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Genome editing technologies not only provide unprecedented opportunities to study
basic cellular system functionality but also improve the outcomes of several clinical
applications. In this review, we analyze various gene editing techniques used to finetune immune systems from a basic research and clinical perspective. We discuss
recent advances in the development of programmable nucleases, such as zinc-finger
nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered
regularly interspaced short palindromic repeat (CRISPR)-Cas-associated nucleases. We
also discuss the use of programmable nucleases and their derivative reagents such
as base editing tools to engineer immune cells via gene disruption, insertion, and
rewriting of T cells and other immune components, such natural killers (NKs) and
hematopoietic stem and progenitor cells (HSPCs). In addition, with regard to chimeric
antigen receptors (CARs), we describe how different gene editing tools enable healthy
donor cells to be used in CAR T therapy instead of autologous cells without risking
graft-versus-host disease or rejection, leading to reduced adoptive cell therapy costs
and instant treatment availability for patients. We pay particular attention to the delivery
of therapeutic transgenes, such as CARs, to endogenous loci which prevents collateral
damage and increases therapeutic effectiveness. Finally, we review creative innovations,
including immune system repurposing, that facilitate safe and efficient genome surgery
within the framework of clinical cancer immunotherapies.
Keywords: immunotherapy, CARs, gene editing, graft-vs-host disease, base editors

GENE EDITING TOOLS: AN UPDATE
The well-established field of genome editing (GE) facilitates precise genomic modifications to
enable genetic diseases to be studied and treated. The precise modifications induced by GE
tools generate small (1–10 bp) and large (up to 20 kb) changes using different strategies. These
technologies can be classified into two main groups: (1) traditional approaches that generate
double-stranded breaks (DSBs) in DNA at the desired genomic loci followed or not by the
introduction of exogenous DNA; and (2) approaches enabling the genome to be modified without
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triggering repair mechanisms without inducing DNA breaks
(20–22); (3) mutated Cas9, where the RuvC nuclease domain
that targets the non-complementary DNA strands and the HNH
nuclease domain that targets the complementary strand are
mutated converting Cas9 into a DNA nickase (23, 24); and
(4) base editing (BE), a genome editing method that generates
exact point mutation in both genomic and RNA sequences
without DSBs (25). Two different base editors, the cytosine base
editor (CBE) and the adenine base editor (ABE), have been
developed over the last 3 years. The CBE, based on cytidine
deamination, a common natural DNA and RNA modification,
is involved in several normal biological processes (26). The
principal deamination enzymes are the apolipoprotein B mRNA
editing enzyme, a catalytic polypeptide-like 3 G (APOBEC), and
the activation-induced cytidine deaminase (AID) enzyme (27).
These enzymes can be combined with the versatile CRISPR/Cas
system for genome base editing. A substantial number of studies
have been published on improvements made in areas such
as specificity and efficacy (28). Petromyzon marinus cytidine
deaminase 1 (PmCDA1), identified in the lamprey genome,
was used to increase BE versatility (29). The substitution of
SpCas9 by Staphylococcus aureus (SaCas9) or Lachnospiraceae
bacterium Cpf1 (Cas12) facilitates base editing in AT-rich
organisms and interrogation of more genomic loci (30). Unlike
the CBE, ABEs have no natural eukaryotic adenosine deaminase
enzymes capable of acting on single-stranded DNA (ssDNA).
The first ABEs were developed using adenine deaminase from
Escherichia coli TedA (31). Over the last 2 years, several
modifications to evolving ABE variants have been made: modified
nuclear localization signals (NLSs) and codon usage, inclusion
of ancestral deaminases resulting in BE4max, AncBE4max, and
ABE max, as well as ABE8s with no significant levels of off-target
adenine deamination in genomic DNA (32, 33).
Regardless of the system used, given that GE technologies
need to be sufficiently specific for use in clinical treatments,
the specificity of any proposed technique needs to be accurately
assessed (34). Two articles in a recent issue of Science highlight
the high rates of off-target mutation associated with base editing
in two disparate rice and mouse organisms (35, 36). Therefore,
to be used in clinical settings, improvements have been made
to increase BE specificity. Both CBEs and ABEs have been
optimized, resulting in BE variants (Figure 1) with improved
efficacy and specificity (32, 37, 38). Finally, the more powerful
and precise genome editing technique, prime editing (PE), has an
impressive array of applications. PE involves the fusion of two
proteins from a Cas9 nickase domain and an engineered reverse
transcriptase domain (39, 40). The possibility of introducing
a point mutation at a specific location offers greater targeting
potential than other SENs, especially with regard to non-dividing
cells such as those in the nervous system (41).

requiring double-stranded DNA (dsDNA) cleavage either by
introducing small molecules forming a triplex structure or by
combining deaminase enzymatic activity with specific impaired
catalytic endonucleases. In this review, we evaluate the different
techniques used to engineer immune cells in the treatment
of primary immunodeficiencies and acquired diseases such as
cancer and infectious diseases.

