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Chimeric Antigen Receptor (CAR)-T-cell therapy has revolutionized cancer immune therapy. However, challenges remain including
increasing efficacy, reducing adverse events and increasing accessibility. Use of Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) technology can effectively perform various functions such as precise integration, multi-gene editing, and genome-
wide functional regulation. Additionally, CRISPR screening using large-scale guide RNA (gRNA) genetic perturbation provides an
unbiased approach to understanding mechanisms underlying anti-cancer efficacy of CAR T-cells. Several emerging CRISPR tools
with high specificity, controllability and efficiency are useful to modify CAR T-cells and identify new targets. In this review we
summarize potential uses of the CRISPR system to improve results of CAR T-cells therapy including optimizing efficacy and safety
and, developing universal CAR T-cells. We discuss challenges facing CRISPR gene editing and propose solutions highlighting future

research directions in CAR T-cell therapy.
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INTRODUCTION
Chimeric antigen receptor (CAR)-T-cell therapy showed significant
potential in certain hematological malignancies, solid tumors, as
well as autoimmune and infectious diseases, particularly in B-cell
malignancies [1]. To date, six CAR T-cell clinical products have
been approved by the U.S. Food and Drug Administration (FDA)
[2-7]. Despite the impressive clinical efficacy of CAR T-cell therapy,
several obstacles remain: (i) The manufacturing process for
autologous CAR T-cell is complex and individualized, leading to
high production costs and limited accessibility, thereby hindering
large-scale production [8]. (i) Some patients still resistant to CAR
T-cell therapy or experience relapse following treatment, resulting
in limited efficacy [9]. (iii) CAR T-cell therapy is associated with side
effects including cytokine release syndrome (CRS), immune
effector cell-associated neurotoxicity syndrome (ICANS), and on-
target off-tumor (OTOT) toxicity, which raise safety concerns [10].
Therefore, enhancing the efficacy, safety and accessibility of CAR
T-cell therapy are crucial areas that require further improvement
to expand its application.

The traditional protein engineering of Zinc Finger Nuclease
(ZFN) and Transcription Activator-Like Effector Nucleases (TALENS)
requires a laborious design, construction, and testing cycle to

determine the amino acid substitutions that selectively bind to the
desired genomic sequences. However, the simplicity and predict-
ability of the Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) gene editing technology transformed gene
editing from a complex protein engineering problem to an RNA
coding problem, making CRISPR an attractive tool for both basic
research and clinical applications immediately [11, 12] (Fig. 1).
Modified CRISPR tools can be applied to various directions
including gene regulation, epigenetic regulation, and base editing
[13] (Fig. 1). Moreover, benefit from flexibility and efficiency, high
throughput CRISPR screening enables for large-scale specific gene
perturbation and has grown to be an essential strategy for
biological discovery. Given these capabilities and advantages of
CRISPR system, incorporating this technology into CAR T-cell
therapy hold the potential to increase the efficacy, safety, and
accessibility of CAR T-cells in tumor treatment. In this review, we
discuss the latest advances in utilizing CRISPR system for
optimizing the effectiveness and safety of CAR T-cell therapy,
manufacturing of universal CAR T (UCAR T)-cells, and investigating
its clinical applications. We also highlight the role of CRISPR
screening as a tool for target discovery in the study of CAR T-cell
therapy biology. Finally, we address the challenges and
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Fig. 1 The mechanism and superiorities of CRISPR-Cas system applied in CAR T-cell therapy. A The mechanism and advantage of CRISPR-
Cas9. In CRISPR-Cas9 system, the Cas9 nuclease is guided by a sgRNA and directed to the desired target sites. When Cas9 hybridizes to the
target site, it generates DSBs, then the DSB was repaired through endogenous pathways including non-homologous end-joining (NHEJ) and
homology-directed repair (HDR). ZFNs and TALENSs rely on protein domains to recognize target sequences, which are built by assembling
amino acid modules. B CRISPR tools within CAR T-therapy. CRISPR interference (CRISPRi) or CRISPR activation (CRISPRa) are consist of dCas9
fused with transcriptional repressors or activators, respectively. The epigenome-modifying enzyme enables the epigenetic regulation. Base
editors are typically a fusion protein combining a nCas nickase with a deaminase domain, which catalyses the substitution of a single
nucleotide at the PAM strand in the R-loop. Prime editors consist of a nCas fused with a reverse transcriptase domain. A prime editing guide
RNA (pegRNA) contains a template of the desired sequence at the 3’ end as well as a target-specific spacer sequence. Cas12a is guided to the
target DNA sequence by self-processed mature crRNA. Cas12a recognizes a PAM motif matching the target sequence, 5-TTTN-3; and forms a
more reversible binding with the DNA target sequence than Cas9. Subsequently, Cas12a cleaves the non-target strand (NTS) followed by the
target strand (TS), creating a DSB. Cas13d is capable of self-processing the crRNA precursor into mature crRNA, which then guides the
cleavage of target RNA, enabling the regulation of gene expression at the transcriptional level. Therefore, by constructing multi-crRNA
expression arrays, Cas13d also possesses the functional characteristic of regulating the expression of multiple genes. Cas13d has no
limitations from the protospacer flanking sequence (PFS), and can almost target any RNA sequence, possessing a broad editing range. Created
with BioRender.com.
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corresponding advancements of CRISPR system in CAR T-cell
therapy, providing potential directions for future research.

CRISPR GENE EDITING TECHNOLOGY

The classification of CRISPR tools within CAR T-cell therapy
Cas9 and Casi2a systems. The CRISPR system was originally
discovered in bacteria and archaea as part of their immune
system, where it employs a novel mechanism in which RNA
molecules guide Cas proteins to destroy viral nucleic acids [14].
Currently, a large number of high-performance and functionally
specific CRISPR gene-editing tools have been developed, with the
Class 2 system—including Types II, V, and Vl—garnering the most
attention and application. These systems typically consist of a
single Cas protein acting as a nuclease effector. The basic strategy
of gene editing involves activating the cleavage domain of
nuclease at the target site, which requires not only the pairing of
the crRNA guide sequence with the DNA target but also the
presence of a matching protospacer adjacent motif (PAM) on the
non-target strand (NTS) downstream of the target site. The Cas
nuclease then cleaves the double-stranded DNA (dsDNA)
upstream of the PAM sequence, generating a DNA double-
strand break (DSB), which ultimately leads to gene knockout or
insertion through the DNA repair mechanisms of cells. DSB is
repaired through two main pathways: non-homologous end
joining (NHEJ) or homology-directed repair (HDR). NHEJ is an
effective and prevalent DNA repair mechanism in human cells. It
rejoins the two broken DNA ends together at the site of the break,
but this cutting and repair process may lead to insertions or
deletions (indels) that disrupt the recognition of the target site by
the nuclease. Indels integration in protein-coding genes cause
frameshift or exon skipping, thereby disrupting gene function [15].
Alternatively, in the presence of the repair template, HDR
introduces exogenous gene fragments from the donor to the
cutting site by homologous recombination (HR), allowing for the
integration of exogenous genes [16].

CRISPR-associated protein 9 (Cas9), derived from Streptococcus
pyogenes (SpCas9), belongs to the Type Il CRISPR-Cas system. It
was the first CRISPR system developed for genome editing and
comprises two components: Cas9 nuclease and a synthetic
designed single guide RNA (sgRNA), formed by the fusion of a
CRISPR RNA (crBNA) and a trans-activating crRNA (tracrRNA) [17]
(Fig. 1). The guide RNA (gRNA) recognizes the target sequence and
directs the Cas9 protein to cleave the DNA at the third base
upstream of an NGG (N = A, T, C, or G) protospacer-adjacent motif
(PAM) sequence, resulting in a DSB. In addition, by delivering a
single form of the Cas9 protein and various sgRNAs, CRISPR-Cas9
are able to target multiple genes simultaneously [18].

The Cas12a/Cpf1 protein, which originates from Acidamino-
coccus and belongs to the Type V CRISPR-Cas system [19], is also
favored in CAR T-cell preparation (Fig. 1). Similar to Cas9, Cas12a
generate DSB for gene editing. However, this system possesses
several intrinsic differences from the Cas9 protein [17, 20]. Firstly,
Stringent crRNA pairing. Cas12a can loosely bind to the genomic
target sites, strictly inspecting almost every base pair before
moving on to the next base. During the R-loop formation, it
demonstrates good reversibility in the binding of enzyme to the
target sequence. In contrast, Cas9 tightly binds to DNA after
moving 7 to 8 base pairs, becoming less sensitive to subsequent
mismatched sequences [21]. Additionally, while crRNA can
tolerate single or double mismatches in the 4-6 nucleotides at
the 3’ end, it is highly sensitive to mismatches in the remaining
regions [22]. Off-target mismatches disrupt its unique pairing/
unwinding balance, causing a stall in the formation of R-loops
and inhibiting off-target cleavage [23]. These characteristics result
in a very low off-target rate for Cpf1, with whole-genome analysis
revealing over nine times fewer off-target sites caused by
designed Cas12a compared to Cas9 [24]. However, despite its
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high specificity, Cas12a typically exhibits lower editing efficiency
compared to Cas9 [25]. Strategies such as base modifications of
crBRNA can be attempted to enhance the affinity between the
editor and the target, thereby improving editing efficiency [26].
Using Cas9 and modified Cas12a for multi-gene editing in CAR T-
cells, the results demonstrated that Cas12a was more efficient
than Cas9 in knocking out CD3, granulocyte-macrophage colony-
stimulating factor (GM-CSF), and programmed death protein 1
(PD-1) [27]. Secondly, the molecular weight of Cas proteins and
gRNA structure. Casl12a (~130kDa) is smaller than Cas9
(~160 kDa). Additionally, Cas9 requires a combination of tracrRNA
and crBNA to recognize and cleave the target sequence, as its
associated sgRNA (~100 nt) necessitates this dual-component
structure. In contrast, the crRNA (~42 nt) of Cas12a has a naturally
occurring secondary structure, which allows it to directly bind and
activate the Casl12a protein [19]. This lowers cloning costs and
circumvents the challenges of multiple plasmid delivery and
vector capacity limitations [28]. Additionally, Cas12a can auton-
omously process precursor crRNA, simplifying the process of
editing multiple genes [28-30]. Thirdly, Cas9 recognizes the PAM
sequence 5-NGG and cleaves near the PAM site, whereas Cas12a
strictly recognizes the sequence 5-TTTV and cleaves at a position
further away from the PAM site [30]. This results in a relatively
narrower range of target site selection for Cas12a, which
somewhat limits the flexibility in target design. Lastly, Cas9
generates blunt-ended DSBs upon cleavage, while Cas12a
produces sticky ends upon cleaving the target DNA, which is
conducive to the insertion of the CAR transgene [31]. Cas12a and
Cas9 were used to insert CD19 CAR and CD22 CAR genes into the
PDCD1 and TRAC loci, and the proportion of T cells expressing
bispecific CARs on the 8th day post-editing was 35.8% and 3.2%,
respectively, demonstrating the superior multi-gene knock-in
capability of Cas12a [32]. Several gene knock-in systems based on
Cas12a, such as the Selection by Essential-gene Exon Knock-in
(SLEEK) platform, have already been developed and will be
introduced in subsequent sections. These characteristics position
CRISPR-Cas12a as a powerful and promising tool for editing CAR
T-cells. These characteristics make CRISPR-Cas12a a powerful and
promising tool for editing CAR T-cells.

