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A B S T R A C T

First-generation adoptive T-cell transfer (ACT) administering tumor-infiltrating lymphocytes (TILs), and second-
generation ACT using autologous T cells genetically modified to express tumor-specific T-cell receptors (TCRs) or
chimeric antigen receptors (CARs) have both shown promise for the treatment of several cancers, including
melanoma, leukemia and lymphoma. However, these treatments require labor-intensive manufacturing of the cell
product for each patient, frequently utilize lentiviral or retroviral vectors to genetically modify the T cells, and
have limited antitumor efficacy in solid tumors. Gene editing is revolutionizing the field of gene therapy, and ACT
is at the forefront of this revolution. Gene-editing technologies can be used to re-engineer the phenotype of T cells
to increase their antitumor potency, to generate off-the-shelf ACT products, and to replace endogenous TCRs with
tumor-specific TCRs or CARs using homology-directed repair (HDR) donor templates. Adeno-associated viral
vectors or linear DNA have been used as HDR donor templates. Of note, non-viral delivery substantially reduces
the time required to generate clinical-grade reagents for manufacture of T-cell products—a critical step for the
translation of personalized T-cell therapies. These technological advances in the field using gene editing open the
door to the third generation of ACT therapies.
Adoptive T-cell therapy: how did we get here?

Adoptive T-cell transfer (ACT) has shown promise as a treatment
option for patients with several types of cancer. The potential of this
approach was initially demonstrated in clinical trials using tumor-
infiltrating lymphocytes (TILs) in studies carried out primarily by
Rosenberg et al. at the National Cancer Institute Surgery Branch. TILs
were obtained from patients with metastatic melanoma, expanded ex
vivo, and re-infused back into the patients in combination with inter-
leukin 2 following a lymphodepleting conditioning regimen. This treat-
ment led to response rates of 40–56% [1–5]. Twenty-four percent of
these patients had complete responses, with a remarkable survival rate of
93% at 5 years [6]. These early clinical trials provided the proof of
concept that complete eradication of a metastatic solid cancer can be
achieved with ex vivo expanded, tumor-reactive T cells.
e, Division of Hematology-Oncol
82, USA.
Puig-Saus).

evier Ltd on behalf of European S
In order to receive adoptive TIL therapy, the patient is required to
have pre-existing tumor-reactive T cells that can be obtained from a
tumor resection or a biopsy and expanded ex vivo in sufficient numbers.
These requirements limit the number of patients and cancer histologies
that can be treated [7–9] (Table 1). To circumvent the need to isolate and
expand the patient's own tumor-reactive T cells, the first technological
revolution in the field involved the use of peripheral T cells genetically
modified to target the tumor, expanding the potential of ACT. Three key
discoveries made this development possible.

The first discovery was the identification of tumor-associated anti-
gens that are shared among patients with different cancer histologies and
are able to induce a cellular immune response [10,11]. These tumor
antigens are either non-mutated antigens expressed by tumors and select
normal tissues, or antigens derived from aberrant intronic sequences,
alternative open reading frames, or common cancer-specific mutations
ogy, 11-934 Factor Building, Jonsson Comprehensive Cancer Center at UCLA,
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Table 1
Characteristics of the different adoptive T-cell transfer (ACT) therapies.

First-generation ACT: TIL therapy Second-generation ACT: engineered T-cell therapy Third-generation ACT: gene-edited T-
cell therapy and personalized therapy

Pre-existing
immunity

Yes No Depends on the antigens targeted

Antigen targeted Unknown Tumor associated antigens: germline antigens, differentiation
antigens, antigens overexpressed in tumors, common cancer-
specific mutations, etc.

Any tumor-associated antigens or
neoantigens

Limited to
available HLAs

No Yes (except for CAR T-cell therapies) No

Cancer-specific
receptors

Endogenous TCRs Exogenous TCRs or CARs Exogenous TCRs or CARs replacing T-
cell endogenous TCRs

Therapeutic T-cell
source

Expanded autologous TILs Modified autologous peripheral T cells Modified autologous or heterologous
peripheral T cells or heterologous stem
cells

Gene-modification
method

None (although TILs can be modified with
retroviral or lentiviral vectors to express
cytokines, etc.)