DSB-Based Gene Editing Approach
Over the last three decades, the following major specific
endonucleases (SENs) have been successfully developed for both
basic research and clinical purposes: meganucleases (MGNs),
transcription activator-like effector nucleases (TALENs),
megaTAL nucleases, ZFNs and, more recently, clustered
regularly interspaced short palindromic repeat (CRISPR)-Casassociated nucleases. The success of SENs is evidenced by
the 43 on-going clinical trials using ZFNs (14), CRISPR/Cas9
nucleases (23), and TALENs (6) to treat infectious diseases
(HIV-1, HPV), cancer, as well as blood and metabolic disorders
(Clinicaltrials.gov June 2020). This field began to develop in
1994 when Dr. Maria Jasin and her team discovered that the
generation of double-stranded breaks (DSBs) in mammalian
DNA favors homologous recombination (HR) repair and that
DSBs can be directly repaired by non-homologous end joining
(NHEJ) (1–3). These discoveries laid the foundations of SENbased gene editing research (4). The first SENs used to create
specific DSBs for genome editing were meganucleases (MGNs), a
group of endonucleases that recognize 12–45 bp DNA sequences
(5–9). More versatile GE tools were developed some time later,
with the use of FokI catalytic and zinc-finger domains to generate
the first ZFNs (10). Soon afterward, TALENs were designed
based on the bacterial system of TAL effectors (TALEs). TALENs
have two different domains: a DNA-binding domain, the TALE
proteins, that can be designed to bind the desired sequence (10),
and a Fok1 endonuclease domain (11). With its simple design,
the CRISPR/Cas system, the most versatile gene editing tool, is
derived from bacteria, particularly from an adaptive immune
system found in prokaryotes, which provides defense against
viral infections and plasmids. CRISPR/Cas proteins form a
complex with RNA molecules which guides Cas endonucleases
to the target DNA to be cleaved (12). RNA nucleotides are the
only part of the system that needs to be changed to specifically
cut a new target site in the genome (13, 14).

Programmable Editing Without
Double-Stranded DNA Cleavage
As mentioned earlier, the introduction of DSBs by SENs,
followed by the activation of cellular repair machinery, can
generate unwanted side effects such as off-target site indels, large
deletions, and translocations. In addition, multiplex editing can
lead to relatively frequent translocations and/or chromosomal
rearrangements (15, 16). The following alternative systems can be
devised to edit the genome without generating DSBs (Figure 1):
(1) viral episomal vectors, such as adeno-associated viruses
(AAVs), containing donor DNA (17–19); (2) triplex-forming
oligonucleotides (TFO), which are able to deform DNA strands,
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ADVANCES IN GENETIC ENGINEERING
OF IMMUNE CELLS
The remarkable progress made in GE tools in recent years has
made it possible to engineer different immune cell types for
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FIGURE 1 | Representative scheme of the different genome editing tools used to improve the immune system. There are two variants of genome editing
technologies: those that introduce double-stranded breaks (DSBs) into DNA and those that enable genome editing without DSBs. The first variant is mainly
composed of the components ZFNs, TALEN, and CRISPR/CAS which are used to enhance immune system capacity. ZFNs are chimeric proteins containing a DNA
binding domain (3–5 zinc-finger domains) and a Fok1 endonuclease domain (114). Each zinc-finger domain is specifically designed to bind to virtually any DNA
sequence. ZFN cleavage activity needs to be dimerized given that Fok1 acts as a dimer. Two ZFNs therefore need to be designed, each targeting a DNA sequence
separated by a short sequence from the recognition site of the other ZFNs in a head-to-head fashion. As ZFNs, TALENs contain two different domains: the DNA
binding domain of the TALE protein designed to bind the desired sequence (10) and the Fok1 endonuclease domain (11). As TALENs only act as dimers, two
TALENs must be designed to bind to the target locus in a face-to-face fashion to cleave the target sequence (110). CRISPR/Cas, the last described SENs, is the
easiest to design and the most versatile gene editing tool. It is derived from the adaptive immune system of prokaryotes, which provides a defense mechanism
against certain viral infections and plasmids. The CRISPR/Cas protein forms a complex with the RNA molecules crRNA (CRISPR RNA) and crRNA (tracrRNA) which
guides the Cas protein to the target DNA and produces the cleavage (12). The only part that needs to be changed to specifically cut a new target site in the genome
is 20 crRNA nucleotides (13, 14). Various modifications to the gRNA design and to the Cas9 protein have been made to reduce off-target activity. A mutated Cas9
nickase has been generated to expand the CRISPR genome editing system (111). The second group is mainly composed of CRISPR-CAS nickases variants and of
two base editor (BE) variants, the cytosine base editor (CBE) and the adenine base editor (ABE). The first variant is based on simple APOBEC deaminase system
named BE1, which fuses APOBEC1 and dead Cas9 from Streptococcus pyogenes with D10A and H840A mutations (28). Its lower efficiency is attributable to uracil
DNA glycosylase (UDG) which catalyzes the removal of U from DNA in cells and initiates base-excision repair (BER), thus converting the U:G pair to the C:G pair
(115). The uracil-DNA glycosylase inhibitor (UGI) was fused to the C terminus of BE1 to create the second-generation BE2 system, with an improved base editing
yield of 50%. A further improvement was implemented for the third-generation BE3 system. The improved BE4 base editor contains a rAPOBEC cas9 linker
expanded to 32 amino acids, a Cas9n-UGI linker expanded to 9 amino acids, as well as the addition of a second copy of UGI to the C terminus of the constructs
(116); BE3 and BE4 have been validated for use as base editors of human primary T cells (55). The replacement of the APOBEC1 component in BE3 with natural
adenine deaminase Escherichia coli TedA led to the creation of the first adenine base editor ABE which was followed by ABE1.2 After several target mutations and
optimizations, the ABE7.1 base editor was released. This was followed by the latest version ABE8 with its base editing facility particularly for HSPCs and human
primary T cells (33). Figures were created by BioRender.com.

