al. recently showed
that in the case of a CLL patient that achieved complete remission
when treatedwith anti-CD19CAR T-cells, the insertion of the CAR trans-
gene caused a disruption in the methylcytosine dioxygenase TET2 gene
[285]. Further investigation revealed that TET2 deficient cells from
clonal origin constituted at the peak of the response, 94% of the CAR T
cells in the patient and displayed a central memory phenotype. More-
over, intentional knockdown of TET2 in normal T-cells could recapitu-
late the functional enhancement observed in the aforementioned
patient T-cells.

TominimizeGVHDand TCRmispairing, TCR components can also be
targeted [58,279,286,287]. For example, Eyquem et al. directed the in-
sertion of a CAR in the TCRα locus, knocking down the endogenous
TCR expression [286]. Similarly, Mastaglio and colleagues proposed a
novel TCR “single editing” (SE) approach, based on the disruption of
only the endogenous TCRα chain followed by the transfer of NY-ESO
TCR genes and this allowed the rapid production of high numbers of
tumor-specific T cells with a stemmemory and central memory pheno-
type [288]. One can also combine multiple editing/engineering steps si-
multaneously to generate the “optimal” cancer-specific T-cell [282,289].
It is also possible to use genome editing to abrogate the expression of
the targeted antigen from the (targeting) T cells themselves. Rasaiyaah
et al. used TALEN to eliminate the endogenous TCR complex while ex-
pressing simultaneously an anti-CD3 CAR to target leukemic T cells
withminimal off-target effects [290]. Similarly, CD33 expression in pro-
genitor cells was successfully abrogated using CRISPR/Cas9 gene editing
[291]. Injection of CD33-knocked out cells could help replenishing my-
eloid lineages in mice and non-human primate even when using con-
comitant CD33-specific CAR T-cells treatments. Nonetheless, the long-
term effects of these approaches on the patient immune system and
its competency remain to be evaluated.

6.2. Control of transgene expression and T-cell function

To ensure safer T-cell engineering implementation and precise acti-
vation, several strategies have been developed [152]. As for other types
of gene therapy approaches, a suicide gene could be included in the
therapeutic vector to mediate the elimination of gene-engineered
cells. A common suicide gene is theHerpes Simplex Virus – derived Thy-
midine Kinase (HSV-TK), that has substantially higher affinity to Ganci-
clovir (GCV) that its human counterpart. When HSV-TK transduced T
cells are exposed to GCV, the latter is phosphorylated and it can inter-
fere with DNA synthesis. This approach has been already implemented
in clinical trials [292]. Another possibility to induce rapid ablation of
the cells is to make use of an inducible Caspase9 (iCas9) safety switch
that can be activated by dimerization using a small-molecule drug.
This switch was shown to successfully ablate CAR-T cells in vitro and
in vivo [293,294] and this strategy too is being tested clinically
(NCT02107963, NCT01953900). Besides suicide genes, it is also possible
to deplete transduced T cells in vivo using antibodies that target certain
determinants or tags expressed in the transgene [295,296]. Addition-
ally, small molecules can be used to induce the transcription of the
transgene [297] or the dimerization and assembly of split CAR chains
[298]. Induction of CAR function was also exemplified in the case of a
HIF-CARwhichwas design to incorporate HIF1α domainmaking it sen-
sitive to oxygen and degraded under normoxia conditions [299]. Also,
receptor potentiation by proteolysis of a small masking tag degraded
in the presence of specific proteases expressed in the tumor microenvi-
ronment was elegantly demonstrated for an EGFR-specific CAR [300].
Recently, Helsen et al. reported the use of a T-cell antigen coupler
(TAC) chimeric receptor [301] which consists of a double targetingmoi-
ety: an antigen-specific scFv followed by a CD3-activating scFv built on a
CD4 scaffold. Such TAC could recognize a defined tumor antigen on the
target cell using the endogenous TCR signaling pathway rather than an
artificial signal mediated by classical CD28/CD3z signaling moiety.