Retroviral or lentiviral vectors, transposons CRISPR/Cas9 with linear DNA or adeno-
associated viral vectors

CAR, chimeric antigen receptor; CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR-associated system; HLA, human leukocyte antigen;
TCR, T-cell receptor; TIL, tumor infiltrating lymphocyte.
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such as BRAFV600E and KrasG12D [10,11]. The non-mutated antigens can
be classified into two categories: lineage-specific antigens and germline
antigens. The lineage-specific antigens are expressed by cancer cells and
normal cells; for example, the melanosomal differentiation antigens (e.g.
MART-1, tyrosinase, or gp100) expressed in melanocytes, or the CD19, a
marker of B-cell lineage. The germline antigens, such as NY-ESO-1 and
MAGE-A3, are expressed during fetal development but are restricted to
germline cells in adults. These antigens, however, are often re-expressed
in many types of cancer.

The second discovery was the identification of receptors that give
tumor reactivity to T cells, leading to the ability to engineer artificial
tumor-reactive receptors. This was achieved by isolating T-cell clones
reactive against tumor antigens presented by the major histocompati-
bility complex (MHC) molecules and sequencing their T-cell receptors
(TCRs). In the mid-90s, Cole et al. were the first to isolate TIL clones
reactive against the melanoma shared antigen MART-1, sequence the
TCRα and TCRβ chains, and express them in Jurkat cells to show epitope
specificity [12,13]. Another approach that was being pursued concur-
rently was to link the variable domain [single-chain variable fragment
(scFv)] of monoclonal antibodies specific for cell surface cancer antigens
to T-cell signal transduction domains to generate tumor-reactive
chimeric antigen receptors (CARs). Eshhar et al. generated the first
CAR by fusing the scFv from a monoclonal antibody with a trans-
membrane domain and the CD3z signaling domain [14].

The third advancement was the ability to clone the sequence of
tumor-reactive TCRs and CARs into viral vectors, and use them to
genetically modify peripheral blood lymphocytes generating new tumor-
targeted T cells [15–17]. The need for viral vectors was based on the
notorious difficulty of expressing foreign transgenes efficiently and stably
in T cells, as physical methods had thus far yielded very low transfection
efficiency in this cell type. In the years that followed, several TCRs for
shared antigens and CARs were identified and subsequently cloned into
lentiviral or retroviral vectors [18–22]. These advances overcame the
early limitations of TIL therapy and allowed for the treatment of a
broader range of patients. Moreover, the use of CARs bypasses the human
leukocyte antigen (HLA) restriction limitation of TCRs (Table 1), as they
target cell surface proteins expressed by cancer cells.

The first clinical trial using autologous engineered T cells targeted
MART-1-positive metastatic melanoma in the context of the high-
prevalence HLA allele, HLA-A*02:01 (expressed in ~40% of the gen-
eral population). In this trial, the antitumor responses observed included
two complete responses among 15 patients [23]. Significant clinical re-
sponses have also been observed in other clinical trials utilizing T cells
genetically modified with TCRs targeting MART-1, as well as those
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targeting NY-ESO-1 and other antigens. For example, clinical trials tar-
geting NY-ESO-1-positive tumors revealed response rates of 55–66%,
50–61% and 80% in patients with melanoma, synovial cell sarcoma and
multiple myeloma, respectively [24–28]. After two decades of preclinical
research and dozens of clinical trials that led to the successful treatment
of hundreds of patients, the US Food and Drug Administration has
approved two CAR T-cell therapy products, tisagenlecleucel and axi-
cabtagene ciloleucel, targeting the cell surface marker CD19 expressed by
benign and malignant B cells. These treatments were initially developed
by the teams of Carl June and Steven A. Rosenberg, respectively [111,
112]. The ACT of T cells genetically modified to express CD19 CARs led
to dramatic response rates in adult and pediatric patients with refractory
B-cell leukemias and lymphomas [29]. Examples of other CAR targets
being tested in patients with solid tumors include IL13Rα2, GD2, HER2,
mesothelin and EGFRvIII. However, solid tumors are more challenging to
treat with gene-modified cell therapies than leukemias and lymphomas,
mainly due to the heterogeneous expression of tumor antigens, the
suppressive micro-environment, the limited T-cell trafficking to the
tumor, and the lack of persistence of T cells [21,22,30].