Transcriptional and Post-Transcriptional modulation. Transcription
initiation strength and epigenetics can influence gene expression,
resulting in phenotypes that cannot be controlled simply by indel
formation. To address this issue, DNA cleavage-deficient Cas9 (dCas9)
has been developed for regulating gene transcription program [33].
Based on this discovery, dCas molecules can be creatively coupled to
transcriptional or epigenetic modulators, to precisely target relevant
therapeutic regulatory domains to specific regions of the genome
without creating DNA damage or a DNA edit. This approach also
mitigates the risks associated with DNA damage, off-target editing
and abnormal chromosomal rearrangements (Fig. 1).

CRISPR interference (CRISPRi) system fuses the transcriptional
repression domain Kruppel-associated box (KRAB) to dCas9, then
binds to the transcription start site (TSS) of target genes, which
inhibits transcription initiation and suppresses expression the target
gene [34]. CRISPR activation (CRISPRa) recruits transcriptional
activators like VP64 to the TSS using dCas9, which specifically
activated endogenous gene transcription for the first time in the
human genome [34]. Subsequently, dCas9 fused with various
transcriptional activator domains including RTA, VP64, HSF1, and
p65 to upregulate specific gene in multiple cell types [34].
Furthermore, the epigenetic editing system is created when dCas9
is combined with epigenetic modifiers, such as DNA methyltransfer-
ase (DNMT) and Tet methylcytosine dioxygenase (TET) for controlling
DNA methylation as well as p300 and LSD1 for managing histone
acetylation and methylation [35]. This approach utilizes the targeting
capabilities to enable precise epigenome editing at selected DNA
regions [36].
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Cas13d belongs to a new member of the Type VI CRISPR system
and possesses the ability to precisely target and degrade mRNA
(Fig. 1). It exhibits interference efficiency in gene expression reaching
up to 96%, exceeding the 65% efficiency of shRNA [37, 38]. Similar to
Cas12a, Cas13d can self-process precursor crRNA into mature crRNA,
which then guides the cleavage of target RNA, thereby regulating
gene expression at the transcriptional level. Therefore, by construct-
ing arrays of multiple crRNAs, Cas13d also possesses the capability to
regulate the expression of multiple genes. Furthermore, Cas13d does
not have restrictions on the protospacer flanking sequence, allowing
it to target almost any RNA sequence and thus having a broad
editing range. Additionally, as a small RNA editing system, Cas13d
consists of about 930 amino acids, providing significant convenience
for vector delivery [37]. The multifunctional transcriptional regulation
platform based on Cas13d, termed Multiplexed Effector Guide Arrays
(MEGA), utilizes lentiviral transduction of the Cas13d expression gene
and single pre-crRNA guide array in primary T cells. This enables
quantitative, reversible, and multiplex transcriptional regulation and
screening in CAR T-cells [39]. However, it is notable that the potential
immunogenicity arising from the constitutive expression of Cas13d
may be a limiting factor, particularly for autologous CAR T-cells with
intact antigen-presenting functions. Potential strategies to address
immunogenicity include engineering Cas13d proteins to create
smaller Cas proteins [40], thereby reducing the number of antigenic
epitopes and the exposure area. Additionally, introducing spacers
targeting B2M in the guide array to reduce the presentation of Cas
protein antigenic peptides could also be an effective approach.

Base editing. The random process of indel formation is difficult to
correct precise mutations, as the amount or identity of added
nucleotides cannot be controlled. This may lead to low efficiency
of gene knockout and increase the possibility of carcinogenic
mutations. To fill this gap, CRISPR fusion for precise genetic
changes has been developed and employed in CAR T-cells (Fig. 1).

Base editors (BEs) combine Cas nickase (nCas) with a deaminase
to achieve precise base conversions at target sites. Cytosine base
editors (CBEs) and adenine base editors (ABEs) are the two main
types of DNA base editors, which use cytosine deaminase and
adenine deaminase, respectively, to efficiently mediate C:G-to-T: A
(CBEs) and A:T-to-G: C (ABEs) transition mutations at target sites
[41, 42]. However, the utility of single-type base mutations is
limited by their specificity. The novel glycosylase base editor
(CGBE) system can effectively induce multiple types of base
conversions, including C-to-G, C-to-T, and C-to-A. A new type of
dual deaminase-mediated base editor system, named AGBE, is
capable of simultaneously introducing four types of base
conversions (C-to-G, C-to-T, C-to-A, and A-to-G) [43]. Additionally,
deaminase-free base editors, such as cytosine (DAF-CBE) and
thymine (DAF-TBE), can achieve C-to-G and T-to-G conversions
[44]. These advanced base editors will significantly expand the
diversity of target mutations, thereby facilitating the optimization
of CAR T-cell applications. BE completes gene knockout by
precisely replacing base pairs in the target DNA sequence,
installing premature stop codons and resulting in loss of protein
function [45, 46]. BE can also modulate splicing and force exon
skipping by targeting splice acceptor [47], or mutating splice
donor leading to nonsense-mediated mRNA decay (NMD), thereby
degrading mRNA and terminating protein translation [48].
However, BEs do not directly interfere with splicing processes like
some newer technologies, such as CRISPR-mediated RNA trans-
splicing, which may provide a more immediate approach to
controlling RNA splicing [49]. CRISPR-Cas9 induces highly variable
indels through DSB-induced NHEJ, some of which may do not
introduce frameshift mutations, thus contributing to the unpre-
dictable editing outcomes [48]. In contrast, the precise base
mutations generated by BE produce known outcomes, which
explains the higher gene knockout efficiency of BE compared to
DSB-induced NHEJ [48]. Furthermore, BE only induces single-
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strand breaks by nCas9, which avoids genome rearrangement
effected by DSBs of conventional Cas9 cleavage. However, BE can
also produce low rates of indels and other detrimental transcrip-
tional responses [50]. These findings suggest that further
investigation into the safety of BE in clinical applications is
necessary.

Prime editing. Prime Editing achieves precise genome editing
through the combination of a Prime editing guide RNA (pegRNA)
and the Prime Editor protein, enabling efficient and specific
editing without relying on DSBs or HDR (Fig. 1) [42], currently
advancing to version 7 [51]. Because of the pegRNA template-
guided editing, PE can achieve various types of edits with high
precision without directly forming DSBs. This includes all 12 types
of transition mutations, as well as precise insertion and deletion of
multiple bases [42]. Using PE in zebrafish embryo cells, the highest
editing efficiency for deletions was approximately 30% [52]. PE
was also used to edit the endogenous TRAC and B2M loci in
human T cells, achieving a disruption efficiency of over 90% [53].
This suggests that the editing efficiency of PE may be related to
some factors such as the selection of editing sites, cell type, and
the modifications of pegRNA. Compared to base editing or
nucleases HDR-mediated DNA sequence replacement, PE exhibits
high specificity, and editing purity in directly re-editing the target
DNA, thereby holding the potential to further enhance the
competitiveness of CAR T-cell products [53]. There are also several
other emerging template insertion technologies, such as DNA
Polymerase Editors (DPEs) and Click Editing, which utilize high-
fidelity DNA-dependent DNA polymerases along with exogenous
DNA templates. Both have achieved efficient and precise genome
writing [54, 55].

The advantages of CRISPR for CAR T-cells

Site-specific integration. CAR transgenes are typically introduced
into T cells using gammaretrovirus or lentivirus (RV/LV). Despite
enabling stable insertion of the CAR gene, semi-random integra-
tion of viral vectors exhibits preferences for transcriptionally active
regions, which may increase the risk of tumor induction, loss of
critical gene structure and function, and the generation of
suboptimal CAR T-cell products [56, 57]. As opposed to the
random integration of RV/LV vectors, CRISPR system transports the
CAR gene into the site-specific genome of T cells via HDR,
enabling stable and homogeneous CAR expression (Fig. 2).
Employing CRISPR-Cas12a, which generates sticky-end DNA
cleavage, is advantageous for this purpose [29]. The selection of
integration sites for CAR molecules typically include the following
considerations: (i) Integration into safe sites, such as the adeno-
associated virus integration site 1 (AAVS1) and eGSh6, ensuring
stable CAR expression and avoiding interference with adjacent
genetic loci [58-60]. (ii) Integration into specific sites to reduce
graft-versus-host disease (GVHD) and produce UCAR T-cells.
Integrating CAR into the T cell receptor Alpha constant (TRAC)
locus, for instance, subjects its expression to be controlled by a
powerful endogenous promoter, while avoiding activating tonic
signaling [61]. The same concept has recently been applied to the
CD3( gene, and its antitumor efficacy is comparable to that of CAR
T-cells constructed by insertion into the TRAC locus or by lentiviral
transduction [62]. This induces internalization and re-expression of
CAR after single or repeated exposure to antigens, delaying T cell
differentiation and exhaustion, and preventing GVHD [61]. (iii)
Integration into specific sites to enhance CAR T-therapy efficacy,
such as inhibitory molecule sites. T cells with CAR integration at
the PD-1 locus demonstrate more robust and durable cytotoxic
effects compared to PD-17 CAR T-cells, and related studies have
already entered clinical trial stages [63]. (iv) Integration into
specific sites within an exon of essential genes, retaining essential
gene function while also ensuring the long-term stable expression
of transgenes. The SLEEK knock-in technology, developed based
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Fig. 2 The genome editing feature of CRISPR systems. The application of the CRISPR system in CAR T-cell therapy mainly includes site-
specific integration and multi-gene editing. By transferring CAR HDR templates encoded in the form of electroporation or AAV into T cells, the
CAR sequence can be specifically integrated into the TRAC site, reducing graft-versus-host reactions and being used to produce universal CAR
T-cells. This has achieved the “one stone two birds” gene editing effect of knocking in and knocking out, avoiding the oncogenic risk of
random integration of viral vectors. Since the Cas protein responsible for DNA cutting is always the same, only the corresponding gRNA needs
to be designed according to the target site, enabling the Cas enzyme to be expressed simultaneously with various gRNAs in the cell, thus
achieving the purpose of multi-gene targeting and editing. By using electroporation or lipid particle encapsulation, Cas mRNA and gRNA or
pre-formed ribonucleoprotein complexes (RNP) can be directly delivered into cells. This will transiently express the CRISPR editing system,
with many advantages such as low cost, low off-target probability, and no oncogenic mutagenesis risk of viral vectors. Created with

BioRender.com.

on AsCas12a nuclease, has achieved over 90% efficiency in
knocking in multiple genes at essential gene sites, such as GAPDH
[64]. (v) Integration into TRAC or CD3e to create novel CAR
architectures. Direct integration of the CAR antigen-binding
domain into the TCRa and TCRB constant regions or CD3e can
preserve the function of the endogenous T cell receptor (TCR) and
enhance T cell sensitivity in recognizing tumor cells with low
antigen expression levels [65-67]. This may represent a promising
strategy for constructing autologous CAR T-cells to address
antigen escape.

Targeted integration not only achieves the dual benefits of
simultaneously inactivating TCR and introducing CAR, but also
importantly avoids the oncogenic risks associated with semi-
random integration of viral vectors. Currently, six CAR T-products
approved by the FDA are based on viral vector-mediated CAR
delivery, all of which have reported cases of post-CAR T-cell
therapy malignancies involving T cells harboring the CAR gene
[68]. While the specific reasons for oncogenic mutations remain
unclear, targeted integration of CAR molecules undoubtedly
represents a safer and more effective preferred strategy.

