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operability than other gene editing technologies, such 
as Zine finger nucleases (ZFNs) and transcription acti-
vator-like effector nucleases (TALENs) [2–4] (Table-1). 
CRISPR/Cas9 system consists of a CRIPSR single guide 
RNA (sgRNA) and a Cas9 nuclease. When the sgRNA 
recognizes the target DNA sequence, it instructs the 
Cas9 protein to cut the DNA and create a double-strand 
break (DSB), followed by the silence of a selected gene 
[5]. The damaged DNA is then repaired by either non-
homologous end joining (NHEJ) or homology directed 
repair (HDR), achieving the purpose of gene knockout 
or target gene replacement [5, 6]. Simply changing the 
sgRNA sequence allows the CRISPR/Cas9 to target any 
part of the desired genome, prompting the development 
of pooled, genome-scale CRISPR libraries [7, 8].

Backgrounds
Clustered regulatory interspaced short palindromic 
repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) is 
essentially an adaptive immunity weapon in prokaryotes 
to against foreign DNA, which is adapted as a ground-
breaking genome-editing tool in eukaryotic cells [1]. 
CRISPR/Cas9 shows superior flexibility, scalability, and 
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The majority of CRISPR screening utilizes in vitro 
models that cannot fully reflect the complex cellular and 
microenvironment signals. However, high-throughput 
CRISPR/Cas9-mediated in vivo screening, facilitated by 
Cas9-expressing mice, is a powerful platform to deter-
mine driver genes that orchestrate immune cell func-
tion in the tumor microenvironment (TME) as well as to 
unravel novel cancer-mediated, immune-inhibitory tar-
gets [9–12]. CRISPR screens allow for mapping tumor-
immune interaction to identify regulators that synergize 
or alleviate immune escape, underling the fundamental 
of next-generation cancer immunotherapy.

Cancer immunotherapy has ushered in a new field for 
the treatment of various malignancies, aiming to redirect 
or stimulate the host’s immune system to attack prolif-
erating tumor cells. Importantly, recent development of 
adoptive cell therapy (ACT) shows tremendous potential 
to combat tumors by using genetically modified T cells 
[13]. ACT generally includes chimeric antigen receptor 
(CAR) T cell therapy, T cell receptor (TCR) T cell ther-
apy, and tumor-infiltrating lymphocytes (TIL) therapy. 
However, the success of ACT is usually hampered by 
off-target toxicity and limited efficacy [14]. This phe-
nomenon is more significant in solid tumors than blood 
malignancies. Recently, the introduction of CRISPR/
Cas9, a versatile platform for genetic engineering, might 
circumvent the above obstacles, paving the way for the 
next-generation adoptive cellular therapy to precisely tar-
get the intended cells and alleviate adverse events.

In this review, we introduce the mechanism of CRISPR/
Cas9 genome editing, review applications of CRISPR 
in generating mouse models and organoids, emphasize 
the progress of CRISPR/Cas9 screening for target dis-
covery, demonstrate the potential of CRISPR/Cas9 to 
advance T-cell-based therapy, present the next-genera-
tion CRISPR editing approaches, and finally discuss chal-
lenges and prospects in cancer research and therapy of 
CRISPR/Cas9. Given its outstanding role in biomedical 
science, CRISPR/Cas9 will deepen our understanding of 

the immune response under tumor pressure, identifying 
novel immune-oncology targets and boosting the thera-
peutic potential of ACT.

CRISPR/Cas9 system: structure and mechanism
In the late 1980s, CRISPR was first discovered in bacte-
rial adaptative immunity against foreign genetic elements 
through an RNA-guided DNA cleavage system over three 
steps: acquisition, transcription, and interference [15, 16]. 
Since then, researchers have investigated the structure 
and function of CRISPR/Cas9 to establish site-specific 
gene editing strategies in humans for clinical applications 
(Fig. 1). The first described system is the type-II CRISPR/
Cas9 genome editing tool from Streptococcus pyogenes 
Cas9 (SpCas9). When encountering a foreign DNA inva-
sion, a DNA segment from the invader was integrated 
into the host CRISPR locus as a spacer [17]. This locus 
is then transcribed to CRISPR-derived RNA (crRNA) 
that attaches to a transactivating crRNA (tracrRNA). 
The crRNA: tracrRNA duplex constitutes a single gRNA 
(sgRNA), which loads onto the Cas9 protein to assemble 
a ribonucleoprotein (RNP) complex. The sgRNA guides 
Cas9 to create a site-specific DSB at the target DNA site 
complementary to the crRNA sequence [18]. Overall, 
the CRISPR/Cas9 system comprises two critical compo-
nents: a Cas9 nuclease and a sgRNA.