Genetically modified T cells: from retroviral and lentiviral vectors
to gene editing

Historically, lentiviral and retroviral vectors have been the viral
vectors of choice to genetically modify T cells for ACT due to their ability
to insert transgenes permanently into the T-cell genome. Despite
demonstrated successes, well-recognized limitations include random in-
tegrations into the genome, variable copy number, non-optimal trans-
gene expression by non-native promoters, and the potential for transgene
silencing [31]. In addition to these limitations, a longstanding concern is
the potential for malignant transformation resulting from viral vector
integrations, despite the fact that no cases of oncogenic transformation
have been reported following the administration of T cells genetically
modified with these vectors to hundreds of patients. Recently, a patient
was reported to have a major expansion from a single T-cell clone with a
missense mutation of the methylcytosine dioxygenase TET2 gene in one
allele and an insertion of the lentiviral vector expressing a CD19 CAR
disrupting the other allele [32]. Although in this case, the loss of function
of TET2 translated into an improved therapeutic effect, this serves as a
reminder of the potential dangers of random integrations into the
genome. Operationally, other major hurdles include the time and
expense required for the generation of clinical-grade viral vectors.
Moreover, despite the progress achieved in optimization of
vector-manufacturing protocols for gene therapy over the last three



Table 2
Comparison between genetic modification using lentiviral or retroviral vectors and gene editing.

Retroviral/lentiviral vectors Gene editing

Advantages Disadvantages Advantages Disadvantages

High transduction efficiency
and easy transduction
procedures

Random integration into the genome Endogenous regulation of transgenic TCRs/CARs. In CARs-T
cells, endogenous regulation avoids overexpression, tonic
signaling and T-cell exhaustion

Lower modification efficiency

Easy manufacturing on small
scale

Variable transgene expression Homogeneous expression Off-target double-stranded breaks

Artificial regulation from viral vector
promoter can lead to transgene silencing
or overexpression

Knock-in and knock-out can be multiplexed. Potential to
increase T cell potency and generate off-the-shelf T-cell
products

Electroporation, Cas9, and HDR
donor-induced toxicity. Decreased T-
cell expansion

Costly and time-consuming large-scale
manufacturing at GMP/clinical grade

Viral and non-viral methods. The non-viral methods allow
for fast reagent manufacturing at GMP/clinical level

No TCR mispairing

Lower cost with non-viral methods

CAR, chimeric antigen receptor; GMP, good manufacturing practices; HDR, homology-directed repair; TCR, T-cell receptor.
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decades, high titer retroviral and lentiviral vector preparations are still
challenging to obtain following good manufacturing practices (GMP),
and only a small number of academic centers and companies are able to
produce them (Table 2).

Alternative methods to modify T cells have been considered, such as
the use of transposons [33–35] or mRNA. However, both methods pre-
sent several limitations. Transposons eliminate the need for viral vectors
but still integrate randomly into the genome. Synthetic mRNA eliminates
the risk of oncogenic integration at the expense of having only transient
expression of the tumor-specific CARs or TCRs. To be effective, T cells
genetically modified with mRNA would require repeated administration
[36], as the transgene expression would be diluted by half with each
T-cell division due to the lack of integration into the T-cell genome.