Another layer of control could be achieved using strategies akin to
(receptor-mediated) Boolean gates. For example, utilizing AND-gates
based on dual receptor expression (i.e. a 1st generation CAR combined
with a CCR) could ensure more precise and on-target activation of T
cells [233,302,303]. Another type of “AND” gate can bedesigned in a “se-
quential” manner using a synthetic Notch (synNotch) system based on
the combinatorial recognition of two antigens. Due to the distinct signal
transduction of Notch receptor, which cleaves its IC domain upon ligand
binding [304], it is possible to substitute its native IC domain by the do-
main of interest. The latter can be replaced by the highly effective (al-
though xenogeneic) Gal4-VP64 transcription factor. Upon cleavage, it
can translocate to the nucleus and drives the effector CAR expression.
Such synthetic Notch-Gal4-VP64 receptor can be fused downstream to
scFv targeting moiety ensuring the antigen-directed Notch proteolytic
cleavage [305]. This systemwas extensively characterized in the context
of CAR expression but also of conditional secretion of checkpoint inhib-
itors, bi-specific T-cell engagers and alternatively, immunosuppressive
molecule such as IL10 or PDL1 [306]. As aforementioned, an “OR” gate
is represented by bi-specific CAR or dual-CAR expressing T cells
[97,148].

Finally, the use of an inhibitory CAR (iCAR) directed against a normal
antigen to inhibit T-cell function could be considered a “NOT” gate.
Using a PSMA-scFv fused to either the IC domains of CTLA-4 or PD-1,
Fedorov et al. demonstrated the potential reduction of T-cell function
when T cells expressing the iCAR and a CD19-specific (conventional)
CAR were challenged by CD19+ PSMA+ tumors while CD19+ PSMA-
tumors were successfully eradicated [307]. Still, for this approach to
be effective clinically, exclusive normal ligands (i.e., not expressed by
tumor cells) will need to be identified and validated.

6.3. Universal CAR systems

As described above, TCR/CAR-engineered T cells target defined and
fixed antigens. Lately,major efforts are invested in developing strategies
for a more flexible and adaptable antigen specificity. These “universal”
CAR systems split the antigen recognition mechanism into two compo-
nents: expression of a signaling adaptor on T cells and a soluble
targeting moiety counterpart (Fig. 1). Using such approaches, one
could easily regulate/tune T cell anti-tumor response by alternating
the soluble targeting moiety “on demand”. For example, using biotinyl-
ated anti-mesothelin scFv or antibodies, avidin-based [308] or
streptavidin-based [309] CAR take advantage of the high-affinity avi-
din:biotin interaction. A similar concept was developed based on pep-
tide tagging [310] or FITC-labeled therapeutic antibodies or ligands
and anti-FITC CARs [311,312]. T cells can also be engineered to express
a CAR based on 4-1BB and CD3z signaling domains linked to a high-
affinity Fc binding molecule in the form of a CD16 variant. Upon
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incubationwith “naked” Abs, these T cells become “coated”with the se-
lected antibodies and can function as regular CAR T cells [313]. This ap-
proach recently reached an additional level of flexibility with the “Split,
Universal, and Programmable” (SUPRA) CAR system [314]. Using a
leucine-zipper based approach, the authors engineered a system that
enables the possibility to direct T cells against different targets without
re-engineering the T cells, to precisely tune the strength of T cell activa-
tion and to logically respond to several antigens.