Multi-gene editing. As the demands for efficacy, safety, and
accessibility of CAR T-cells continue to increase, the construction
of these cells often requires editing multiple target genes.
Compared with ZFNs and TALENs those traditional gene editing
technology which need tremendous protein engineering for
multi-gene editing, CRISPR system only requires designing
corresponding gRNAs for each target site [69] (Fig. 2). Through
the co-expression of multiple complexes of Cas proteins and
mature gRNAs, the CRISPR system has truly acquired the capability
for multi-gene editing. Traditional strategies involve transducing
cells with viruses carrying expression vectors containing multiple
gRNA concatemers, expressing CRISPR arrays containing multiple
spacers under promoter transcriptional regulation, and relying on
naive CRISPR mechanisms or RNA cleavage mechanisms to
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complete the concatenation transcription and processing of
gRNAs [70]. Another straightforward strategy commonly used for
CAR T-cell is directly delivering Cas mRNA and gRNA or pre-
formed ribonucleoprotein complexes (RNPs) into cells through
electroporation or lipid nanoparticle encapsulation [71], which
allows for transient expression of the CRISPR editing system,
avoiding the virus usage and insertional mutagenesis. CRISPR
multi-gene editing technology greatly enhances the scope and
efficiency of gene editing and transcriptional regulation, particu-
larly suitable for intervening in the functions of multiple genetic or
epigenetic targets in CAR T-cells to enhance their efficacy, safety,
and accessibility [71]. Successful examples of multi-gene editing
applications include CAR gene targeted knock-ins and triple-gene
knockouts of TRAC, PD-1, and cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4), achieving an editing efficiency of 39.5% for
triple knockout using Cas12a [30, 72]. The combination of Cas12a
Ultra, used for CAR-targeted knock-in, with a base editor based on
nCas9 for gene knockouts, has also efficiently generated triple-
edited CAR T-cells while avoiding the adverse consequences of
chromosomal translocations [73]. The MEGA system based on
Cas13d possesses stronger multi-gene expression regulation
capabilities. Researchers have achieved simultaneous knockdown
of 5-8 genes in their upper limit tests of multi-transcriptional
regulation and successfully achieved RNA-specific knockdown of
LAG-3, PD-1, and TIM-3 genes in CAR T-cells, with no significant
off-target or bystander activity [39]. Notably, accomplishing stable
and efficient multi-gene editing faces various challenges, includ-
ing the demand of customize efficient and specific gRNAs for each
target, restricted vector capacity for component delivery, size
constraints of inserted sequences, cell toxicity from off-target
effects and DNA damage, and the immunogenicity of Cas
proteins, gRNAs, and delivery vectors, especially during long-
term intracellular expression of CRISPR components [74]. Further-
more, the simultaneous DSBs associated with conventional
nucleases are thought to increase the risk of chromosomal
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translocations. Therefore, sequential editing or multiplexed base
editing, as well as other non-DSB tools, may be the optimal choice
when targeting multiple genes. These advanced CRISPR tools are
progressively enhancing the efficiency and safety of multi-site
targeting, which will be discussed further in the subsequent text.

CRISPR screening applied for CAR T-cell therapy. High-throughput
CRISPR screening, as an unbiased target discovery platform,
provides a comprehensive tool for characterizing the interactions
between CAR T-cells and tumor cells [75]. CRISPR screening involves
the transduction of a constructed sgRNA library into a population of
cells, followed by specific perturbation based on the individual
sgRNAs received by each cell. Following the application of specific
selection criteria, interested phenotypic cell populations are
selected from the pool of cells with gene perturbations for readout
and sgRNA sequencing, thereby identifying potential positive and
negative drivers of the underlying process [76]. Additionally, known
genes relevant to the research objectives can be combined to
construct various multi-gene crRNA array libraries, allowing for the
screening of cell populations with synergistic gene combinations in
order to obtain improved optimization schemes for T cells [39].
Traditional sgRNA library screening based on Cas9 typically results
in mutations with multiple nucleotide insertions or deletions,
making it unsuitable for identifying the functions of single
nucleotide variants (SNVs). Base editing technology have been
utilized for large-scale, high-resolution mutational screening in
human T cells, enabling the introduction of specific nucleotide
mutations. This approach allows for the mapping of gene variants
related to the anti-tumor properties of T cells, such as amino acid
residues, protein domains, and protein-protein interaction sites that
affect cell activation and efficacy. These findings provide a precisely
controlled mutational strategy for target screening [77, 78]. In CAR
T-cells, CRISPR screening can identify new regulatory mechanisms
that affect CAR T-cell efficacy under different physiological back-
grounds. In tumor cells, CRISPR screening aids in elucidating
resistance mechanisms to tumor killing.

Although genetic engineering targeting existing CAR T-cell
antigens has profoundly altered the treatment landscape of many
hematologic malignancies, the efficacy for numerous malignancies,
particularly solid tumors, remains unsatisfactory, necessitating the
discovery of more effective intervention targets. Thanks to its high-
throughput, high editing efficiency, and high flexibility character-
istics, large-scale CRISPR screening has emerged as a promising
strategy for identifying potential targets for CAR T-cell anti-tumor
functions [79]. CRISPR screening is performed by perturbing
libraries in the T cell pool and imposing selection conditions like
activation or co-culture with tumors to reveal positive and negative
regulators for T cell survival, proliferation, or adaptability [80], with
the screened genes targeted for perturbation in CAR T-cells to
validate their functions (Fig. 3A). CRISPR screening can be classified
into loss-of-function (LOF) and gain-of-function (GOF) screening
based on different methods for gene perturbation. LOF screening is
typically constructed using CRISPR knockout or CRISPRi systems.
Differed from LOF, GOF screening reveals functional boosters via
typically using the CRISPRa system to achieve gene overexpression.
Whereas, conducting CRISPRa screening still poses difficulties as
viral vectors are challenging to simultaneously introduce dCas9,
transactivators, and sgRNAs into primary T cells [81, 82]. The dead-
guide RNA (dgRNA), which adds MS2 binding loops to the sgRNA,
binds to the MS2-P65-HSF1 (MPH) transcriptional activation
complex, thereby guiding the catalytically active Cas9 to activate
transcription [83]. In addition, CRISPR screening combined with
single-cell sequencing can distinguish characteristics of different
CAR T-cell subgroups, allowing for the identification of potential
targets for enhancing T cell efficacy at the single-cell resolution [84].

CRISPR screening can also be performed directly in CAR T-cells
(Fig. 3A). However, it is worth noting that applying CRISPR
screening directly to CAR T-cells is still challenging as the CAR

SPRINGER NATURE

gene needs to be integrated into genome of T cells by lentiviral or
retroviral vectors, which can hinder the efficiency of subsequent
viral delivery of sgRNA libraries and affect the accuracy of
phenotypic readout in subsequent CRISPR screening [80]. Further-
more, random integration of the CAR gene and CRISPR component
often leads to insertional mutagenesis and translational silencing
and the possibility of variable position effects during high
throughput screening [85]. A promising strategy is introducing
the CAR gene and gene editing tools into T cells simultaneously.
The Cas12a-based AAV-Cpfl KIKO (knock-in knock-out) system,
known as CRISPR-based library-scale AAV perturbation with
simultaneous HDR knock-in (CLASH), delivers Cas12a mRNA into
human T cells via electroporation, followed by AAV infection
carrying two crRNAs and the gene encoding CAR [86]. One crRNA
guides specific integration of the CAR sequence, while the other is
responsible for knocking out the desired gene. When replaced with
a crRNA library, the CLASH system becomes an ideal platform for
CRISPR screening and identifying functional genes regulating CAR
T-cell activity [86].

As for tumor screening with CAR T-cell pressure, tumor cells are
typically selected after library transduction to identify specific
phenotypes, and then the phenotype-driving factors are screened
and co-cultured with CAR T-cells for validation. Alternatively, library-
transduced tumor cell populations can be challenged with CAR
T-cells to analyze the gRNA of surviving tumor cells, identifying
sensitive genes that affect CAR T-cell toxicity (Fig. 3B). CRISPR
screening has revealed various intrinsic resistance mechanisms of
different tumor types to CAR T-cells [87, 88], such as mechanisms
involving tumor downregulation of antigen expression to evade
recognition by CAR T-cells [89, 90]. CRISPR screening of tumor cells
can also elucidate the mechanisms of action of combination
therapies with CAR T-cells [91]. These newly discovered resistance
genes can help design as corresponding targeted drugs to be used
in combination with CAR T-cells, potentially enhancing the efficacy
of CAR T-cells.

APPLICATION OF CRISPR FOR CAR T-CELLS

Generally, the process of preparing CAR T-cells includes collecting
peripheral blood cells from patients, selecting, enriching, and
activating T cells, transducing CAR genes, expanding cells, and
finally infusing them back into the patient’s body [92]. For CAR
T-cell preparation, HDR-mediated targeted integration of CAR
genes generates CAR T-cells, effectively avoiding the oncogenic
risk associated with traditional LV-transduced CAR genes and
reaping the benefits of “hitting two birds with one stone” (as in
2.2.1). For optimizing the efficacy and safety of CAR T-cells,
multiplex gene editing is applied to T cells. Knocking out immune
checkpoints, epigenetic modification sites, and genes that
promote exhaustion addresses efficacy issues. Silencing CRS-
related genes and mediating off-target-related shared antigens,
such as CD7 and CD5, can help resolve safety concerns (Fig. 4).
Additionally, incorporating CRISPR screening technology can help
identify new regulatory mechanisms affecting the efficacy of CAR
T-cells under different physiological backgrounds, as well as
unknown mechanisms in tumor cells that contribute to resistance
and immune escape (Table 1).