New gene-editing techniques are revolutionizing the field of gene
therapy, and ACT is at the forefront of this revolution. Four different
gene-editing tools have been used to modify T cells: zinc-finger nucleases
(ZFNs), transcription activator-like nucleases (TALENs), MegaTALs
(meganucleases fused to TALs), and clustered regularly interspaced short
palindromic repeats/CRISPR-associated system (CRISPR/Cas9) [37–41].
Early work using ZFNs and TALENs demonstrated that knock-out of the
endogenous TCRα and TCRβ chains could be combined with genetic
modification of edited T cells. TCR-deficient T cells could be genetically
modified using viral vectors [37,40] or transposons [41] to enforce the
expression of a tumor- or virus-specific TCR or CAR. Disruption of
endogenous TCRs led to improved expression and functionality of
transgenic TCRs and a significant increase in the in vivo antitumor ac-
tivity of modified cells in mice. These were the first steps towards the
generation of off-the-shelf adoptive T-cell products. Studies using TAL-
ENs also showed that gene editing could be multiplexed to disrupt
multiple genes. One example was genetic knock-down of endogenous
TCR and the surface protein CD52, with the goal of making gene-edited
cells resistant to the cytotoxic anti-CD52 antibody alemtuzumab. Alem-
tuzumab could then be used concurrently or before ACT to lymphode-
plete the host without eliminating the CD52-negative T cells [39]. This
strategy with simultaneous lentiviral transduction with a CD19 CAR
vector has been tested clinically [42]. Gene editing fulfills the promise of
simultaneously knocking-out and knocking-in multiple genes of interest
in a permanent and targeted fashion to redirect T-cell specificity, tailor
their phenotype and improve antitumor activity.

CRISPR-Cas9 is currently the favorite method within the gene-editing
field given its technical simplicity, cost-efficiency and ability to be mul-
tiplexed [43–45]. In order to edit the T-cell genome, bulk peripheral
bloodmononuclear cells (PBMCs) or a sorted cell subset are activated and
electroporated to deliver guide RNA (gRNA) and Cas9 as mRNA or a
ribonucleoprotein (RNP) comprised of recombinant Cas9 protein
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complexed with gRNA (Figure 1). In both cases, the expression of Cas9 is
transient, decreasing the toxicity of Cas9 mediated by off-target effects,
and avoiding the described immunogenicity of Cas9 expression by host
cells [46]. To achieve the end goal, gRNA targets Cas9 nuclease in the
region of the genome to be modified, and Cas9 generates a
double-stranded break (DSB). In order to repair the break, the cell uses
either the non-homologous end joining (NHEJ) mechanism or
homology-directed repair (HDR). NHEJ induces direct religation of the
cleaved ends using an error-prone mechanism that introduces small
nucleotide insertions and deletions leading, for the most part, to
disruption of the targeted gene (knock-out). Alternatively, HDR requires
a homologous strand donor template to induce DSB repair in a
template-dependent manner, leading to gene correction or the addition
of a gene of interest (knock-in). This technique leads to knock-out effi-
ciencies of �98% depending on the targeted gene [47]. Single-stranded
oligonucleotides, long linear single- or double-stranded DNA, and
adeno-associated vectors (AAVs) can be used as donor DNA templates for
HDR [48–50]. Large fragment integration efficiencies �57% can be ob-
tained with this technique depending on the locus modified, the size of
the insertion, and the type of donor DNA template used for HDR [48,49].

Eyquem et al. [48] reported a strategy to disrupt the TRAC locus and
insert a CD19 CAR under its transcriptional control using CRISPR/Cas9
and an AAV vector as HDR donor template. They delivered gRNA and
Cas9 mRNA by electroporation followed by AAV infection, resulting in a
knock-in efficiency of �40%. Using this method of targeted integration,
they demonstrated that CAR expression was homogenous and consistent
among donors, and the edited T cells possessed increased antitumor
potency in vivo in murine leukemia models compared with the cells
genetically modified using retroviral vectors. This study revealed that the
finely controlled transcriptional regulation of endogenous TCRs prevents
tonic CAR signaling in the absence of antigen, and allows CAR inter-
nalization and recovery of expression upon antigen exposure. This
physiological regulation of the CARs delays effector T-cell differentiation
and exhaustion, leading to superior antitumor activity [48] (Table 2).