6.4. Looking for the best cell to engineer

Cumulative data obtained in recent years demonstrated that T cells
with different functions and roles asmemory or effector T cells may im-
pact on CAR-T cell immunotherapy and that a more personalized ther-
apy should be applied depending on the patient's T cell profiling [315].
T cell response depends on various parameters including TCR signal
strength, the balance between stimulation and inhibitory signals as
well as inflammatory and immune contexture [316]. Based on the
type and strength of the signals received, T cells can differentiate into
different subsets of cells with distinct phenotype and function [317]. A
model of T cell differentiation was proposed in which cells progress
from naïve T cells (TN) to stem cell memory (TSCM), central memory
(TCM) and effector memory (TEM), defined by their phenotype and
their functional ability. The effector function of CD8+ T cells is increased
upon T cell differentiation, while their memory function and prolifera-
tion are decreased [318]. Additional factors can affect the functional
level and differentiation states of effector and memory T cells including
the genetic signature of key effector genes, epigenetic states [319] as
well as distinct metabolic pathway [320]. Nevertheless, it seems that
TCM could mediate increased persistence and growth leading to better
anti-tumor activity compared to TEM in xenograft models [321,322].
Moreover, the use of central memory–derived CD19 1st gen. CAR T–
cells in patients with B-cell NHL has proven safe, though they did not
persist longer than conventional bulk T cells expressing 2nd gen. CARs
[323]. It was shown that a subset of TSCM from a CD45RA+ population,
expressing high levels of CD62L, CD95, and CCR-7 were more persistent
andmore effective against tumors than TCM [317]. Such cells can be gen-
erated artificially using tethered IL15 andmediate leukemia rejection in
xenograft models [324]. Another possibility is to use hematopoietic
stem cells and to differentiate them using the OP9/DL1 system as we
and others previously showed [325,326] or iPSCs [327] though extra-
care should be taken when genetically modifying such poorly differen-
tiated cells [328]. Additionally, combination of CD4+ and CD8+ CD19-
CAR T cells can result in a synergistic anti-tumor effect in vivo
[169,329] and methodologies are being developed to ensure precise
composition of CAR T-cell product [330]. To avoid potential off-target ef-
fects and reduce GVHD, viral-specific T cells can be engineered to ex-
press a CAR or TCR [121,331,332]. This could also provide a way to
specifically stimulate engineered T cells after infusion using viral
vaccines.

Not surprisingly, it has been shown that different cocktails of cyto-
kines can affect the differentiation status of T cell phenotype, in vivo sur-
vival and function. For instance, pre-treatment of T cells with IL-7 and
IL-15 or IL-15 and IL-21 was shown to increase T memory cell functions
and anti-tumor activity of CAR-T cells [333,334]. CAR-T cells expanded
with IL-7 and IL-15 displayed higher survival capacity in vivo when
compared to CAR-T expanded with IL-2 [333]. IL-15 alone has also
been shown to increase CD8 T cell function and hence its anti-tumor ac-
tivity [335].

As aforementioned, NK cells can also exhibit potent anti-tumor func-
tion and their activity ismodulated by an array of inhibitory and activat-
ing receptors [198]. Because of their cytotoxic capacity, a few studies
have also examined the potential of NK lymphocytes to serve as a cellu-
lar platform for CARs (reviewed in [336]). This was done for example
using primary NK cells [337] and the NK92 cell line with the intent of
using it as a “off the shelf”/universal donor cell [338,339]. Incorporation
of IL15 into the CAR construct increases NK cell persistence in vivo [340],
whereas the addition of C-X-Xmotif chemokine receptor 4 (CXCR4) in-
creased theirmobility to the tumor site [341]. Clinical studies evaluating
the efficacy of CAR-NK are scarce (half a dozen taking place mainly in
China and one in the US [336]) and they mainly target CD19 for B cell
malignancies, CD33 for CD33+ AML [147] or MUC1.

Ultimately, the possibility to use off-the-shelf CAR-T cells derived
from universal donors would contribute to ease the treatment process
and the logistics involved in engineered cell production and
manufacturing, and thus, to make it more affordable. The utilization of
allogenic donors could certainly address the aforementioned issues
and could prove effective [342–344] but it bears with it the risk of
GVHD or rejection of the transferred cells. Still, these concerns could
be addressed by way of genome editing. Using a zinc-finger approach
and subsequently a transposon strategy, it was possible to knock
down the expression of the endogenous TCR and to express a CD19-
specific CAR respectively [345]. In a pilot clinical trial, two ALL infant pa-
tients were treated with cells from an allogenic source in which the
TCRα locus was deleted using TALEN [346], thereby preventing the ex-
pression of the TCR complex. The patients achieved remission, however,
due to some contamination of unedited cells, they did experience
GVHD. Alternatively, to prevent the rejection of the transferred cells,
Ren et al. demonstrated the feasibility of knocking down β2-
microglobulin, an essential component of all class I MHC molecules
[347]. Though this approach might expose the HLA-knocked out
engineered cells to NK activity, the latter may be neutralized if forcing
the expression of regulatory HLA-E molecules [348].