Optimizing the efficacy of CAR T-cells

Knocking out immune checkpoints. Tumor cells may evade
immune response through multiple immune checkpoints that
hinder the anti-tumor attack of CAR T-cells [93]. CAR T-cells
combined with various immune checkpoint inhibitors (ICl) block
the inhibition pathway while showing notably anti-tumor
responses in patients with hematological malignancies [94].
However, this combined therapy can activate the immune system,
thereby increasing the risk of autoimmune diseases [95]. The
immune checkpoints knockout CAR T-cells generated by CRISPR
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Fig. 3 CRISPR screening applied for CAR T-cell therapy. A CRISPR screening can be classified into loss-of-function (LOF) and gain-of-function
(GOF) screening based on different strategies for gene perturbation. The commonly used method for CAR T-cell functional targets
identification involves introducing Cas9 protein via electroporation and transducing a lentivirus sgRNA library into the T cell pools, while GOF
screening uses lentivirus packaging dgRNA library into Cas9-expressing T cells. The newly identified targets are validated in CAR T-cells with
gene knockout or activation. It is also possible to conduct CRISPR screening directly in CAR T-cell pools, but performing so after lentivirus-
mediated CAR gene introduction into T cells could lead to interference. Therefore, the CAR gene and the gene-edited crRNA library can be
inserted into the same TRAC locus using the CLASH system (AAV library, Cas12a), achieving effective CRISPR screening in CAR T-cells. Marker
expression can be employed for sorting by comparing the sgRNA sequencing between population with higher and lower expression levels, or
sorting by comparing the sequencing results with a control group through co-culturing with tumor cells under immune challenge. B In Cas9-
expressing tumor cells, introducing an sgRNA lentivirus library and screening through marker expression or immune challenge of CAR T-cells
can identify tumor immune escape mechanisms and drug-resistant genes targeting CAR T-cell therapy. Created with BioRender.com.
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system avoid this problem (Fig. 4). The most frequently used
strategy for anti-tumor effect enhancement and reduced func-
tional exhaustion of CAR T-cells is PD-1 knockout [96-98]. In
leukemia mouse model with TCR, B2M, and PD-1 simultaneously
edited CD19 CAR T-cells demonstrated intrinsic PD-1 destruction
promotes faster and more robust anti-tumor activity as compared
to PD-1" CAR T-cells [96]. In addition, PD-1 acts as an ideal locus
for integrating CAR gene transfer with simultaneously knockout of
PD-1. PD-1-integrated CAR T-cells showed more potent and
durable effects in vitro and in lymphoma mouse models, and
completed clinical trials Phase | with encouraging outcomes that a
complete remission (CR) rate of 87.5% and an overall response
rate (ORR) of 100% in 8 patients with relapsed/refractory B-NHL
after infusion, associated with minor CRS and no ICANS events
(NCT04213469) [63]. Knocking out CTLA-4, LAG-3 and CD70 has
also shown strong antigen-specific anti-tumor activity in in vitro
and in vivo models [99-101] (Table 1). The intracellular checkpoint
RASA2, newly defined through CRISPR screening, negatively
regulates the T cell Ras signaling pathway, thereby promoting
tumor immune evasion [102]. Besides, CD5, a glycoprotein on the
surface of T cells, negatively regulates T cell activation and
maintains immune tolerance [103]. BTLA, by trans-binding with
HVEM, recruits tyrosine phosphatases SHP-1 and SHP-2, inhibiting
T cell anti-tumor activity [104]. The ablation of these genes has
been shown to effectively enhance CAR T-cell signaling and
cytotoxic activity. Other genes identified with immune checkpoint
properties, such as Siglec receptors, TIGIT, and VISTA, also merit
exploration in optimizing CAR T-cells [105-107]. This evidence
demonstrate that knocking out inhibitory checkpoints in CAR
T-cells contributes to further unleashing the potential of CAR
T-cells.

SPRINGER NATURE

Circumventing the immunosuppressive TME. One of the largest
barriers against the efficacy and persistence of CAR T-cells is the
complex composition of the tumor microenvironment (TME),
including a range of soluble factors, various immunosuppressive
cells, and physical barriers of extracellular matrix [108-110].
Multiple therapeutic drug, antibodies and small molecule inhibi-
tors, for instance, can effectively circumvent the immunosuppres-
sive pathways in the TME, while their side effects and long
development process hinder the clinical application [94, 111].
CRISPR system provides a new approach to explore these
inhibitory pathways and overcome the micro-environmental
obstacles (Fig. 4). As a key regulatory factor secreted by tumor
cells, immune cells, and stromal cells in the TME, transforming
growth factor-beta (TGF-B) binds to TGF-B receptor Il (TGF-BRII)
and elicits immunosuppressive responses[112]. The CRISPR-Cas9
mediated knockout of endogenous TGF-BRIl has proven to
prevent CAR T-cell exhaustion and reduce polarization towards
Tregs [113, 114]. When tested against several solid tumor
xenografts, TGF-BRIl edited CAR T-cells exhibited a more
pronounced ability to eliminate tumor cells [113, 114]. Addition-
ally, diacylglycerol kinase (DKG) knockout CAR T-cells generated
via CRISPR-Cas9 promoted resistance to soluble inhibitory factors
of TGF-Band prostaglandin E2, resulting in significant tumor
regression in a glioblastoma mouse model [115]. The purinergic
signaling pathway relies on four key surface proteins, CD39, CD73,
A2AR, and A2BR, to rapidly convert extracellular pro-inflammatory
ATP into immunosuppressive adenosine (ADO), thereby inhibiting
T cell function [116, 117]. In mouse models of breast cancer and
pancreatic cancer, the CRISPR-Cas9-mediated deletion of A2AR in
CAR T-cells has been shown to increase the production of
cytokines such as interferon-gamma (IFN-y) and tumor necrosis
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N P . proteins in CAR T-cells has been found to promote the secretion of

- % % é < T IFN-y and IL-2 factors, significantly enhancing cell proliferation and

“é’ R 32 g 2 tumor killing capability [39]. Moreover, the hypoxia microenviron-

o 8 Q N g_—’l ment affects the metabolism of immune cells, suppresses immune

5 2 ® 9 =] ;S’ responses by upregulating the autophagy pathway [120]. It has

B 3 Y o Rs T =% been demonstrated that the knockout of autophagy related

E S TgVYE= 8 h protein 5 (ATG5) in CAR T-cells enhances their metabolic activity

-§‘ & E o 3y & 2 § » and anti-tumor capability in clear cell ovarian cancer [120]
& 5 22223% &8:2 (Table 1).

Modulating the epigenetics of T cells. Epigenetic modifications are

crucial regulatory factors for CAR T-cell function and significant

contributors to cancer progression. They profoundly impact T cell

terminal differentiation, proliferation capacity, and effector func-

tion, thereby exerting a significant influence on the clinical

efficacy of CAR T-cell therapy [121]. Using CRISPR gene editing to

target genes involved in DNA and histone epigenetic modifica-

tions in CAR T-cells, T cell function can be stably reprogrammed

a (Fig. 4). The differentiation capacity of CAR T-cells in vivo is a

= critical factor affecting their persistence [122], with less differ-

; . entiated CD8™" T cells demonstrating superior anti-tumor efficacy

2 = 1= |2 (2 |2 |= [123]. Plastic memory T cells, such as central memory T cells (Tcm)

S L L =z =z =z = and stem cell memory T cells (Tscm), exhibit greater effector

function and proliferative capacity, leading to higher tumor
eradication rates in preclinical model systems and better
persistence in clinical applications [124, 125]. It's noteworthy that
cytotoxic T lymphocytes (CTLs) undergo epigenetic changes,
including DNA methylation and histone modifications, under
chronic antigen stimulation, leading to T cell exhaustion. This
impairs their proliferative and cytokine-producing abilities, often
accompanied by upregulation of various immune checkpoint
molecules, severely limiting immune efficacy. Epigenetic repro-
gramming can modulate the developmental trajectory of CAR T-
cells, offering the potential to prevent or reverse terminal
differentiation of cells.

To address DNA epigenetic modifications, CRISPR system can be
employed to knock out epigenetic regulatory genes associated
with the terminal differentiation stage of T cells (Table 1). For
instance, knocking out the DNA methyltransferase 3a (DNMT3A)
gene can inhibit the methylation of several key genes, such as
TCF7 and LEF1, which regulate human T cell differentiation. This
enables CAR T-cells to maintain memory and proliferative capacity
under prolonged antigen exposure, exhibiting sustained cytotoxi-
city against chronic tumors in both in vitro and in vivo [126]. In
terms of histone modifications, knocking out the PR domain zinc
finger protein 1 (PRDM1), which encodes Blimp1, disrupts its
ability to bind to histone H4 and regulate downstream genes. As a
result, upregulation of several memory-related transcription
factors and surface molecules such as TCF7, LEF1, and STAT3
was observed, along with significant downregulation of multiple
effector differentiation-induced genes including KLRG1, EOMES,
and ID2 and increased expression of the immune suppression-
related transcriptional regulator TOX. This approach inhibits
excessive T cell activation and helps maintain an early phenotype
of CAR T-cells while promoting the secretion of multifunctional
cytokines [127]. SUV39H1, which mediates H3K9 methylation,
inhibits effector T cell function during the terminal differentiation
stage [128]. Disrupting SUV39H1 can fine-tune the expression of
several genes it represses simultaneously, such as TCF7, LEF1, and
CCR7, thereby extending the lifespan of CAR T-cells and
maintaining their cytotoxicity against tumors [129]. Additionally,
isocitrate dehydrogenase 2 (IDH2), responsible for the reduction
carboxylation of glutamine in the mitochondria, can be disrupted
to activate compensatory metabolic pathways, alter the activity of
histone-modifying enzymes, increase chromatin accessibility, and

Overcome fratricide of CAR T-cells
Overcome fratricide of CAR T-cells
CD45 CAR-T and fratricide of CD45

Rendered HSPC resistant to CD33
Rendered HSPC and resistant to
CAR T-cell
CAR Chimeric antigen receptor, GM-CSF Granulocyte-macrophage colony-stimulating factor, HSCT Hematopoietic stem cell transplantation, PSCA Prostate stem cell antigen, EGFRvIIl Epidermal growth factor

Rendered HSPC resistant to CD33
CAR-T therapy

Rendered HSPC resistant to CD33
CAR-T therapy
CAR-T therapy

Mechanism

Delivery method
electroporation

RNP electroporation
electroporation

RNP electroporation
RNP electroporation
RNA electroporation

Plasma
Plasma

Edit
method
Base editor
CRISPR-
Cas9
CRISPR-
Cas9
CRISPR-
Cas9
CRISPR-
Epitope
base editor

Cas9

and CD45 CAR

CD45 (in HSPC
T

Edited target
CD7, TRBC
CD38

CD33 (in
HSPQ)

CD33 (in
HSPC)

CD33 (in
HSPC)

continued
receptor-vlll, GPC3 Glypican-3, MSLN mesothelin, CLDN6 Claudin-6, HER2 Human epidermal growth factor receptor 2, CEA carcinoembryonic antigen, AML acute myeloid leukemia, NSG NOD/SCID/gammac, TCR T

cell receptor,TRAC T cell receptor alpha locus, B2M p2-Microglobulin, PD-1 programmed death 1 receptor, LAG-3 lymphocyte activation gene-3, TGFBRII Transforming growth factor-p receptor Il, A2AR adenosine
A2A receptor, DKG diacylglycerol kinase, IKZF Ikaros zinc finger, PRDM1 PR domain zinc finger protein 1, CTLA-4 T lymphocyte-associated antigen-4, Fas Factor-related apoptosis, ATG5 Autophagy Related Protein

5, HSPC Hematopoietic Stem and Progenitor Cells, RNP Ribonucleoprotein, sgRNA Small guide RNA, GvHD Graft versus host disease, HLA Human leukocyte antigen, CRS cytokine release syndrome, ICANs immune

effector cell associated neurotoxicity syndrome.

Table 1.
CAR target
CD3/CD7
CD38
CD33
CD33
CD33
CD45
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drive differentiation towards a memory T cell phenotype [130].
Other strategies to avoid exhaustion include preventing or
reversing inhibitory epigenetic modifications. Disrupting Regnase,
Tet2, and LSD1 to enhance immune efficacy is also worth
exploring [131-133].

T cells derived from cancer patients may exhibit epigenetic
dysregulation compared to T cells from healthy individuals
[134-136]. Moreover, terminal patients often suffer from harsh
chemotherapy, leading to impaired T cell function and a bias
toward a more differentiated subset of effector memory T cells
[123]. Creating an epigenomic map of isolated T cells from
patients and reprogramming epigenetically dysregulated T cells
into fully functional CAR T-cells could be a potential solution [121].
This approach may reduce the need for cell collection and
treatment doses, expanding the applicable patient population and
lowering the occurrence of adverse reactions [129].