Shortly after these studies were reported, Roth et al. [49] went one
step further in simplifying T-cell editing protocols, and showed that T
cells can be genetically modified by co-electroporating RNP complexes
and long linear single- or double-stranded DNA (ssDNA or dsDNA,
respectively) as a template for HDR. It had been described previously that
dsDNA is toxic for T cells at high concentrations because it activates
DNA-sensing pathways [51]. However, the authors showed that
co-delivery with RNP reduces the toxicity of dsDNA. Interestingly, the
authors were able to replace the endogenous TCRs with tumor-specific
TCRs. Using this approach, they created fully functional antitumor T
cells with a knock-in efficiency of ~12% and an almost complete



Tumor specific CAR/TCR sequence

PD-1
CTLA-4

Tet2?
Ppp2r2d?

Tumor specific CAR or TCR

Leukapheresis Linear DNA
Cas9 gRNA
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Figure 1. T-cell gene editing with multiplex knock-out and endogenous T-cell receptor (TCR) replacement. Peripheral blood mononuclear cells, or specific T-cell
subsets, can be electroporated to deliver Cas9 protein and one or multiple gRNAs complexed as ribonucleoproteins (RNPs). To replace endogenous TCRs with tumor-
specific TCRs or chimeric antigen receptors (CARs), double- or single-stranded DNA can be used as a homology-directed repair (HDR) template and delivered together
with the RNPs. Alternatively, adeno-associated vectors can also be used as HDR templates by infecting the modified cells after electroporation. Gene editing combining
knock-in and knock-out with multiple gRNAs will allow generation of off-the-shelf allogeneic tumor-targeted T cells (endogenous TCR- β2M-) or T cells with enhanced
antitumor potency (PD-1-, CTLA-4-). Other candidate genes, such as TET2 and PPP2R2D, are being knocked-out to investigate whether their absence will increase the
potency of T cells.
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knock-out of the endogenous TCRs. Upon co-culture with melanoma cells
expressingmatched HLA and antigen, the gene-edited T cells were able to
secrete cytokines, degranulate, and kill tumor cells at the same level as T
cells genetically modified using a retroviral vector. In an in vivo ACT
model, the gene-edited T cells demonstrated antitumor activity against
implanted tumors in mice. Roth et al. also showed that this technique can
be multiplexed to insert genes in up to three loci [49]. This new method
avoids the need for viral vectors that are labor intensive and expensive to
generate on a large scale, potentially increasing the cost-efficiency of the
ACT manufacturing process. More importantly, non-viral methods such
as that described by Roth et al. [49] would allow rapid T-cell gene
editing, as the gRNA and HDR DNA templates needed for gene modifi-
cation can be generated within a matter of weeks. This is an absolute
requirement for personalized ACT strategies tailored to the specific
characteristics of each patient's cancer cells. Generation of viral vectors to
express individual TCRs for each patient and the associated lot release
testing would take several months with current technologies and regu-
lations, which impedes their use for personalized approaches (Table 2).

Multiplex gene editing: towards best-in-class modified T cells

Multiplex CRISPR technology can be used to improve the features of T
cells to become even more powerful therapies than those generated using
the current standard methods. In contrast with current autologous ther-
apies, several groups and companies are generating off-the-shelf alloge-
neic T cells (or universal gene-modified T cells). Off-the-shelf T cells
would be particularly useful to treat those patients who, due to their
disease or previous treatments, have difficulty obtaining PBMCs in suf-
ficient number and quality to be modified ex vivo. Additionally, the use of
off-the-shelf T cells has the potential to increase the cost-efficiency of the
therapy by treating multiple patients with the same batch of T cells,
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recognizing shared antigens. Universal CAR T cells can be generated by
knocking-out both endogenous TCRs and β2M (an essential component of
the HLA complex) [52,53]. Disruption of endogenous TCRs within uni-
versal T cells is required to avoid recognition of host antigens by trans-
ferred T cells, a response known as graft-versus-host disease. Concurrent
disruption of HLA within universal T cells is required to avoid elimina-
tion of the transferred cells by the host immune response. Non-classical
HLA molecules, such as HLA-E, could be overexpressed in universal T
cells to avoid the rejection of these cells by natural killer cells [54].
Interestingly, the same multiplexing strategy could be used with he-
matopoietic stem cells or induced pluripotent stem cells to generate a
continuous source for universal genetically modified T cells [55,56].