use in immunotherapy (Figure 2). Cells previously considered
highly resistant to genetic modification can now be gene-edited
very efficiently using these new technologies. This enables the
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behavior of different immune cells to be fine-tuned by deleting
or enhancing endogenous gene expression and by inserting new
genes in safe harbor loci. HSPCs, T cells, B cells, macrophages,
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FIGURE 2 | Recent advances in engineering different immune cell types for immunotherapy applications. Engineered T cells in the B2M gene have lowered HLA
class I antigen expression on the cell surface and have reduced the possibility of graft rejection. TCR/CD3 cells have been knocked out to reduce GVHD and to
enable physiological CAR expression, thus enhancing CAR T potency. Tumor-suppressive microenvironments have been overcome by downregulating CTLA-4, PD1,
and LAG-3. T cells have also been engineered to ignore suppressive signals by expressing dominant negative TGF beta receptors (TGBR2). On the other hand, to
engraft T cells under lymphodepleting preparative conditions, the elimination of CD52 is required to enable T cells to resist alemtuzumab-mediated lymphodepletion.
Targeting CD7 prevents fratricide and enables the expansion of CD7 CAR T cells without compromising their cytotoxic function. IL-2R has also been engineered to
facilitate IL12P70 expression in a controlled manner. Cyclin-dependent kinase 5 (Cdk5), a serine/threonine kinase, whose inhibition confers antitumor immunity, has
been identified to regulate the PD-1/PD-L1 pathway. HSPCs are also gene edited to enhance adoptive immunotherapy. CD33-deficient human HSPCs resistant to
CD33-targeted approaches have been produced to mitigate CART33 toxicity, to maintain myelopoiesis, and to prevent on-target off-tumor toxicity. Immune NK cells
play an important role in host immunity against cancer and viral infections. Despite the low efficiency of viral and non-viral delivery methods, several NK cells can be
edited to enhance their persistence, cytotoxicity, and tumor targeting (117). Dendritic cells (DCs) play a critical role in T-cell response instructions, with triple knockout
established as proof of concept (118). A similar approach is used to target the costimulatory molecule CD40, whose disruption significantly inhibits T-cell activation,
thus reducing graft damage and prolonging graft survival (88). Macrophages can also be edited using CRISPR-CAS9 by targeting USP7 and USP47, two genes that
regulate inflammasome activation (119). The Ntn1 gene, thought to be involved in cell migration disruption, can also be targeted in vivo using nanoparticles
encapsulating CRISPR/Cas9 RNPs under the control of the CD68 promoter (89). To elucidate its role in inflammation, the NEU1 gene can be targeted in
macrophages using CRISPR-CAS9, thus demonstrating the role of NEU1 macrophages as inflammation enhancers (120). It is also possible to engineer B cells to
express mature broadly neutralizing bNAb antibodies targeting IgH loci or safe harbor CCR 5 in the case of FIX. Figures were created by BioRender.com.
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CD33-targeted therapy mitigate CART33 toxicity to sustain
myelopoiesis and to prevent on-target off-tumor toxicity (47).
AML and MDS strategies can also be used for other cellsurface antigens in CAR settings and in all antigen-specific
immunotherapies.

natural killers (NKs), and dendritic cells (DCs) can now be
efficiently manipulated to boost their potency (Figure 2). By
editing different immune cell types, a specific cellular circuit
can be shut down or specific endogenous immune pathways
repurposed for new functions. Below, we review recent advances
in GE methods that have been successfully applied to different
immune cell types.

B Cells
B cells are key regulators of humoral responses in adaptive
immune system. Mature B cells, also called plasma cells, which
reside in bone marrow, are in charge of producing and secreting
antibodies. Most gene editing of B cells relies on the development
of cellular humoral vaccines, thus avoiding the need for repetitive
administration of antibodies (48). The replacement of heavy and
light chain B-cell receptors with sequences encoding a suitable
monoclonal antibody in an allergenic manner could improve
immunization (49, 50). Based on this hypothesis, GE could be
used to express recombinant antibodies under the control of
endogenous regulatory elements, enabling strict regulation of
gene expression in response to specific antigens. This would
facilitate the production of appropriate concentrations of the
corresponding antibodies (49). Genome editing of human B
cells mediated by homology-driven repair (HDR)/CAS9 has also
been used to produce anti-HIV-1 broadly neutralizing antibodies
(bNAbs) (51) and to boost the capacity of long-lived plasma cells
to physiologically produce proteins with therapeutic applications
(30). Hung et al. have generated active FIX-secreting human
plasma cells at the CCR5 safe harbor locus using the HDRmediated method. The engineered B cells expressed the active
recombinant FIX gene, demonstrating the possibility of editing
primary B cells with high specificity and efficacy. This approach
paved the way for future clinical applications involving primary
B cells (30). Cas9-mediated disruption has also been tested on
naïve B cells for IRF4, PRDM1, PAX5, and BACH2 genes, with
over 80% efficacy, thus proving the feasibility of gene knockdown
in this cell type and its potential use in immunotherapeutic
treatments (30).