Other CAR T-cell regulation targets. With profound mechanisms of
resistance and relapse of CAR T-cell therapy, more therapeutic
targets for regulating T-cellular activity have been identified
(Fig. 4). Inflammatory cytokines is considered to be a significant
pathway in destroying tumor cells, while suppressed by inflam-
matory regulatory factors, such as Roquin-1 and Regnase-1, to
maintain immune homeostasis [137]. Roquin-1 and Regnase-1
dual edited CAR T-cells generated by the CRISPR-Cas9 demon-
strated their capability of optimizing anti-tumor effects [137]
(Table 1). Repeated antigen stimulation over-activates CAR T-cells
and triggers Fas-mediated activation-induced cell death (AICD),
which can be addressed by knocking out Fas using CRISPR-Cas9,
thereby enhancing the anti-apoptotic capacity and prolonging the
persistence of CAR T-cells [138]. CAR T-cell exhaustion caused by
repeated antigen stimulation can also be counteracted by
modulating transcription factors [139, 140]. For example, utilizing
CRISPR-Cas9 to knockout the transcription factor lkaros zinc finger
(IKZF) 3 associated with immune cell development and cytokine
secretion can enhance the secretion of IL-2 and other multiple
cytokines, thereby improving the efficacy of CAR T-cells in solid
tumors [141]. Ubiquitination of T cells also plays a role in
exhaustion, which could be resisted via knocking out the Cbl-b
ubiquitin ligase in carcinoembryonic antigen (CEA) CAR T-cell
[142]. Metabolic abnormalities are also closely associated with T
cell exhaustion, where continuous transition from oxidative
phosphorylation (OXPHOS) to aerobic glycolysis can lead to T cell
exhaustion. Targeting the PI3K/Akt signaling axis using the MEGA
platform to simultaneously knock down the expression of four key
genes, AKT1, AKT2, HK1, and HK2, effectively promoted CAR T-cell
OXPHOS metabolism. The results showed no significant cellular or
genetic toxicity but a notable enhancement in the tumor-killing
ability of CAR T-cells both in vitro and in vivo [39, 143].

CRISPR screening for discovering novel targets. The above
examples have confirmed that genetic knockout can enhance
the efficacy of CAR T-cell therapy, albeit limited to known targets.
More potential targets regulating the anti-tumor activity of CAR
T-cells are being explored through CRISPR screening (Table 2). LOF
screening has identified and validated positive and negative
drivers that affect anti-tumor function in the whole genome of
T cells, and these drivers have been further validated in CAR T-
cells, including RASA2 (inhibits rapid proliferation of CAR T-cells),
SOCS1 (inhibits viability and persistence of CAR T-cells), ST3GAL1
(decreases CAR T-cell migration towards tumors), cBAF (induces
terminal differentiation and exhaustion of CAR T-cells), PDIA3
(suppresses functions in glioblastoma CAR T-cells), and NAD" (a
key factor in T cell activation) [102, 144-147]. Within the scope of
GOF screening in T cells, a system based on the aforementioned
dgRNA library and Cas9 transgenic mice for activation screening
has avoided the challenging delivery of Cas9 and trans-activating
agents, and identified the target proline dehydrogenase 2

SPRINGER NATURE

(PRODH?2) in primary CD8 T cells, which increases cell cytotoxicity.
Overexpression of PRODH2 in CAR T-cells promotes mitochondrial
proliferation and increases oxidative phosphorylation levels by
reprogramming proline metabolism [81]. Using BE, high-resolution
screening can identify variants that regulate functions such as T
cell activation and cytokine production, including sgRNAs target-
ing multiple PIK3CD alleles (comprising both LOF and GOF
variants) [77]. By engineering CD19 CAR T-cells with a PIK3CD GOF
mutation identified through this screening process, it is possible to
endow the cells with consistently enhanced signaling and effector
functions [78]. Other genes obtained from T cell screening are also
valuable for efficacy validation and application in CAR T-therapy.
For instance, knocking out both ETS1 and RBPJ, as revealed by
single-cell RNA sequencing (scRNA-seq) in CRISPR screening, can
block terminal differentiation, leading to the accumulation of
intermediate T cells and significantly enhancing anti-tumor
activity [148].

When directly performing CRISPR screening on CAR T-cells, PD-
1" CAR T-cells identified TLE4 and IKZF2, which mediate CAR T-cell
exhaustion following antigen stimulation [84]. Using the CLASH
platform, a unique crRNA was discovered that can generate an
exon 3 skip mutant of PRDM1 in CAR T-cells, which exhibited to
enhance proliferation, persistence, and anti-tumor efficacy in
various tumor models [86]. Additionally, the MEGA platform
identified through transcriptomic-level dual-gene combination
screening that depletion-related CBLB and FAS double-gene
knockout significantly enhanced CAR T-cell cytokine secretion
and anti-tumor activity [39]. Targeting the above-mentioned
targets, engineered CAR T-cells can be developed, providing
new avenues for unleashing the efficacy of CAR T-cells.

Immune escape, antigen loss, and other factors often lead to
poor efficacy, tumor resistance, and disease relapse in CAR T-cell-
based cancer therapies [149]. Therefore, in addition to screening
for targets enhancing T cell anti-tumor activity, it is also essential
to screen for targets in resistance pathways of the tumor cells
[76, 150]. Newly discovered resistance genes can be designed into
corresponding small molecule targeted drugs for combination
therapy with CAR T-cells, potentially further enhancing the efficacy
of CAR T-cells. Firstly, CRISPR screening can reveal the intrinsic
resistance mechanisms of different tumor types against CAR
T-cells. Unlike hematologic tumors, CRISPR screening has shown
that the loss of IFNy signaling reduces the adhesion of CAR T-cells
to solid tumor cells, promoting resistance of glioblastoma and
other solid tumors to CAR T-cell-mediated cell lysis [88]. In B-ALL
tumors, CRISPR screening confirmed that the loss of CD58 inhibits
the formation of the immune synapse with CAR T-cells, resulting in
impaired function [87]. Furthermore, tumors evade CAR T-cell
recognition by downregulating antigen expression through
various mechanisms. Pancreatic cancer cells subjected to library
knockout and CAR T-cell challenge revealed that loss of GPI
anchoring leads to the reduction of Mesothelin (MSLN) on the
surface of tumor cells, evading attack by MSLN CAR T-cells [90].
Library knockout screening of B-Acute Lymphocytic Leukemia
(ALL) cells enriched for nudix hydrolase 21 (NUDT21), which
evades targeting by CD19 CAR T-cells in CD19" B-ALL by
transcription control [89]. Although CRISPR screening has selected
intrinsic regulatory factors in tumor cells that mediate evasion of T
cell killing [151, 152], the resistance mechanisms of tumor cells to
CAR T-cell killing are not exactly the same as those of T cells due to
different structures and non-MHC-dependent killing forms. There-
fore, it is still necessary to screen for resistance mechanisms in the
context of CAR T-cells. Lastly, CRISPR screening of tumor cells can
also elucidate the mechanism of action of combination drugs
when used in conjunction with CAR T-cells. A systematic under-
standing of the regulatory functions of drugs facilitates the
determination of the priority sequence for combination drugs
during immunotherapy, further unleashing the anti-tumor poten-
tial. For instance, a study using over 500 small molecule drugs and
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CRISPR LOF screening to investigate the pharmacological
mechanisms of CAR T-cell cytotoxicity in B-ALL. They found that
smac mimetic drugs may activate death receptor signaling, a
necessary pathway that increases cancer cell sensitivity to CAR
T-cell cytotoxicity [91].

Controlling adverse events of CAR T-cell therapy

Alleviating CRS and ICANS. Despite the robust and durable anti-
tumor responses achieved by CAR T-cells, the CAR T-cell-
associated adverse events need to be taken seriously
[10, 153, 154]. The most common adverse event is CRS, a systemic
inflammatory response mediated by excessive activation of
effector cells and the release of a large amount of cytokines.
Another one is ICANS, which is a toxic brain disorder characterized
by a wide range of neurological symptoms [10, 155]. Currently, the
popular pharmacological management strategies for toxicity
include high-dose corticosteroids and tocilizumab (an IL-6
receptor antagonist). The former may interfere with CAR T-cell
effector function, while the latter, though FDA-approved for
treating severe CRS, has limited efficacy in treating neurotoxicity
[10]. GM-CSF secreted predominantly by myeloid cells and T cells
is associated with CRS and ICANS [156, 157]. CRISPR-Cas9
knockout of GM-CSF can prevent GM-CSF-mediated therapeutic
toxicity (Fig. 4) [158]. GM-CSF”" CAR T-cells decreased levels of
inflammatory cytokines and chemokines in ALL mouse, effectively
reducing the risk of CRS and ICANS [158], while their intensive
anti-tumor activity is worth mentioning [158]. A possible reason is
that GM-CSF-depleted CAR T-cells inhibit the intrinsic apoptosis
pathway by diminishing the expression of BH3 interacting-domain
death agonist (Bid) [10]. Monocytes stimulate the secretion of pro-
inflammatory cytokines through the CD40L-CD40R axis or by
uptaking GM-CSF. CRISPR-mediated knockout of CD40L and/or
CSF2 in CAR T-cells can significantly reduce the secretion of IL-6 by
bystander monocytes [159]. Additionally, CAR T-cells with GM-CSF
knockout and autonomous co-expression of IL-6 and IL-1 blockers
were used in three patients with hematologic malignancies; two of
these patients experienced no CRS, and only one developed grade
Il CRS (ChiCTR2000032124). This approach may represent a
strategy to minimize GM-CSF-related toxicity [160] (Table 1).

Tackling on-target off-tumor toxicity. The ideal target protein
should be selectively and stably expressed at high levels on all
diseased cells with low or no expression on the surface of normal
cells [161]. Nevertheless, the antigens recognized by CAR T-cells
are often expressed on both normal and malignant cells, leading
to life-threatening OTOT toxicity [162]. For example, in anti-CD19
CAR T-cell therapy, B cell aplasia is often observed for the CD19
expression on normal B cell membrane. In order to tackle the off-
tumor toxicity, specific gene editing of CAR T-cells or hemato-
poietic stem cells using CRISPR system may be required in certain
cases to prevent fratricide and hematopoietic toxicity (Fig. 4).
Served as shared antigens of T cells, CD7 and CD5 expressed
not only on pathogenic T cells but also on normal T cells
(including designing CAR T-cells), contributing to fratricide of CAR
T-cells with poor therapeutic outcomes. It have demonstrated that
knocking out CD5 or CD7 on CAR T-cells by CRISPR system can
achieve potent expansion and anti-tumor capabilities when
combating T-ALL [163-165]. In addition to the challenge of self-
fratricide, contamination of CAR T-products by malignant T cells
poses a significant obstacle to clinical applications [166]. There-
fore, CAR T-products specifically targeting T-cell malignancies and
entering clinical trials are scarce. UCAR T-cell therapy demon-
strates an advantage in this context [167]. CRISPR systems suitable
for multi-gene editing can simultaneously knock out CD7 and
TRAC, enabling the preparation of universal CD7 CAR T-cells for
clinical therapy. This approach has demonstrated promising
therapeutic outcomes (Table 1). Following the infusion of CD7
UCAR T-cells in 11 patients with T-ALL, T-NHL, and CD7" acute
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myeloid leukemia (AML), 82% achieved overall response
(NCT04538599) [168]. Utilizing base editing to knock out TCR,
CD52 and CD7, CD7 UCAR T-cells were produced and infused.
Following infusion, all three pediatric T-ALL patients achieved
sustained leukemia remission [169]. No GVHD or other severe
complications were observed in these cases.