Multiplex CRISPR methodology has also been used to increase T-cell
potency. Knock-out of immune checkpoints such as CTLA-4, PD-1 or LAG-
3, together with viral-driven expression of a CAR/TCR, has led to
enhanced antitumor activity in murine models [53,57,58]. This strategy
is currently being tested in clinical trials (Figure 1). The clinical success of
immune checkpoint blockade therapy demonstrates the benefits of
removing the breaks from T cells. However, the genetic and permanent
disruption of these checkpoints in tumor-targeted T cells could lead to
their uncontrolled expansion when administered in patients with cancer.
The safety of this approach deserves further investigation.

Loss-of-function screens with pooled short hairpin RNAs (shRNAs) or
CRISPRs are powerful techniques to identify genes required for certain
functions, or genes that, when silenced, confer favorable features to the
target cells. They are a very valuable source of information that allow for
the discovery of new gene functions. A pooled shRNA screen in a murine
ACT model in vivo showed that Ppp2r2d knock-down enhanced T-cell
survival and proliferation upon TCR activation, cytokine production and
antitumor activity in vivo [59]. Ppp2r2d is a regulatory subunit of the
family of PP2A phosphatases that had not been studied previously in the
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context of T-cell regulation. Ppp2r2d inhibits cell entry into mitosis, in-
duces the exit frommitosis, and plays a role in Bcl-2-associated agonist of
cell death (BAD)-mediated apoptosis [59]. Recently, Shifrut et al. [60]
developed SLICE, a new platform for genome-wide CRISPR
loss-of-function screens in primary T cells. With this technology, four
target genes were identified—CBLB, SOCS1, TCEB2 and RASA2—that
enhanced the proliferation and in vitro cytotoxicity of tumor-specific T
cells when knocked-out. CBLB mediates the ubiquitination of TCRs upon
activation [61], and its inhibition enhances the antitumor activity of
adoptively transferred CD8þ T cells [62]. SOCS1 is a negative regulator of
the JAK/STAT pathway in T cells [63], and TCEB2 is a binding partner of
SOCS1 [63]. RASA2 encodes for a GTPase-activating protein that stim-
ulates the GTPase activity of wild-type Ras [64], but its role in regulating
T-cell proliferation had not been previously described [60]. Remarkably,
this powerful technique can be adapted to identify genetic perturbations
that confer an advantage to T cells in specific contexts, such as in vivo
persistence and antitumor activity, or suppressive micro-environments
[60]. The use of these screens will unravel the T-cell regulation
network and point to multiple genes that could be knocked-out to
potentially improve the long-term antitumor activity of adoptively
transferred T cells (Figure 1).

China is leading the race for clinical trials using CRISPR/Cas9-edited
T cells. Several clinical trials are underway in China to test PD-1 knock-
out open repertoire T cells for non-small cell lung cancer
(NCT02793856) and esophageal cancer (NCT03081715), PD-1 knock-
out Epstein–Barr virus (EBV)-specific cytotoxic T cells for EBV-
associated malignancies (NCT03044743), universal CD19 CAR T cells
(NCT03166878), universal bi-specific CD19 and CD20 or CD22 CAR T
euqesRCTcificepsgA-oeNsiserehpakueL