Hematopoietic Progenitor and Stem
Cells
Hematopoietic progenitor and stem cells (HPSCs), some of
the most desirable target cells in adoptive immunotherapy,
either by the introduction of genes encoding T-cell receptors
(TCRs) and chimeric antigen receptors (CARs) that target
tumor-associated antigens. Unlike other hematopoietic cells,
HPSCs, with their long-term engraftment capability, could
provide a sustained source of effector cells. TCRs and CARHPSCs, which constantly produce T-lymphocyte progenitors,
potentially increase the development of immunological memory.
However, the engineering of HPSCs with CARs has two major
drawbacks: (1) the increased likelihood, as compared with T
cells, of insertional oncogenesis observed in previous clinical
trials (42, 43). This can be countered by targeting CAR and
TCR constructs at specific loci to raise physiological gene
expression levels and to reduce the risk of insertional mutation;
(2) as with other CAR strategies, the absence of cancer cell
surface markers which increases on-target off-tumor toxicity. For
example, the targeting of CD123 and CD33 in myelodysplastic
syndrome (MDS) and in acute myeloid leukemia (AML) patients,
respectively, results in toxicity due to the elimination of normal
myeloid cells. MDS belongs to a group of heterogeneous diseases
which is induced by defective hematopoiesis and characterized
by bone marrow dysplasia and cytopenia. CAR T-cell therapy
can be used to treat high-risk MDS patients, using CD123
to delineate malignant stem cell markers. Nevertheless, despite
its upregulation in MDS stem cells, many studies have shown
that CD123 is expressed in subpopulations of healthy nonmalignant HSPCs (44). Thus, therapies, including CAR T
therapy, envisaged for targeting CD123, need to take into account
the on-target off-tumor effect (45, 46). Clinical trials have begun
on the treatment of blastic plasmacytoid dendritic cell neoplasm
(BPDCN) (NCT03203369) and relapsed AML (NCT03190278)
using universal T-cell targeting of CD123. Thus, to reduce
these undesirable effects, effective complementary gene editing
techniques include targeted removal and reductions to below
the CAR T activation threshold, while maintaining normal
CD123 expression in donor HSPCs. The myeloid differentiation
cell surface marker CD33 can be targeted in CAR T AML
therapies. This immune-targeting approach has been designed
to target CD33 which is a myeloid differentiation antigen
predominantly expressed on leukemic blasts in most AML
patients (85–90%). However, this marker is not only present
on leukemic cell surfaces but also in healthy cells, as clearly
evidenced by the withdrawal from the market in 2010 of
gemtuzumab, a conjugated anti-CD33-antibody, due to bone
marrow toxicity. CD33-deficient human HSPCs resistant to
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T Cells
Given their central role in immune responses, primary human T
cells have great potential for use in immune cell gene therapies.
Genetically modified T cells have been investigated for many
years in adoptive cellular immunotherapies for the treatment of
cancer, infectious diseases, and immunodeficiencies. However,
although GE technologies were initially successful in other
cell types, their use in primary human T cells was hampered
by low-efficiency delivery methods and the vulnerability of
these cells to physical and chemical challenges. Nevertheless,
as mentioned earlier, new developments have led to increased
efficiency and reduced damage overall, specifically in T cells. T
cells from different sources, such as peripheral blood, tumors,
and bone marrow, with different phenotypes, including αβ, Gδ,
and NKT, have been successfully edited and used in various
immunotherapeutic approaches (see next section). Almost all
the aforementioned GE tools have been applied to T cells for
different purposes. However, target genes such as programmed
cell death-1 (PD1), TCRs, human leukocyte antigens (HLAs),
and β2-microglobulin (β2M) have been used in multiple studies
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given their potential to increase or to control T-cell activity. It is
important to note that both GE strategies, SENs and BEs, are now
reaching efficacies over 80% of the desired modifications without
a significant effect on T-cell physiology other than the desire. As
with other cell types, two principal approaches, gene silencing
and gene insertion, are used to fine-tune T-cell activity.

(iv) Transformation of growth factor beta receptor 2
(TGFBR2) proteins
Another major issue is the complexity of the tumor
microenvironment (TME) which inhibits CAR T therapies.
One of the most important regulators in the TME is TGF-β.
There are three TFG-β ligands, TGF-β1, TGF-β2, and TGF-β3.
The receptor most commonly upregulated in tumor cells is TGFβ1, which negatively regulates CAR T-cell cytotoxic function via
TGF-β receptors. With an attempt to enhance CAR T cells using
CRISPR/Cas9, Tang et al. managed to knock down TGFBR2 and
to improve the in vivo CAR T cells in an animal model (65).

Gene Expression Silencing, Aimed at Blocking Gene
Expression, Which Blocks T-Cell Activity or Interferes
With Its Survival in the Host
(i) Programmed cell death-1

(v) Cyclin-dependent kinase 5 (Cdk5)

T cells, including tumor-infiltrating lymphocytes, were
successfully gene edited using the three specific endonucleases
(SENs), as well as the BEs described earlier, to target programmed
cell death-1 (PD-1). By the electroporation with a clinical-grade
mRNA encoding for ZFNs specific for PD-1, Bean et al.
achieve an average modification frequency of 74% bulk
population reducing to a minimal level the PD1 surface
expression. Importantly, the authors do not report any adverse
effects affecting T-cell functionality or phenotype (52). Other
approaches based on TALEN and CRISPR/Cas9 methodologies
were also considered. TALEN-mediated PD-1 gene inactivation
in melanoma CD8++ T cells was triggered using an optimized
mRNA-electroporation protocol (53, 54). More recent ABEand CEB-based approaches were also considered to significantly
reduce the risks associated with unintended genomic alterations
and genotoxicity (33, 55).

The serine/threonine kinase Cdk5 has been identified to regulate
the PD-1/PD-L1 pathway. Its inhibition confers antitumor
immunity due to interference with interferon regulatory factor
2 (IRF2) and interferon regulatory factor-binding protein 2
(IRF2BP2) (66, 67). Consistent with this model, the depletion of
CDK5 by shRNA leads to the hyperphosphorylation of IRFBP2,
increased IRF2 expression, and lower PD-L1 levels (68, 69). In
addition, CRISPR-mediated disruption of CDK5 in cancer cells
results in suppression of tumor growth (69, 70).