CD33 is expressed on both myeloid leukemia cells and normal
myeloid cells, so that CD33-targeting CAR T-cells attack newly
transplanted hematopoietic stem cells. Therefore, when CD33 CAR
T-cells are treated for AML, it is often necessary to knock out CD33
in Hematopoietic Stem and Progenitor Cell (HSPC) by CRISPR
system to prevent the attack of CD33 CAR T-cells and protect
normal hematopoietic function [170-172]. CD45-targeting CAR
T-cells used for hematologic tumors faces more problems. CD45 is
generally expressed in blood cells including T cells and
hematopoietic stem cells, so CD45 CAR T-cell may cause fratricide
and severe hematopoietic toxicity. On the other hand, CD45
influences the development of T cells and the hematopoietic
function of hematopoietic stem cells, which means that it should
not be knocked out completely. Epitope-base editing inserts
nonsense mutations into the epitope in the extracellular domain
of CD45, which enables T-cells and hematopoietic stem cells to
avoid the attack of CD45 CAR T-cells, while still expressing CD45
and exercising intracellular phosphatase function. This modified
CD45 CAR T-cell has achieved favorable antitumor activity in AML,
T-ALL, and B-cell lymphoma [173].

APPLICATION OF CRISPR FOR UCAR T-CELLS

Although autologous CAR T-cells have made groundbreaking
progress in tumor treatment, their clinical application is severely
hindered by several challenges, including poor quality of
autologous T cells, complex manufacturing processes, long
production cycles, and high costs [174]. UCAR T-cell products,
also known as “off-the-shelf” CAR T-cells, derived from healthy
donors and requiring multiple gene editing steps, are currently
being widely researched and developed for mass production to be
used for different patients (Fig. 5). Due to the innovation of gene
editing technology in CAR T-cell production, mass-produced UCAR
T-cell products are expected to overcome the aforementioned
issues associated with autologous CAR T-cells, achieving accessi-
bility in safety, efficacy, and affordability [8, 175].

Overcoming the challenges of UCAR T-cells

The primary difference between UCAR T-cells and CAR T-cells lies
in the donor source; UCAR T-cells are derived from allogeneic T
cells of healthy donors rather than autologous T cells (Fig. 5A),
which requires UCAR T-cells to address the challenges of immune
rejection faced in clinical applications. One challenge is safety, as
allogeneic CAR T-cells attacking host tissues can lead to life-
threatening GVHD [8]. Another challenge is efficacy, as allogeneic
CAR T-cells may be cleared by the host immune system, resulting
in host-versus-graft rejection (HVGR) [176].

Safety issues of UCAR T-cells. The recognition of host cell antigens
by the TCR protein complex on af T cell is central to the
pathogenesis of GVHD. One promising approach to address this
issue is to disrupt the expression of TCR on T cells using gene
editing techniques (Fig. 5B) [8]. Early studies demonstrated that
TALENSs, ZFNs, and CRISPR-Cas9 can all disrupt TRAC in CAR T-cells,
minimizing the risk of GVHD. However, experiments targeting
TRAC disruption have indicated that CRISPR-Cas9 exhibits the
highest disruption efficiency compared to other editing technol-
ogies such as TALENs and ZFNs, while maintaining low levels of
toxicity and off-target cleavage [177]. In practice, the CAR gene
cassette is often directly integrated into the TRAC locus. This
allows for simultaneous CAR gene knock-in and TRAC knockout,
which benefits UCAR T-cell stability and efficacy while avoiding
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A. Flow chart of UCAR T-cell product manufacturing
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B. Gene editing strategies to optimize UCAR T-cell functions
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Fig.5 The application of CRISPR system in Manufacturing UCAR T-cells. A UCAR T-cells can be generated from healthy allogeneic donors to
benefit multiple recipients. The manufacturing process for UCAR T-cell products starts with a source of third-party healthy T lymphocytes
collected by leukapheresis. CRISPR/Cas-mediated precision editing of T cells or induced pluripotent stem cells (IPSCs) has the potential to
eliminate expression of endogenous af-TCR, HLA and PD-1 etc, and insert a recombinant DNA coding for a CAR gene simultaneously. T cells
or differentiated IPSC-T cells are then expanded using anti-CD3/anti-CD28 beads and cytokines. The remaining aff TCR-positive cells are
magnetically removed using anti-aff TCR antibodies. The product is then packed and shipped to hospitals for using. B Combining CAR transfer
with CRISPR-Cas-mediated genome editing offers the strategies to enhance CAR T-cells. Endogenous of TCR is removed to prevent GVHD, and
HLA class | and class Il molecules are also removed to prevent HVGD (through deletion of B2M/HLA-A, B and CIITA respectively). Persistence
can also be achieved by deleting CD52 (allow cells to persist in the presence of alemtuzumab for lymphodepletion), or by deleting the NK cell
activator Poliovirus receptor (PVR) and addition of a natural killer (NK) cell inhibitor (such as HLA-E, HLA-G, CD47 and CD300a TASR) for
resistance to NK cells attack. Disrupting programmed cell death protein 1 (PD-1) enables UCAR T-cell to counteract some mechanisms of

immunosuppression from tumor. Created with BioRender.com.

the occurrence of GVHD [61]. Nevertheless, it is worth noting that
while current technologies achieve an editing efficiency of over
85% for TRAC, they still cannot ensure the complete elimination of
TCR on CAR T-cells [178, 179]. This may necessitate further
magnetic purification of the T cell product prior to infusion.

Durability issues of UCAR T-cells. The efficacy and prognosis of
UCAR T-cell therapy are closely associated with the persistence of
the cells in vivo [180]. Compared to autologous CAR T-cells, UCAR
T-cells may exhibit relatively weaker persistence and proliferative
capacity in vivo, possibly due to HVGR [175]. One approach to
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prevent HVGR is modifying the lymphodepletion regimen. UCAR
T-cells require more intense lymphocyte depletion compared to
autologous CAR T-cells, such as the addition of alemtuzumab to
the lymphodepletion regimen. However, this strategy relies on the
destruction of CD52, which confers resistance to alemtuzumab in
UCAR T-cells [181]. Preclinical and clinical trials have shown that
simultaneous knockout of TRAC and CD52 allows UCAR T-cells to
engraft and proliferate in the presence of alemtuzumab, exhibit-
ing potent anti-tumor efficacy [179, 182]. Another approach to
address HVGR is to reduce the immunogenicity of UCAR T-cells.
Abrogating HLA-l molecules on UCAR T-cells can prevent CD8" T
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cell-mediated immune rejection. A common target is f2-
microglobulin (B2M), which is an essential component of HLA-I.
However, HLA-l-negative UCAR T-cells is susceptible to NK cell-
mediated killing. Knocking out the NK cell activating receptors on
CAR T-cells [183], as well as inserting or overexpressing NK cell
inhibitory receptors such as HLA-E, HLA-G, CD47, and CD300a
TASR [184-187], are potential strategies to address this issue.
However, the engineering of inhibitory molecules may complicate
the production process. It has shown that deleting CD54 and CD58
in B2M-deficient CAR T-cells can universally limit the activation of
all NK cell subsets [188]. Additionally, by selectively knocking out
HLA-A and HLA-B in donor T cells while retaining HLA-C, partial
editing and reduced expression of HLA can be achieved [189, 190].
This approach not only reduces the recognition of donor cells by
host T cells but also mitigates NK cell-mediated rejection, and the
UCAR T-cells exhibit significantly enhanced persistence and
efficacy in preclinical and clinical research [189, 190]. Additionally,
eliminating HLA-Il molecules on T cells can circumvent CD4" T
cell-mediated immune rejection. This is often achieved by
disrupting the transcription factor Class Il transactivator (CIITA),
which regulates the expression of HLA-Il molecules [191] (Fig. 5B).
Finally, addressing HVGR can also be achieved through a
“proactive approach.” UCAR T-cells co-expressing CAR molecules
and allogeneic defense receptors (ADRs) that selectively recognize
4-1BB can eliminate activated host T cells and NK cells while
preserving resting lymphocytes, thereby ensuring long-term
therapeutic benefits [192].

Expanding the sources of UCAR T-cells

UCAR T-cells are typically derived from T cells of healthy donors,
yet the limited expansion capacity of peripheral blood T cells
makes it difficult to meet the quantity demands of large-scale
production. Relying on excellent expansion and tolerance to multi-
gene editing, IPSCs serve as an appropriate source for construct-
ing UCAR T-cells [193]. iPSCs are generated by reprogramming
donor T cells to regain pluripotency, and then undergo gene
editing to produce CAR-iPSCs. These CAR-iPSCs are subsequently
induced to differentiate into CAR T-cells for clinical use (Fig. 5A).
CAR-iPSCs have the ability to self-renew, and those CAR T-cells
generated from the same engineered pluripotent cell line,
resulting in higher homogeneity. Gene editing is an essential step
in generating iPSC-derived UCAR T-cells. By using CRISPR-Cas9 to
disrupt B2M, CIITA, and CD155 (the activating ligand for NK cells)
in iPSCs and transducing HLA-E via lentivirus, iPSC-derived UCAR
T-cell are protected from attacks by CD8™ T cells, CD4™ T cells, and
NK cells [183]. The first iPSC-derived UCAR T-cell, FT-819, was
created by CRISPR-Cas9 to insert the CAR into the TRAC locus, and
related clinical trials are underway [194, 195]. Preliminary results
from FT-819 trials in 15 patients with lymphoma, CLL, and ALL
showed a complete response rate of 20% with no occurrence of
GVHD, providing initial evidence of the safety of using iPSCs as a
source for UCAR T-cells [196]. The application of iPSCs provides an
opportunity to select the optimal cell line for industrial-scale
production, effectively enhancing homogeneity across different
batches and the therapeutic efficacy, and holding the promise of
further reducing costs.