Tumor biopsy

PBMCs

Expanded
TILs

Figure 2. Personalized adoptive T-cell therapy using gene editing. To perform person
whole-exome sequencing and RNA sequencing and identify the most immunogenic
predicted neoantigens can be isolated from the patient's tumor infiltrating lymphocyte
MHC complexes (pMHC) libraries or dendritic cells transduced with neoantigen tand
(TCRs) can then be sequenced from single cells. Linear DNA encoding for these TCRs
from the same patient to generate neoantigen-specific T cells. These gene-edited T cel
be used to increase the potency of T cells.
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cells (NCT03398967), PD-1 knock-out mesothelin CAR T cells
(NCT03747965), and PD-1 and TCR double knock-out mesothelin CAR
T cells (NCT03545815). A more conservative approach in terms of
safety has been undertaken in the USA, in which only one clinical trial is
currently open and accruing patients to test T cells genetically modified
with a viral vector expressing an NY-ESO-1 TCR (HLA-A2.1 restricted)
and knocked-out for the endogenous TCR and PD-1 genes using CRISPR/
Cas9 gene editing in patients with melanoma, multiple myeloma and
sarcoma (NCT03399448, clinicaltrials.gov). All of these clinical trials
are listed in clinicaltrials.gov.

Gene editing: challenges to overcome

Remarkably rapid progress has been achieved over the last few years
towards clinical translation of the CRISPR/Cas9 gene-editing tools.
However, there are still significant challenges that the field needs to
address. The main concerns are the off-target effect of Cas9 due to the
binding of gRNA to regions with imperfect complementarity, and the
common single-nucleotide variants that can generate high-efficiency
Cas9 off-target sites [65–67]. To avoid these issues, nucleases that
require two gRNA to induce DSBs have been used, such as Cas9 nickases
or the paired catalytically inactive Cas9 fused to the Fokl nucleases [68].
More recently, several high-fidelity Streptococcus pyogenes SpCas9 mu-
tants were generated by either structure-guided protein engineering, in
vivo screening, or directed evolution. These Cas9 mutants decrease the
off-target DSBs substantially without decreasing the knock-out or
knock-in efficacy [69–73]. An intense effort has also been placed on the
discovery of additional CRISPR/Cas nucleases that can be used for gene
ANRg9saCecn

NeoAg-specific TCR screening

Neoantigen 
prediction

WES/RNAseq/HLA-typing

alized adoptive T-cell therapy, a biopsy of the patient's tumor can be subjected to
neoantigens using bioinformatic prediction algorithms. T cells specific for the
s (TILs) or peripheral blood mononuclear cells (PBMCs) using multimer peptide-
em minigenes, among other techniques. The two chains of the T-cell receptors
can be synthesized and electroporated together with gRNA and Cas9 into PBMCs
ls can be expanded and re-infused back into the patient. Multiplex knock-out can
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editing and display improved or alternative properties. Among these,
Cas12a allows targeting of T-rich protospacer adjacent motifs, produces
staggered cuts, and has been optimized to increase on-target cuts and
decrease off-target cuts [74]; certain Cas12b mutants display increased
specificity compared with SpCas9 [75,76]; and CasX generates staggered
DSBs, is smaller than SpCas9, and is derived from a non-pathogenic or-
ganism [77]. Interestingly, modifications in certain positions of gRNA
can improve cleavage specificity [78]. Finally, there is a need for
improved tools to design CRISPR/Cas9 gRNAs and predict target effi-
ciency and specificity. These tools should be based on empirical off-target
profile data, and consider the individual's genomic variations and chro-
matin accessibility of the potential on-target and off-target sites [79,80].
An additional concern for the therapeutic use of CRISPR/Cas9 tools is
that large deletions and genomic re-arrangements have been observed at
the targeted site in embryonic stem cells, hematopoietic progenitors, and
cell lines [81,82]. Despite the reported potential aberrant repairs and
off-target toxicities, comforting results published by Roth et al. [49]
showed a 0.01% off-target integration when using ssDNA as an HDR
donor template. Although the techniques used cannot detect all the
possible genomic alterations, the low random integration frequency is in
stark contrast to the random and multiple integrations that occur with
lentiviral and retroviral vectors. Regardless, thorough characterization of
the genetically modified cells, not limited to the immediate vicinity of the
targeted sites and predicted off-target sites, is needed to assess the safety
and functionality of the new gene-editing approaches.