(vi) Multiplex gene knockout
Targeting two or more loci simultaneously is a pre-requisite for
certain therapeutic approaches (71). For example, the CD52 locus
targeted by alemtuzumab, along with the TCR and PD1 loci, can
be targeted simultaneously to facilitate engraftment of CAR T
cells resistant to alemtuzumab and PD-L1. CD52/TCR KO T cells
were successfully obtained by TALEN mRNA electroporation
(72), and this approach has recently been used in clinical
therapies (73). Similarly, TCR/PD1 KO T cells were obtained
using highly specific non-conventional TALEN technology for
multiplex genome editing (74). The Ren research group carried
out a quadruple gene ablation using CRISPR system to generate
dual inhibitory resistant universal CAR T cells deficient in TCR,
HLA-I, PD-1, and CTLA-4. The multiplex genome editing of
CAR T cells with the one-shot CRISPR system was found to
be highly efficient (57, 58). Despite these impressive results,
undesirable effects, such as chromosomal re-arrangement and
translocation, are highly possible. However, both genome base
editing and the nickase variant of the CRISPR system enable
several genes to be targeted simultaneously without any adverse
effects. This multiplex approach using BE tools has been used
successfully to target TCR, B2M, and PD-1 genes in a single
round of electroporation. All these genes were silenced without
DSBs while preserving their capacity to mediate target cell
killing (33, 55).

(ii) Human leukocyte antigen
Human leukocyte antigen (HLA) expression on CAR T cells
can lead to immediate rejection by the host recipient through
recognition of non-self HLAs. GE-based methods are used to
eliminate HLA molecules from T-cell surfaces. As with PD-1,
ZFNs (56), and the CRISPR system, base editing and mRNA
electroporation have been used to eliminate HLA expression
(9, 33, 55, 57, 58). Another possible strategy to eradicate HLA
expression is the elimination of b2-microglobulin (B2M). HLA
proteins are covalently associated with B2M in the endoplasmic
reticulum, an association which is crucial for the formation
and trafficking of functional HLA molecules on cell surfaces.
However, some concerns have been raised with regard to the
possible targeting of these HLA class I negative cells by NK cells
(59, 60).

(iii) T-cell receptor
As discussed in the clinical applications section, TCR knockout
has profoundly revolutionized immunotherapy. Genome editing
of this locus has, on the one hand, consolidated the offthe-shelf nature of CAR T therapy by reducing graft-versushost disease (GVHD) toxicity and has, on the other hand,
facilitated the physiological regulation of CAR function and
enhanced anti-tumor activity. The study by Berdien et al. was
the first to completely shut down endogenous TCRs through
the transfection of TALEN pairs specific to human TCR α and
β chains (61). As noted later, TCR KO has become a wellestablished feature of clinical treatments (62–64).
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Insertion of New Genes Into Desired Loci: Dual
Knockin Effect
Recent advances in gene editing technologies have enabled
the knockout of endogenous genes and at the same time
the introduction of large DNA sequences into specific loci to
integrate new genetic instructions into specific endogenous loci
to modulate T-cell function and specificity. These strategies were
successfully adapted to CAR T therapy, simultaneously knocking
out one gene and expressing another. This approach takes
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advantage of the tightly regulated nature of immune pathways,
enabling the endogenous genes to be precisely repurposed.
In this regard, Roth et al. reported a virtual total loss of
endogenous TCRs which were replaced by specific tumorassociated antigen TCRs using CRISPR/Cas9 ribonucleoproteins
(RNPs) co-transfected with dsDNA HDR templates (75). With
the aid of this feature, Eyquem et al. developed a similar strategy
to incorporate the CAR construct into the TRAC locus (76). As
part of a more sophisticated approach, Sachdeva et al. used the
signaling pathways of TCR, CD25, and PD1, three major players
involved in T-cell activation, to express CAR and IL12-P70 genes
in a controlled manner (77). The highly regulated nature of
immune pathways enables therapeutic genes to be expressed in a
tumor cell–dependent manner, thus reducing several side effects
associated with uncontrolled continuous expression (76, 77).

Macrophages
Macrophages and their monocyte precursors are members of
the innate immune system and form part of the mononuclear
phagocyte system. Macrophage gene editing is currently being
tested for use in the therapeutic treatment of several diseases.
Luo et al. have developed CRISPR/Cas9 vectors using a plasmid
delivery system under the control of the CD68 promoter which
is capable of boosting gene expression specifically in monocytes
and macrophages. In addition, these plasmids were encapsulated
in PEG-b-PLGA-based CLANs, which are redirected to B
cells, neutrophils, monocytes, and macrophages (89). Luo
et al. performed in vivo targeting of the NTN1 gene, whose
overexpression is associated with type 2 diabetes (T2D) and
monocyte/macrophage-specific expression, with no off-target
effects and an editing efficiency of 10.1% at a dose of 1 mg/kg and
of 19.6% at 2 mg/kg as compared with 1.2 and 2.3% for indels
detected in neutrophils, respectively (89). Macrophages were also
genetically edited for cell-based cancer immunotherapy through
the elimination of CD47:SIRP-α interactions by knocking out
SIRP-α using the CRISPR-Cas9E20 system and by introducing an
E20 tag at the protein N terminus, thus facilitating self-assembly
with arginine-coated gold nanoparticles (ArgNPs). This novel
complementary strategy, which enables over 30% of genes to be
edited, provides a novel and complementary approach to cancer
immunotherapy (90).

Natural Killer Cells
Natural killer (NK) cell lymphocytes play an important role
in the innate immune system due to their ability to kill
a variety of target cells, including cancer cells, and can
rapidly respond in a thymus-independent manner without
previous recognition of the antigen (78). Their effector capacity
depends on the balance between activating and inhibiting
signals triggered by specific receptors that recognize ligands on
stressed cells such as tumoral and infected cells (79). Recent
studies show that NK cells can be genetically engineered to
express chimeric antigen receptors (CARs) (80–82). However,
few studies have reported gene editing modifications in NK
cells due to their low rates of transduction with viral systems
and the difficulty of NK expansion in vitro (83, 84). These
issues are well illustrated by the first study to demonstrate
efficient HDR genome editing in NK cells which appeared in
2020 (84). Another study, using the CRISPR/Cas9 RNP system,
showed that NHEJ-GE KO of ADAM17 and PDCD1 (85)
induces enhanced killer phenotypes via ADCC and non-ADCC
pathways, respectively.