Altering the target DNA only needs designing different 
sgRNAs. The first 20  bp of sgRNA at the 5’ end recog-
nizes a specific sequence via Watson-Crick base pairing, 
while the 3’ end binds to the Cas9 nuclease that intro-
duces a DSB into the target DNA at the upstream of the 
protospacer adjacent motif (PAM). There are two pre-
requisites for sgRNA-Cas9 coupling to bind and cleave 
target DNA: (1) site-specific complementarity between 
the 20-nucleotide of sgRNA and the target DNA, (2) the 
existence of PAM (5’-NGG for SpCas9) adjacent to the 
target sequence [19]. Without PAM, even if entirely com-
plementary to sgRNA, Cas9 still cannot cleave the tar-
get DNA [20]. Of note, when the target DNA containing 

Table 1 Comparison of genome editing technologies
ZFN TALEN CRISPR

Length of target sequence 9-12 bp 14-20 bp 20 bp + PAM

Target DNA recognition DNA-protein interaction DNA-protein interaction DNA-RNA interaction

Target site Single Single Multiple

Nuclease Fok1 Fok1 Cas9

Efficacy Moderate Moderate High

Specificity Low Moderate High

Toxicity High Moderate Moderate

Design difficulty Complicated Complicated Simple

Clinical trial Moderate Low High

Disadvantage Toxic; limited site selection; expensive Difficult to deliver due to the large size Target DNA must 
have an upstream 
PAM; off-target effects
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the PAM component complements sgRNA to form the 
R-loop (RNA-DNA hybrid), the target sequence would 
be cleaved by two distinct domains of Cas9 nuclease: the 
HNH and RuvC-like domains [21–23]. Subsequently, 
DSBs are repaired by either NHEJ or HDR. NHEJ is an 
error-prone repair mechanism that usually creates ran-
dom insertions or deletions (indels), leading to frame-
shift mutations or genome rearrangements [24]. HDR 
utilizes a homologous DNA template to recognize DSB 
and insert the donor DNA at CRISPR cleavage sites [25, 
26]. More recently, the CRISPR/Cas9 plays a pivotal role 
in genome modification. Fusion of Cas9 protein mutant 
dCas9 (endonuclease-deficient Cas9) to activator or 
repressor could regulate gene transcription, respectively 
mediating CRISPR activation (CRISPRa) and CRISPR 
interference (CRISPRi) [27]. Different RNA-guided Cas9 
systems have been developed and tested in various clini-
cal trials. In this review, we mainly focus on the impacts 
of CRISPR/Cas9 gene editing on immuno-oncology, pro-
viding novel insights for cancer immunotherapy. Sche-
matic illustration of molecular mechanism of CRISPR/
Cas9 has been shown in Fig. 2.

Immuno-oncology: CRISPR/Cas9 in Tumor modeling
Intracellular and TME signals that coexist in vivo play a 
critical role in immune cell activation, proliferation, and 
function, which cannot be easily imitated in vitro models. 
Thereby, CRISPR technology facilitates a process from in 
vitro to in vivo. In vivo CRISPR modeling (Fig. 3), with 
the aid of Cas9-expressing or dCas9-expressing mouse 
models [28–30], has unique advantages in assessing 
tumor proliferation and response to T-cell based therapy 
[31]. Alternatively, organoids are advanced in vitro 3D 
models and can complement in vivo models to better 
simulate the TME.