Another drawback of the use of CRISPR/Cas9 to edit T cells for ACT is
the limited HDR efficiency. The HDR repair mechanism is restricted to the
late S and G2 phases of the cell cycle [83,84], and quiescent cells tend to
use NHEJ to repair DSBs. Additionally, p53 can induce cell cycle arrest
when DSBs are generated by the CRISPR/Cas9 system, precluding efficient
HDR [85,86]. Cell cycle synchronization [87], as well as mechanisms to
inhibit NHEJ [84,88–91], apoptosis [92], p53-dependent cell cycle arrest
[85,86], or DNA sensing [93], have been reported to increase knock-in
efficiencies under certain conditions. However, their role in T-cell edit-
ing has not been reported to date. Interestingly, a high-throughput drug
screen identified multiple drugs that improve HDR efficiency in pluripo-
tent stem cells [94]. Finally, Cas9 modifications, such as covalently linking
the HDR template to Cas9 [95] or fusing the N-terminal fragment of the
CtIP protein to Cas9 [96], have also been shown to increase HDR.

Third-generation adoptive T-cell therapies

We are at the forefront of a new technological revolution that we
believe will lead to third-generation adoptive cell therapies, changing, as
happened with the second-generation ACT, the methods to modify T
cells, the type of antigens targeted, and themethods to isolate TCRs. First,
the new gene-editing technologies will allow replacement of endogenous
TCRs with new tumor-specific receptors (TCRs or CARs) regulated under
the transcriptional control of endogenous TCRs. The endogenous tran-
scriptional control will lead to the generation of cells with functional
features closer to a natural immune response and, likely, with longer
lasting clinical responses that are not limited by the over-activation
observed with some CARs [48,97]. The use of endogenous regulation
will avoid the silencing of TCR expression observed in some clinical trials
[31]. Moreover, safety will likely increase by avoiding random viral
vector integration into the genome, and by limiting possible TCR mis-
pairing with endogenous TCR chains, as TCR mispairing could lead to
new TCR reactivities and potential off-target toxicities [98]. Eliminating
the need for viral vectors will simplify manufacturing processes and
improve the cost-efficiency of these therapies. More importantly, it will
significantly reduce the time to produce the GMP reagents needed,
allowing the generation of truly personalized adoptive T-cell therapies
specifically designed for each patient's tumor antigens and HLA types.
Second, ACT protocols to date have mainly targeted shared antigens that
are expressed by cancer cells but can also be expressed by cells in healthy
tissues. Targeting non-synonymous cancer-specific mutations (or
24
neoantigens) would avoid the toxicities related to the expression of the
target antigen in normal tissues. In order to predict these neoantigens,
tumors can be biopsied and sequenced, and the genomic and expression
data can be used to predict which mutations could potentially give rise to
new immunogenic antigens presented by one of the patient's HLAs [99].
Third, to identify TCRs targeting neoantigen mutations, TILs [100–103]
or PBMCs [104,105] can be used. Several techniques to identify clones of
T cells reactive against neoantigen mutations have been described based
on the use of multimer peptide-MHC complexes (pMHC) [105–107] or
dendritic cells expressing tandem minigenes encoding for the predicted
mutations [103]. More recently, high-throughput techniques that allow
identification of the antigen recognized by T-cell clones have been
described based on the use of yeast pMHC libraries [108], trogocytosis
[109] or new chimeric MHC molecules [110]. Once the T-cell clone is
identified, the TCR can be sequenced and used to modify a large number
of PBMCs. Accuracy, high-throughput power and applicability of these
techniques still needs to be demonstrated. It is envisaged that the com-
bination of these techniques with non-viral T-cell editing using
CRISR-Cas9 will be at the center of the new ACT technological revolution
(Figure 2).
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