GENOME EDITING STRATEGIES TO
IMPROVE CAR T CANCER
IMMUNOTHERAPY
Cancer, which is a complex disease caused by a variety of genetic
and epigenetic changes, is a major threat to human life and public
health. Conventional strategies, such as surgery, radiotherapy,
and chemotherapy, have made significant advances in the
treatment of cancer. However, manipulation of the immune
system has become one of the most promising therapeutic
approaches. Among the vast repertoire of effective antitumoral
molecules and drugs, genetically modified immune cells have
emerged as a truly effective therapeutic approach. One of the
most promising anticancer treatments is CAR T-cell therapy,
which mainly involves a redirection of immune cells against
tumors. Although CAR-based therapy has already proved its
efficacy in certain hematological malignancies, several challenges
remain to be addressed: (1) the biological characteristics of
autologous T cells; (2) the expansion of CAR T cells and their
potency; (3) the persistence of CAR T cells; (4) the determination
of optimal CAR expression; (5) the determination of optimal
T-cell subpopulations. In the following section, we describe
different GE approaches for generating next-generation CAR T
cells with improved characteristics, as well as the potential clinical
applications of CAR T gene editing products.

Dendritic Cells
Dendritic cells (DCs), considered to be at the center of the
immune system, provide a crucial link between innate and
adaptive immune responses. These cells, first described by
Steinman and Cohn, have a unique immunomodulatory capacity.
The few studies in the literature on dendritic cell editing mainly
focus on graft rejection mediated by activated T cells. CD40,
a key molecule involved in DC activation and maturation, is
deeply implicated in communication between DCs and T cells.
This interaction relies on antigen presentation and subsequent
helper and cytotoxic T-cell priming (86, 87). Thus, any CD40
reprogramming of DCs will allow transplant tolerance, and with
this in mind, Zang et al. used a novel delivery method consisting
of poly(ethylene glycol)-block-poly(lactide-co-glycolide) (PEGb-PLGA)-based cationic lipid-assisted nanoparticles (CLANs).
This method is capable of delivering of delivering Cas9 mRNA
(mCas9) and a guide RNA targeting the costimulatory molecule
CD40 (gCD40) both in vivo and in vitro. CD40 knockdown
significantly reduced T-cell activation, thus alleviating graft
damage and prolonging graft survival (88).
Frontiers in Immunology | www.frontiersin.org

Off-the-Shelf Engineered T Cells
Autologous CAR T cells are ideal for adoptive T-cell therapies
due to the absence of allogeneic reactions. However, several
limitations are associated with autologous T cells, mainly related
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triple-negative CD19 CAR T cells (TRAC, B2M, PDCD1). These
cells showed improved antitumoral capacity against target cells
in vitro (55). It is important to note that the initial concerns
regarding the off-target effects of BEs appear to dissipate with
the development of new-generation BEs. The eighth generation
of adenine base editors, ABE8, provides for multiplexed editing
of B2M, CIITA, and TRAC genes, with an editing efficiency rate
of over 98% (33). TCR gene editing also benefits immunotherapy
approach based on cancer-specific TCR surface expression, in
which the presence of both endogenous TCRs and cancerspecific CARs induces the formation of heterodimers which, in
turn, reduces therapeutic effectiveness. Legut et al. therefore cotransduced primary T cells expressing cancer-specific αβ and γδ
TCRs, with a lentiviral vector encoding a CRISPR/Cas9 system
designed to target TRBC1 and TRBC2 genes. The response of
the double-transduced T cells to target B-LCL and melanoma
cell lines was more sensitive, strong, and efficient than that of
standard TCR-transgenic T cells (63). These preliminary findings
were clinically corroborated in a phase I clinical trial using
autologous NY-ESO-1 TCR T cells after CRISPR-Cas9 editing of
TRAC, TRBC, and PDCD1 loci began (NCT03399448). Although
the edited T cells in patients resisted for up to 9 months, only one
patient experienced tumor regression (71). TCR genes were also
knocked out to produce fratricide-resistant CD3-specific CAR
T cells to treat T cell ALL, whereas TCR CD3− CAR T cells
created by TALEN editing generated strong antileukemic effects
on a xenograft mouse model (93). To treat T-cell malignancies,
other markers such as CD7 were knocked out. Using the
CRISPR/Cas9 toolkit, CD7 CAR T cells (UCART7) mediated the
efficient destruction of malignant T cells with no significant T-cell
fratricide reported (94–96).