CRISPR in vivo modeling of Tumor cells
Various CRISPR-engineered models have been devel-
oped to identify factors manipulating immune pressure 

in tumor models. Heterotopic transplantation of tumor 
cells is a promising strategy to evaluate tumorigenic 
potential and response to immunotherapy. Cas9-
expressing tumor cells transduced with sgRNA library 
are implanted into immunocompromised or immuno-
competent mice that simulate the absence or presence of 
immune surveillance [32–34]. Immunocompetent mice 
are treated with immune checkpoint blockade (ICB), 
adoptive T-cell transfer, or cancer vaccines. Subsequently, 
tumor cells from immunodeficient, immunocompetent, 
and immunotherapy-treated mouse models are extracted 
to perform sgRNA sequencing. These in vivo CRISPR 
models unravel genes involved in complicated interac-
tions between tumor cells, T cells, and the TME, greatly 
expanding upon studies focused on immuno-oncology 
interplay in vitro [35, 36].

In addition, CRISPR-mediated genetically engineered 
mouse models (CRISPR-GEMMs) have been estab-
lished, wherein orthotopically implanted tumors form 
in an original immune microenvironment that closely 
models human tumorigenesis [37]. In this case, the 
CRISPR library contains a tissue-specific promoter, 
sgRNA expression cassettes, and another sgRNA tar-
geting TP53. The pooled library is then transduced into 
inducible Cas9-expressing GEMMs; thereby, sgRNA-
mediated gene knockout occurs within a tissue-specific 
or cell type-specific manner. The GEMMs are monitored 
for tumor growth by bioluminescence and treated with 
ICI or a control followed by sgRNA sequencing. The suc-
cess of CRISPR-GEMMs relies on how to deliver pertur-
bation reagents to target cells efficiently, which greatly 
vary in different organs; hence, the current application 
of CRISPR-GEMMs is limited to brain, lung, and liver 
cancers [28, 37, 38]. Overall, constructing organ-specific 
tumor models is expected to identify tumor type-specific 
immune response, paving the way for precision immuno-
oncology [39].

Fig. 1 The timeline of CRISPR/Cas9
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CRISPR in vivo modeling of immune cells
In vivo CRISPR modeling, a pooled CRISPR sgRNA 
library was transduced into T cells that express Cas9 
and transgenic T cell receptor (TCR) before being adop-
tively transferred to mouse models. Antigen-specific T 
cells isolated from mice are sequenced to compare their 
sgRNA abundance with that of pre-transferred T cells, 
revealing T cell response in the context of infection, 
inflammation, and tumor.

Mouse infection models have been used to unravel 
the functional differentiation of effector T cells [40]. For 
example, naïve mice infected with lymphocytic chorio-
meningitis (LCMV) are injected with Cas9-expressing 
CD4+ T cells in vivo metabolic CRISPR screening, which 
identified ETNK1 and PCYT2 as regulators in the T fol-
licular helper (TFH) cells versus TH1 cell fate decision 
[41]. Mouse inflammation models are used to identify 
genes that regulate adaptive immune response in vivo 
[42, 43]. The sgRNA library-transduced CD4+ T cells 
are implanted into lymphocyte-deficient Rag1−/− mice 
that are immunized with ovalbumin (OVA) to induce 
lung inflammation. In this case, MTHFD2 is identified 
as a metabolic checkpoint controlling the proliferation 
and inflammatory function of lung-derived T cells [43]. 
CRISPR/Cas9 technology is also applied for tumor-bear-
ing mice, identifying regulators to improve CD8+ T cell 

effector function. In vivo CRISPR-screening for mouse 
CD8+ T cell fitness has been conducted in orthotopi-
cally implanted GL261 glioblastoma and E0771-OVA tri-
ple-negative breast cancer models. In these screenings, 
DHX37, PDIA3, and MGAT5 were identified as negative 
regulators of T cell response [44, 45].

CRISPR-engineered organoids in Tumor modeling
In addition to animal models, organoids are self-assem-
bling, three-dimensional (3D) cellular structures that 
retain critical features of the original tissue in vitro. 
Patient-derived organoids (PDOs) emerged as a novel 
preclinical model closely resembling patients’ tumors, 
which fills the conventional gaps in patient-derived can-
cer cells (PDCs) and patient-derived xenografts (PDXs). 
CRISPR allows the engineering of PDOs by introducing 
cancer gene mutations into normal organoids.