7. Future applications beyond cancer

In the future, it is conceivable that engineered T cells may also be
used to target also infectious diseases [41] or facilitate the induction of
tolerance in transplanted recipient and individual suffering of autoim-
mune diseases [96,349]. It was shown that the engineering of natural
Treg cells or co-transduction of T cells with specific TCRs and FoxP3
can generate Treg cells that were able to suppress arthritis in different
models or mitigate autoimmunity [350,351]. On the other hand, CAR T
cells expressing a chimeric autoantibody receptor (CAAR), consisting
of the PV autoantigen, desmoglein (Dsg) 3 and signaling domains can
be used to eliminate auto-reactive B cells in a mouse model of pemphi-
gus vulgaris [352].

Infectious diseases are still themajor cause of mortality in the devel-
oping world. Given the tremendous potential of T-cell engineering ex-
emplified in cancer, one could easily adapt the aforementioned
approached to target viruses such as HCV [353], CMV [354], EBV
[355,356], HBV [357], and HPV [358,359] or even to treat opportunistic
infections [360].

8. Conclusions

Modern medicine has been revolutionized by the discovery of anti-
biotics and the development of vaccines that turnedmost infectious dis-
eases into a “solvable nuisance”. However, cancer is a complex disease
[202] that requires an equally elaborated fighting counterpart – if any,
groundbreaking studies in the past 30 years convinced us that the im-
mune system is up to this task. Nonetheless, several issues need to be
solved to extend the success obtained in hematological malignancies
to solid tumors. The identification of suitable targets will benefit from
bioinformatics and precision medicine; we recently showed that per-
sonalized immunotherapy based on the neoantigen landscape is attain-
able, including in the context of T-cell engineering [361]. Another
important step will be to combine therapies alongwith cell engineering
such as checkpoint inhibitors, small molecules and chemotherapy
[8,214]. Better biomarkers will also help custom-tailoring immunother-
apy [362], hoping that regulatory approvalwill be given for treatment in
the early stages of disease. As with every cancer therapy, resistance and
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subsequent relapse are also relevant here and we need to implement
approaches that would target simultaneously multiple targets/antigens
to minimize tumor escape. Surprisingly, a recent report uncovered an
unexpected resistance mechanism to CD19-CAR-T cell therapy: Ruella
et al. showed that during the cell production process, a contaminating
lymphoma B-cell underwent transduction leading to CD19-CAR expres-
sion. Cis interactions with surface CD19 resulted in its shielding by the
CAR, making the antigen inaccessible to CAR-T cells [363]. While this
phenomenon was not reported elsewhere, it does underscore the
need to care for stringent production processes but more importantly,
it demonstrates towhat extent the development andmechanisms of re-
sistance to engineered lymphocyte treatments may be unusal.

So far, most of the engineered T-cell related toxicities can be man-
aged but the emergence of animalmodels to study CAR-mediated toxic-
ities such as cytokine release syndrome (CRS) will certainly help
devising safer treatments [364]. Another way to minimize adverse
events will rely, with the help of synthetic biology, on the precise con-
trol and regulation of engineered T-cell function. Precise in vivo tracking
of engineered cells using can also assist in this task by determining their
biodistribution and homing to the tumor aswell as evaluating their per-
sistence [68,365]. Finally, one can hope that technological advances will
simplify the manufacturing process of engineered T-cells and will even
lead to the implementation of in vivo genetic engineering strategies
[366]; preliminary exciting studies showed that DNA-carrying nanopar-
ticle can selectively deliver CAR genes into host T cells facilitating tumor
regression as conventional. These reprogrammed T cells remained func-
tional as a ‘living drug’ and ultimately differentiated into long-lived
memory T cells [367].

Oncotherapy itself has slowly gradually benefited from surgery, ra-
diation therapy, chemotherapy and small-molecules. The present era
is undoubtedly that of immunotherapy - many challenges remain
ahead of us to turn neoplastic diseases into “a thing of the past”, but it
seems that we are “off to a good start”.
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