to the cost and failure of personalized production processes. Some
patients may not be able to meet numbers and quality of T cells
required for the production process. Thus, autologous T cells may
not be effective in the case of intrinsic dysfunctions associated
mainly with previous treatments. To avoid these drawbacks,
various groups have been investigating the production of suitable
CAR T cells generated from healthy donors. To generate
the CAR T cells to be administered to allogeneic transplant
patients, the issue of the T-cell alloreactivity levels that trigger
allograft rejection and GVHD needs to be resolved. As discussed
earlier, GE can be used to resolve these potential issues by
eliminating TCRs to prevent GVHD and by eliminating MHC
class I and/or MHC class II molecules to prevent allograft
rejection. Since the first study in 2012 in which TCRs were
deleted using ZFNs (56), different approaches have been used
to eliminate endogenous TCRs alone or combined with other
target molecules to improve T-cell properties. Poirot et al.
applied multiplexed gene editing to primary T cells for the first
time using TALENs which simultaneously knocked out TCR
and CD52 molecules (72). CD52, a surface protein expressed
on immune cells, is targeted for lymphodepletion to delay
allograft rejection. These edited T cells did not cause GVHD
in vivo and were resistant to the anti-CD52 monoclonal antibody
alemtuzumab. When equipped with a CD19 CAR, T cells are
capable of destroying CD19+ tumor cells in in vitro and in vivo
experiments. A similar strategy is used for expressing BCMA
CAR T cells in multiple myeloma treatments, leading to the
generation of in vivo activity similar to that of their wild-type
counterparts (91) in clinical trials (NCT04093596). Liu et al.
generated TRAC, B2M, and PD-1 triple knockout T cells using
the CRISPR/Cas9 system. They compared how double (TRAC,
B2M) and triple (TRAC, B2M, and PD-1) knockout affected
CD19-CAR T-cell activity, demonstrating in vitro that the triple
CART showed higher efficiency than double knockout cells (92).
As clinical proof of concept, TALEN-mediated TRAC/CD52 KO
CD19 CAR T cells (UCART19) were administered to two infant
patients with relapsed acute lymphoblastic leukemia (ALL),
both of whom presented tumor remission, which was followed
by successful allogeneic stem cell transplantation (allo-SCT),
with no significant GVHD observed (73). Three multicenter
clinical trials are ongoing on the safety and efficacy of UCAR19
cells in children with ALL (NCT02808442, pediatric ALL),
adults with ALL (NCT02746952, CALM), and both age groups
with lymphoid malignancies (NCT02735083). Other clinical
trials have been initiated using universal CD123 CAR T cells
generated by TALEN gene editing for BPDCN (NCT03203369)
and relapsed AML (NCT03190278). The following clinical trials
using CRISPR-edited T cells are also ongoing: TRAC/B2M
KO CD19 CAR T cells for B-cell leukemia and lymphoma
(NCT03166878; NCT03229876); TRAC/PD1 KO mesothelin
CAR T cells for solid tumors (NCT03545815); TRAC KO dual
CD19/CD22 and CD19/CD20 CAR T cells for B-cell leukemia
(NCT03398967); CD19 TCR-CAR T cells for non-Hodgkin
lymphoma and B-cell ALL using meganucleases (NCT03666000).
However, as mentioned earlier, multiplex gene editing could
involve chromosomal aberration and translocations. To prevent
these major constraints, Webber et al. used CBEs to generate

Frontiers in Immunology | www.frontiersin.org

Expansion, Persistence, and Potency of
CAR T Cells
Although CAR-modified T cells have been successfully used in
the treatment of hematologic malignancies, several limitations
still need to be resolved, especially with regard to solid tumors,
which are mainly associated with an unfavorable TME, which
includes the upregulation of inhibitor receptors (IRs), leading
to the activation of intrinsic inhibitory pathways. Modulation
of TME responses by antagonizing tumor-associated negative
immune regulators such as PD1, TGF-β, and adenosine is
considered a desirable treatment strategy. One of the most
extensively characterized T-cell IRs is programmed cell death
1 (PD-1), also known as CD279, which is a cell surface
immunoinhibitory receptor expressed by a wide range of immune
cells such as T cells, B cells, dendritic cells (DCs), natural
killers (NKs), and myeloid cells (97). Its activation depends
on the PD-L1 and PD-L2 ligands present in tumor cells,
whose interaction with PD-1 inhibits T-cell activation and
proliferation by inducing energy and an immunosuppressive
process in consonance with the TME (98). PD1 blockage is
being tested as a novel immunotherapeutic target in different
cancers. FDA-approved PD-1 and PD-L1 antibodies, such as
nivolumab, pembrolizumab, and MPDL3280A, are indicated
in the treatment of melanoma, metastatic bladder cancer, and
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IL-2 and reducing cell division. CTLA4 disruption with
CRISPR/Cas9 increases TNF-α and IFN-γ secretion, leading to a
significant increase in the apoptosis of human adenocarcinoma
and bladder carcinoma tumor cells (106, 107). On the other
hand, LAG-3, a major inhibitory receptor belonging to the
IgG family, has 20% similarity with CD4 and binds to MHC
class II receptors with higher affinities than CD4. LAG-3
expression occurs on activated CD4 and CD8 T cells, regulatory
T cells (Tregs), NK cells, B cells, and plasmacytoid dendritic
cells. LAG-3 is upregulated on exhausted T cells as compared
with effector and memory T cells (108) in cancer, chronic
infections, and autoimmunity (109). Blocking both PD1 and
LAG-3 pathways with monoclonal antibodies synergistically
reverses T-cell exhaustion (110) and increases memory T-cell
formation (111). In addition, clinical trials blocking of LAG3 alone or combined with anti-PD1 for the treatment of solid
tumors are currently under way (NCT01968109). Recent clinical
reports highlight the relationship between individual responses
and the frequencies of infused CD8+ CTL19 cell expressing
PD-1 TIM3 and LAG-3. Analysis of PD-1 co-expression with
LAG3-3 and TIM-3 revealed that CD8+ LAG3+ cells expressing
PD1 are associated with poor responses, whereas patients in full
remission were infused with products containing significantly
lower frequencies of these cells (112). Although several preclinical
studies have been carried out to evaluate the effect of lymphocyte
activation gene 3 (LAG3) ablation, no definitive data are available
on, for example, the bulk population of 70% of LAG-3 KO CAR T
cells, which show no significant improvement, as compared with
CAR T cells, with regard to efficiency or T-cell exhaustion in a
xenograft CD19+ Raji-NSG mouse model (113).