Ongoing clinical trials

As mentioned above, GVHD and HVGR are the primary obstacles
to the clinical application of UCAR T-cells. Factors closely related to
efficacy, such as limited expansion and poor persistence, also
somewhat restrict their development [8, 197, 198]. Encouragingly,
UCAR T-cells edited by the CRISPR system have largely overcome
these challenges, and clinical trials are widely underway [175, 199].
The majority of these trials have focused on various hematological
malignancies, while clinical progress in solid tumors is still in the
early stages. Among them, the most widely applied UCAR
T-therapy is still targeted at CD19 for B-cell malignancies, with
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over 10 CRISPR-edited products already entering clinical studies
(Table 3). The disclosed trial data indicate that UCAR T-therapies
targeting B-cell or T-cell lineage leukemias demonstrate the
highest efficacy, with CR or CR with incomplete count recovery
(CRi) rates ranging from 60% to 85%. Aside from isolated cases of
low-grade GVHD (GvHD < II: 16.7% [1/6], NCT04557436), the vast
majority of trials have not observed GVHD. Adverse events such as
CRS are relatively common, reaching up to 100%, but effective
management of side effects has been achieved through mono-
clonal antibody treatment (Table 3). The CR rate for UCAR
T-therapies in NHL also exceeds 60%, while efficacy is compara-
tively weaker for B/T-cell lymphomas, with CR rates ranging
between 20% and 35%. Similarly, no GVHD has been observed,
although other adverse reactions have been noted, such as
ICANS = IIl: 6.3% (NCT04035434). The significant differences in the
therapeutic efficacy may be related to variations in indications,
cohort sizes, and the quality of cell products across different trials.
In terms of safety, it is encouraging that no trials have reported
gene-editing-related adverse events, aside from a few cases of
varying degrees of CRS or ICANS. GVHD was not observed in any
patients except for two cases (Table 3), providing preliminary
validation of the reliable safety of UCAR T-therapy. The two
patients who had undergone allo-SCT experienced low-grade
GVHD, which was quickly alleviated with steroid treatment.
However, it remains unclear whether this was due to the cell
transplantation or was mediated by UCAR T-cells [169, 182]. In
terms of efficacy, HVGR significantly compromises the persistence
of UCAR T-cells, largely limiting their effectiveness. As allogeneic
cells, UCAR T-cells express multiple immunogenic molecules.
Some trials observed that non-responding patients had signifi-
cantly more CD3™ T cells compared to CR/CRi patients, and these
rejection reactions are believed to be closely associated with
reduced cell expansion and treatment failure [179]. Additionally,
differences in the production methods of cell products and the
selection of gene-editing targets may also influence efficacy,
warranting further exploration in larger cohort trials in the future.
In terms of solid tumors, clinical trials have been initiated for solid
tumors such as renal cell carcinoma (RCC), non-small cell lung
cancer (NSCLC), ovarian cancer (OV) [200, 201]. Among 15 patients
infused with PD-1 and TCR knockout mesothelin-specific CAR
T-cells (MPTK-CAR-T) for the treatment of pancreatic cancer, biliary
tract cancer, gastric cancer, fallopian tube cancer, esophageal
cancer, OV, cervical cancer, and breast cancer, 7 patients achieved
stable disease within 3-4 weeks, while 8 patients experienced
disease progression, with most dying within 2 months after
infusion. No signs of GVHD, CRS, or ICANS were observed in any of
the 15 patients, providing preliminary validation of the safety of
CRISPR-edited UCAR T-cells in solid tumors [200]. In another trial
targeting RCC, the disease control rate (DCR) reached 77% with no
reported GVHD and severe CRS or ICANS (NCT04438083) [201].
Beyond advancements in the oncology field, the application of
CAR T-therapy has also expanded to non-tumor diseases such as
autoimmune diseases [202]. The CRISPR-mediated quadruple-
editing product TYU19, targeting TRAC, HLA-A/B, CIITA, and PD-1,
was used globally for the first time in the treatment of rheumatic
autoimmune diseases. One patient with refractory immune-
mediated necrotizing myopathy and two patients with diffuse
cutaneous systemic sclerosis all achieved profound symptom relief
following treatment, with no adverse events such as CRS or GVHD
reported (NCT05859997) [203]. Overall, UCAR T-cells edited by
CRISPR system have shown promising safety profiles in preventing
GVHD and effective antitumor activity in hematologic malignan-
cies. However, in terms of efficacy, UCAR T-therapy still falls short
of the superior outcomes seen with autologous CAR T-therapies.
For instance, in a clinical study, involving 7 pediatric and 14 adult
patients, the ORR for UCAR T-therapy was 67%, whereas the initial
ORR for most current autologous CAR T-cell-therapies is around
90% [199]. This disparity may be attributed to the reduced
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A. Adverse effect and advancements of CRISPR system in CAR T-cells
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Fig. 6 Challenges and future direction of CRISPR gene editing applied in CAR T-cell therapy. A Adverse events and feasible solutions. Off-
target mutations are caused by sgRNA recognizing the off-target locus in the genome and making unnecessary cleavage at the wrong locus.
Cas-CLOVER, fuses the catalytically inactive dCas9 with the Clo51 (CLOVER) nuclease domain and uses two gRNAs to only cleave when the
Clo51 nuclease dimerizes. Another approach “spacer-nick” combines the nCas9 with a pair of PAM-out sgRNAs at a long spacer distance.
Hence Cas9n is guided by the spacer-nick sgRNAs to two target sequences on opposite strands and nicks both DNA strands at an optimal
distance to preserve efficient HDR while minimizing NHEJ events. Chromosomal aberrations, such as large deletions and translocations, are
indeed frequent phenomena. Here shows possible instances of chromosomal loss and translocations. The key factor leading to chromosomal
aberrations is the generation of DSBs. BE develops precise single-base substitutions at multiple sites enabling DSB-free gene editing, thereby
reducing the risk of gene rearrangements. B Traditional delivery methods include viral vectors and electroporation. Viral vectors mainly
include LV, AV, and AAV. CRISPR components delivered by viral vectors in the form of DNA may increase the risk of off-target, and viral vectors
also have other disadvantages including immunogenicity, cargo size limitations, and lower transduction efficiency. The delivery of
electroporation in CAR T-cells may cause cell damage. Peptide delivery is an emerging delivery system for CRISPR components in CAR T-cells.
LNP and VLP have the potential for in vivo delivery, but two basic issues need to be considered, that is, whether the relevant cell types can be
targeted and avoid cell damage and immune rejection in vivo. Created with BioRender.com.

off-target editing outcomes, and design superior genome editors, approximately 5-20% of T cells exhibit large segmental or whole

further enhancing the safety of cell therapies [216].

Chromosomal aberrations

CRISPR-induced DSBs in the genome can lead to chromosomal
aberrations, including large segment deletions, inversions, and
translocations [18, 96], which are even prevalent phenomena
(Fig. 6A). Through CRISPR screening and single-cell analysis using a
gRNA library covering all chromosomes, it was discovered that
editing guided by 55% of the gRNAs resulted in chromosome loss
[217]. For the production of UCAR T-cells, TRAC gene knockout is a
commonly used approach, but it has been reported to frequently
cause chromosomal abnormalities. Editing of the TRAC locus in
human primary T cells using CRISPR RNPs has shown that
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deletions of chromosome 14 [217]. Transcriptome sequencing also
revealed that these chromosomal deletions lead to abnormal
expression of various genes, such as CD70 and MDM2. This Cas9-
induced chromosome loss triggers a p53-related DNA damage
response, activation of the apoptosis pathway, and p53-induced
cell cycle arrest, thereby impairing the survival advantage of CAR
T-cells [217]. Chromosomal translocations also pose a serious
threat to genome stability and are a hallmark of carcinogenesis,
especially in HLA-knockout cell products lacking any functional
antigen processing. Primer-extension-mediated sequencing (PEM-
seq) analysis has revealed that chromosomal translocations
commonly occur between multiple Cas9 target sites. During gene
editing, the perfect repair of DSBs exists, which is the main
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molecular mechanism leading to repeated cleavage of Cas9 at
both on-target and off-target sites, as well as the abundant
occurrence of chromosomal translocations [218]. It is worth noting
that the multiple gene editing induced by CRISPR on the genome
will simultaneously induce multiple DSBs. This may significantly
increase the likelihood of chromosomal translocations by con-
necting unrelated broken ends through NHEJ. When using CRISPR-
Cas9 to target TRAC, TRBC, and PD-1 in engineered T cells,
chromosomal translocations were detected in approximately 4%
of T cells, with the most prominent being a 9.3kB deletion
mutation caused by TRBC1:TRBC2 translocation recombination.
This adverse phenomenon persisted for up to 170 days or longer
after infusion into lymphoma patients, but the proportion of cells
with genomic aberrations gradually decreased over time, suggest-
ing that these cells do not possess a growth advantage during
multiple rounds of expansion [206]. Future clinical trials will need
more experience, with CAR T products requiring higher editing
efficiency and longer post-infusion observation periods to fully
assess safety.

The DSBs generated during gene knockout by CRISPR system
are key drivers of chromosomal aberrations [217]. The preparation
of CAR T-cells involves steps such as gene editing and CAR T-cell
activation. A study has shown that the sequence of T cell
activation relative to CRISPR gene editing is associated with the
occurrence of chromosomal deletion events. When gene editing
induces DSBs, it triggers an increase in p53 expression to repair
the unstable genome. However, upon T cell activation, the PI3K/
AKT signaling pathway is activated, and MDM2 (a negative
regulator of p53) is upregulated, which suppresses p53 activity
and expression. Thus, performing gene editing before T cell
activation is beneficial in reducing the frequency of chromosomal
deletions [217]. Additionally, using an expanded CRISPR toolbox to
avoid generating DSBs is an effective measure to prevent
chromosomal abnormalities (Fig. 6A). BE enables precise single-
base substitutions at multiple sites without causing DSBs, thereby
reducing the risk of gene rearrangements. By employing base
editing to convert amino acid codons at the TRAC, B2M, and
PDCD1 gene loci into premature stop codons (pmSTOPs) or to
disrupt their splice donor and splice acceptor sequences, triple
gene knockout CD19 CAR T-cells are generated. These cells
exhibite enhanced proliferation compared to those modified with
CRISPR-Cas9 [48]. And the frequency of DSB-induced transloca-
tions is significantly reduced in CD19 CAR T-cells edited through
base editing [48]. Similarly, TRAC, PD-1, CD52, and CD7 knockout
CAR T-cells via CBE neither affect T cell proliferation nor lead to
detectable translocations or karyotypic abnormalities [219]. The
first universal cell therapy based on BE in the world has
undergone clinical trials. The CD7 CAR T-cells used in this therapy,
with multiple edits targeting TRAC, TRBC, CD52, and CD7, exhibit
the same chromosomal translocation rate as non-edited cells
(<0.1%) [169]. However, base editing is limited to single-base
mutations and is challenging to achieve large-scale sequence
replacement in CAR T-cell DNA. The Prime-Assisted Site-Specific
Integrase Gene Editing (PASSIGE) system combines PE with Bxb1
integras, enabling precise and flexible replacement of multiple
large DNA fragments at specific loci without generating DSBs. In
one study, the PASSIGE system is utilized to produce CD19 CAR
T-cells by co-delivering non-viral DNA donor templates with
PASSIGE editing components, achieving targeted integration of
the CD19-CAR transgene expression cassette into the TRAC locus
with an editing efficiency exceeding 60%. The resulting CAR
T-cells demonstrate exceptional anti-tumor efficacy both in vitro
and in vivo, with no detectable off-target activity, large deletions,
or translocations [53]. Due to the frequent repetitive cleavage by
Cas9 occurs especially during the process of multiple genome
editing, resulting in DSB ends that can fuse to form chromosomal
translocations [218]. By fusing Cas9 with 3'-repair exonuclease 2
(TREX2) to generate an exogenous nuclease called Cas9
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exonuclease (Cas9TX), TRAC, TRBC, and PDCD1 knockout CAR
T-cells were constructed. The results demonstrated that Cas9TX
effectively suppressed repetitive cleavage at target sites and
reduced the proportion of chromosomal translocations to back-
ground levels without compromising antitumor efficacy [218].
Finally, since the safety risks associated with permanent DNA
editing, such as genotoxicity, cannot be completely eliminated.
CRISPRI at the epigenetic level, when coupled with HER2 CAR and
PD-1 sgRNA expression, can suppress intracellular PD-1 expression
in a HER2' environment. The first clinically relevant product
constructed based on CRISPRi, RB-340-1 CAR T-cells, achieved
effective and sustained PD-1 gene inhibition and antitumor
activity in HER2-expressing cancer xenograft models [220, 221].
Similarly, Cas13d, a reversible and flexible editor targeting
transcriptomic mRNA levels, also shows potential for clinical
application [39].