glioblastoma (99–101), although PD-1 gene editing may increase
CAR T potency. The GE tools described, including TALEN,
CRISPR-Cas9, and ABE, have all been used to target PD1 loci (54,
57, 58, 71, 102, 103). In all cases, the disruption of this protein
enhances cellular immune responses, thus increasing cancer
cytotoxicity and enhancing cancer immunotherapy. Clinical
trials with PD-1 knockout autologous T cells are currently
under way for the treatment of cancers such as prostate cancer
(NCT02867345), bladder cancer (NCT02863913), and renal cell
carcinoma (NCT02867332). Other clinical trials on where PD-1
genes are downregulated to fight lung cancer (NCT02793856),
esophageal cancer (NCT03081715, phase II), and multiple
tumors (NCT03545815, NCT03747965, NCT03399448) are
ongoing. TGF-β (types 1, 2, and 3) is secreted by stromal cells
such as cancer-associated fibroblasts, blood endothelial cells,
mesenchymal stem cells, lymphatic epithelial cells, and pericytes.
TGF-β, one of the most important immunosuppressive molecules
in the TME, contributes to cancer initiation and progression.
TGF-β favors the conversion of CD4+ effector T cells into
CD4+ Tregs and blocks the secretion of cytotoxic molecules and
cytokines in CD8+ T cells. In CAR T cells, the presence of TGFβ1 accelerates the exhaustion of CAR T cells by upregulating
the PD1- and FOXP3-dependent Treg-like phenotype of CAR
T cells (65). TGFBR2 knockout enhances the antitumor efficacy
of CAR T cells in vivo in cell line–derived xenograft and
patient tumor–derived xenograft (PDX) mesothelin pancreatic
carcinoma. After the PDX tumor was eliminated by TGFBR2KO CAR T cells, the treated mice were re-challenged with novel
contralaterally reinoculated patient-derived tumor cells, showing
a persistence and antitumor properties (65). The adenosine A2A
receptor, also known as ADORA2A, plays a regulatory role in
the adaptive immune system. Adenosine, which is generated
by tumor cells, strongly inhibits endogenous antitumor T-cell
responses by activating ADORA2A. ADORA2A ablation could
block adenosine signaling inhibition in T cells, thus providing
a feasible way to study hostile TMEs, one of the major barriers
to inhibiting immune reactions (104). This could be used to
enhance CAR T-cell efficiency. Beavis et al. have highlighted the
potential of targeting A2AR-mediated suppression to enhance
CAR T-cell activity, particularly against solid tumors, which has,
so far, been less impressive and in which adenosine-mediated
immunosuppression is more prevalent due to the hypoxic
environment (105). A2AR antagonists have undergone phase III
clinical trials for Parkinson’s disease and are currently in phase
I trials for oncology, indicating the highly translational nature
of this approach (ClinicalTrials.gov, NCT02655822). A2AR was
knocked down using retroviral shRNA to downregulate the target
receptor and a second retroviral vector with an anti-HER2 CAR.

CONCLUSION
The possibility of modifying the genome of human cells in
general and immune system cells in particular opens up a whole
range of opportunities hitherto unimaginable. The generation
of large deletions/insertions, transcription factor targeting, and
epigenetic markers have enabled scientists and clinicians to
modulate gene expression with unprecedented precision. Despite
some remaining limitations with respect to specificity and
efficiency, various several studies carried out in this field have
produced encouraging results and feasible clinical applications
such as those utilizing available gene editing tools to generate
off-the-shelf CAR T cells. A new system, in which endogenous
TCR and HLA molecules on allogeneic T cells are eliminated,
leading to a reduction in GVHD and rejection by the transplant
recipient’s immune system, has also been developed.
These off-the-shelf–based therapies are of special interest to
patients who, due to previous treatments or disease progression
processes, have T cells deficient in either number or quality.
Universal T cells can be generated and stored for later immediate
use. GE approaches have also used immune checkpoint inhibitor
therapies. Several immune checkpoint molecules expressed on
immune cells have been successfully targeted using SENs to
enhance the effect of CAR T cells, particularly CTLA-4, PD1,
and LAG-3, with the elimination of PD1 most extensively studied

Persistence of CAR T Cells
Robust in vivo expansion and persistence of genetically modified
T cells are considered prerequisites for positive responses in
hematologic malignancy patients. On the one hand, cytotoxic T
lymphocyte-associated protein 4 (CTLA-4 or CD152) is a protein
receptor expressed in activated T cells and regulatory T cells
that bind to B7 ligands in antigen-presenting cells to transmit
inhibitory signals to T cells following activation, downregulating

Frontiers in Immunology | www.frontiersin.org
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in clinical settings. Blockage of the PDL1-PD1 axis enhances
the cytotoxicity of T cells, an effect which is intensified when
inhibitory checkpoints, such as CTLA-4, PD-1, and LAG-3,
are simultaneously targeted. Although these strategies are being
tested in several clinical trials, one of the major shortcomings
of the multiplex strategy is associated with the simultaneous
presence of multiple DSBs, which dramatically increases the
likelihood of non-lethal but potentially toxic translocation. This
problem is likely to be solved by the use of emerging efficient
base-editing technologies to drastically reduce genotoxicity and
to eliminate the possibility of genomic translocation. All these
emerging technologies open up new possibilities and applications
in the field of biomedicine. Although the results of early phases of
clinical trials evolving these systems are encouraging, the limited
number of patients involved hinders for the moment a definitive
conclusion concerning the safety of those approaches.
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