Delivery methods for CRISPR components

Delivery is a major bottleneck for somatic-cell genome editing
[12]. Although traditional viral vector-mediated delivery of CRISPR
components has demonstrated high efficiency, it is constrained by
limited cargo capacity and safety risks, making it difficult to meet
the increasing demands for improved quality and reduced costs of
CAR T-cell production. Additionally, in vivo delivery offers the
advantages of simplicity, cost-effectiveness, and direct clinical
application compared to ex vivo methods. However, it still faces
significant challenges in transitioning to practical applications.
These challenges include cargo degradation during delivery,
inability to release cargo after endocytosis, and uptake and
editing of off-target cells. Continuous optimization of delivery
systems is required to achieve optimal cargo capacity, delivery
efficiency, target specificity, and safety (Fig. 6B).

Currently, electroporation is the most popular non-viral delivery
method. Unlike the complex process of constructing viral vectors,
electroporation is relatively cost-effective and operationally simple
[63, 222, 223]. Moreover, it is not limited by the form and size of
cargo, allowing the introduction of CRISPR components into T cells
in the form of RNA or RNP. Components such as RNA or RNP can
rapidly convert into Cas9 protein, inducing genome cleavage
more quickly and exhibiting higher gene editing efficiency. The
transient nature of delivered components results in their rapid
degradation within the cells, thereby reducing the occurrence of
off-target effects [224]. Furthermore, electroporation allows the
simultaneous delivery of various forms of HDR templates
encoding CAR, providing a tool for the development of non-viral
CAR T-cell products based on CRISPR system [63, 225-229]. It is
worth noting that electroporation delivery still carries some
degree of toxicity. On the one hand, electroporation may induce
cell death due to the perforation of the cell membrane. To
minimize damage, it is important to rigorously control the
magnitude of the electric current [230]. Inhibiting the expression
of caspase-3 has also been shown to alleviate CAR T-cell apoptosis
caused by electroporation [231]. On the other hand, when using
plasmid or linear long double-stranded DNA (dsDNA) as the
electroporation-encoded HDR template for CAR, the existing DNA
toxicity can significantly reduce T cell activity [230]. Research has
discovered that dsDNA can induce the death of primary T cells
through activating the cGAS-STING immune pathway [223]. By
adjusting the osmotic pressure of the electroporation buffer to an
isotonic level, the affinity between DNA and cGAS is reduced,
subsequently lowering the activation of cGAS-STING. This makes
the efficient construction of CAR T-cells possible [223]. Moreover,
compared to the sole electroporation transfection of long dsDNA,
co-electroporation of RNP and long dsDNA can generate CAR
T-cells with higher activity. Another approach to avoid DNA
toxicity is using single-stranded DNA (ssDNA) templates. Con-
sidering the relatively low integration efficiency of ssDNA
templates, a study encoded CAR in ssDNA templates with two
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double-stranded ends added for Cas9 RNP attachment. This
increases CAR insertion efficiency considerably and permits the
generation of plenty of CAR T-cells that target multiple myeloma
[222]. Additionally, cell-penetrating peptides (CPPs), such as TAT,
facilitate the internalization of gene editing tools through
endocytosis into cellular vesicles. Fusogenic peptides, like HA2,
release the editing enzymes into the cytoplasm by disrupting the
endosome [232, 233]. In one study, Cas9 RNPs or Cas12a RNPs are
combined with nuclear localization signals (NLS), TAT, and HA2,
then co-incubating with CAR T-cells for a short period of time,
enables safe and non-toxic delivery of Cas9 RNP to CAR T-cell
nuclei for gene knockout without unwanted perturbation
[232, 233]. Peptides possess favorable biocompatibility and low
cytotoxicity, and peptide-assisted gene editing minimizes cell
handling steps, making it a promising delivery method for the
future [234].

The above non-viral delivery methods are limited to ex vivo cell
processing or local administration. Novel synthetic vectors,
however, offer the potential for in vivo editing and production
of CAR T-cell. This approach avoids the complex and costly ex vivo
manufacturing processes [202, 216]. Lipid Nanoparticles (LNPs) are
a common means for in vivo delivery of CRISPR system. LNPs
encapsulate CRISPR components in the form of RNA and are
internalized by cells through endocytosis, causing minimal
damage to edited cells [235]. Surface modification of LNPs
targeting CD5 has successfully delivered FAP CAR mRNA in vivo,
leading to the generation of FAP CAR T-cells in mouse T cells [236].
Using LNPs to deliver Cas9, CD19 CAR mRNA, and gRNAs enables
the dual knockout of TCR and CD52 in vitro, resulting in the
production of highly functional UCAR T-cells [237]. The potential
for in vivo delivery warrants further validation. Additionally,
enveloped delivery vehicles (EDVs), such as virus-like particles
(VLPs) hidden within cell membrane fragments, are also important
vectors for in vivo delivery. They combine the safety and reliability
of non-viral carriers with the efficient infection capabilities of viral
carriers [238, 239]. Conceptual validation has demonstrated that
Cas9-VLPs, with the surface addition of the Human Immunode-
ficiency Virus (HIV)-1 envelope glycoprotein (Env), can achieve
preferential and specific transduction of CD4" T cells [240].
Recently, the same research team has engineered Cas9-EDV to
package Cas9 RNP, successfully generating genetically edited CAR
T-cells in mice with a humanized immune system. Importantly, off-
target delivery to bystander cells, including liver cells, was avoided
[239]. Cas9-EDVs incorporate a mutated vesicular stomatitis virus
glycoprotein (VSVGmut) and an antibody-derived single-chain
variable fragment on the particle surface. This enables transient
delivery to homologous target cells while maintaining endosomal
fusion activity. The predictable antibody-antigen interaction
selectively delivers genome editing components to target cells,
presenting a novel strategy for in vivo complex genetic
engineering with significant therapeutic potential [239, 240].

DISCUSSION

Currently, CAR T-cell therapy faces three major roadblocks:
efficacy, safety, and accessibility. The CRISPR system, as a simple,
efficient, and versatile gene editing tool, provides potential
solutions. Firstly, limited efficacy of CAR T-cell therapy is still
observed in most solid tumors and some hematological malig-
nancies. Various factors including tumor antigen escape, intrinsic
resistance, poor quality and exhaustion of T cells, and inhibition of
tumor microenvironment contribute to suboptimal efficacy.
CRISPR system-mediated knockout of inhibitory targets on CAR
T-cells partially unleashes their anti-tumor potential. To date,
clinical evidence on CRISPR system-edited CAR T-cells remain
limited, and large-scale clinical trials are still required to validate
their efficacy. Secondly, developing CAR T-cells with more
controlled pro-inflammatory cytokine secretion is a solution to
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mitigate CAR T-cell therapy-related toxicity. Gene-engineered CAR
T-cells based on CRISPR system have advantages in terms of safety
and indications. For on-target, off-tumor toxicities of CAR T-cells,
CRISPR system-mediated knockout of shared antigens in specific
cases can partially avoid off-target killing. Thirdly, UCAR T-cells has
significantly enhanced the clinical accessibility of CAR T-cell ther-
apy. However, before entering clinical applications, UCAR T-cells
must avoid TCR-mediated allogeneic reactions. The use of CRISPR
for multi-gene editing, combined with HDR-mediated targeted
insertion of CAR expression cassette, has markedly addressed the
challenges of inefficiency and high risk in the production process
of UCAR T-cells. The key issue of GVHD in UCAR T clinical
applications has been largely addressed through the CRISPR
system and stringent production screening. Therefore, the limited
proliferation and persistence of UCAR T-cells have become
significant limiting factors. Most clinical trial results also indicate
a disparity in efficacy between UCAR T and CAR T-cell therapies.
This may be attributed to the complex in vivo immune rejection
environment, which imposes inherent immune resistance against
UCAR T-cells. Currently, CRISPR-mediated gene editing can only
partially address HVGR, primarily serving as a necessary adjunct to
lymphodepletion regimens, or requiring more complex gene-
editing strategies to better adapt to the allogeneic immune
environment. Moving forward, greater attention is needed to
advance solutions to this issue. Notably, CRISPR provides technical
support for exploring more cost-effective and controllable cell
sources, such as iPSCs. iPSCs exhibit a higher tolerance for multiple
genetic edits and can be precisely selected and expanded to
produce homogeneous products with knockout of immunogenic
genes, thereby enhancing tissue compatibility and avoiding HVGR.
However, the efficacy of iPSC-derived CAR T-cell therapies remains
a critical area requiring further focus and development.

CRISPR is often used as an “execution tool” to edit the identified
targets when addressing the challenges mentioned above.
However, CRISPR can also serve as a “screening tool” that provides
an unbiased and precise method for genome-wide functional
gene and regulatory element targeting, with great potential for
identifying immune regulatory targets that are directly clinically
relevant in tumors and CAR T-cells. Based on RNA editing, multi-
gene combinatorial screening can also uncover multiple synergis-
tic targets, providing stronger gains for the engineering optimiza-
tion of CAR T-cells. Nevertheless, current CRISPR screening
analyses used in CAR T-cell therapy mainly focus on the overall
sgRNA frequency in target phenotype cell samples, neglecting
cell-to-cell heterogeneity. Single-cell CRISPR (scCRISPR) refers to
CRISPR screening at the single-cell level. Single-cell sequencing
used for CRISPR screening can effectively address the issue of
genetic and phenotypic heterogeneity of cells during large-scale
perturbations. For CAR T-cells, starting phenotype of individual
cells as well as their dynamic changes after antigen stimulation
differ considerably. Applying scCRISPR can connect the character-
istics of different CAR T-cell subpopulations with large-scale
perturbations, unraveling the specific molecular mechanisms of
sgRNA affecting the activation and exhaustion of CAR T-cells at
the single-cell level. Tumor cells exhibit high heterogeneity due to
genomic instability and epigenetic modifications. scCRISPR screen-
ing of tumor cells can be used to elucidate the specific regulatory
mechanisms of tumor cell survival and proliferation, as well as the
intrinsic genetic changes experienced after being targeted by CAR
T-cells, providing better insights into resistance to CAR T-cell
therapy.

Notably, certain challenges still exist in CRISPR gene editing
technology, such as unpredictable off-target mutations. To
address practical issues in CAR T-cell therapy applications,
improvements are required to be posed to the CRISPR system
itself. Crucial factors include optimizing the CRISPR system for
highly specific targeting and lessening damage to genome caused
by Cas proteins. Moreover, it is necessary to detect off-target
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mutations sensitively and efficiently through high-throughput
sequencing technologies and to predict the targeting efficiency
and off-target spectrum using machine learning or deep learning
models. Furthermore, the hurdles encountered by delivery
systems are impeding the swift progression of CRISPR compo-
nents into applications, necessitating the optimization of existing
delivery strategies and continuous innovation in delivery methods.
Currently, viral-free production methods are a hot topic for
improving CAR T-cell production, and may further simplify the
production process in the future. Since the editing of CAR T-cells
primarily occurs ex vivo, practical, efficient, and capacity-unlimited
delivery methods such as electroporation are evidently more
favored. Additionally, with advancements in the development of
synthetic vectors, there is potential for CRISPR components to
achieve in vivo delivery, enabling the generation of CAR T-cells
and genome editing within the body, thereby further enhancing
the accessibility of CAR T-cells.

In conclusion, the utilization of the CRISPR system offers a novel
approach to address the significant scientific challenges of
efficacy, safety, and accessibility in CAR T-cell therapy. The
application of CRISPR-based CAR T-cell therapy organically
integrates preparation and optimization, closely linking basic
research with clinical research. This presents robust rationale and
opportunities for designing and applying CAR T-cell therapy to
enhance therapeutic benefits.
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