Organoids could be derived from embryonic stem cells, 
induced pluripotent stem cells (iPSCs), and somatic stem 
cells (SSCs). Stem cells from different tissues are isolated 
and cultivated in a 3D culture. Given the ability of self-
renewal while retaining the genotype and phenotype of 
their parent tissues, stem cells constantly proliferate, 
differentiate, and form the organoid in ex vivo. With 
recent technological advances in 3D culture systems, 
CRISPR fosters the generation of genetically predefined 

Fig. 2 Mechanism of CRISPR/Cas9-mediated DSB and subsequent repair. When the sgRNA forms base pairs with target DNA, two endonuclease domains 
of Cas9 (the HNH and RuvC domain) create a site-specific double-strand break (DSB) into DNA. Subsequently, DSBs are repaired by non-humongous end 
joining (NHEJ) or homology directed repair (HDR) mechanism
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tumor models to identify gene functions and tailor pre-
cision medicine in cancer treatment [46]. Lo et al. con-
structed gastric cancer organoid models with or without 
ARID1 mutations engineered by CRISPR/Cas9, revealing 
context-dependent roles of ARID1 in the early transfor-
mation of gastric cancer [47]. Two groups of Sato and 
Clevers transformed healthy human colon organoids into 
their cancerous counterparts by recapitulating the classic 
‘Vogelgram’ sequence of colon cancer by CRISPR/Cas9 
gene editing [48, 49]. Drost et al. applied CRISPR/Cas9 
technology to knockout DNA repair genes to model mis-
match repair (MMR)-deficient colon cancer organoids, 
revealing the mutational signatures underlying cancer 
initiation and progression [50]. Similar two studies con-
firmed the feasibility of using CRISPR/Cas9 technology 
to knockout tumor suppressor genes in small cell lung 
cancer (SCLC) and breast cancer organoid models, which 
helps explore the pathogenesis and drug responses [51, 
52].

Collectively, CRISPR-engineered organoids not only 
overcome the limitations of 2D cell culture but also 
complement animal models for gene interrogation. More 
importantly, tumor organoids can be used to verify find-
ings obtained from other model systems. Of note, more 
studies of CRISPR-edited organoids are still required in 
the immune-oncology intersection.

Immuno-oncology: CRISPR/Cas9 in target discovery
CRISPR screening is a powerful platform for biological 
discovery, using genome-scale sgRNA libraries for high-
throughput identification of drug targets and functional 
genes [53, 54]. CRISPR screens take full advantage of the 
efficiency and flexibility of CRISPR/Cas9 genome edit-
ing by enabling gene knock-out at the DNA level [11, 
18]. Compared with RNA interference (RNAi)-mediated 
loss-of-function screening, CRISPR/Cas9 shows higher 
sensitivity, less non-targeted interference, and slighter 
off-target effects [55].

Fig. 3 In vivo CRISPR modeling in tumor and immune cells. A. Tumor cells. Cas9-expressing tumor cells transduced with sgRNA library are implanted into 
immunocompromised or immunocompetent mice that model the absence or presence of immune surveillance. Immunocompetent mice were treated 
with different immunotherapies to discover genes reflecting drug-responsiveness. B. Immune cells. A pooled CRISPR sgRNA library was transduced into 
T cells that express Cas9 and transgenic T cell receptor (TCR) before being adoptively transferred to mouse models. Antigen-specific T cells isolated from 
mice are sequenced to compare their sgRNA abundance with that of pre-transferred T cells, revealing T cell response in the context of infection, inflam-
mation, and tumor
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There are two formats of CRISPR screening: pooled 
and arrayed [56]. In a pooled CRISPR screen, a sgRNA 
library is introduced into a bulk population of cells, such 
that individual cells undergo distinctive sgRNA-medi-
ated genetic perturbation. These sgRNAs are delivered 
by lentiviral or retroviral vectors and integrated into the 
DNA of the targeted cell. The gene-edited cells prolifer-
ate under selective pressure, such as drug treatment, cell 
competition, or viral infection. As engineered genetic 
perturbations affect the fitness of cells, competition exists 
among these cells for survival. The sgRNAs retained in 
the pool after the challenge are counted and specified 
with high-throughput sequencing or imaging technology. 
In arrayed CRISPR screens, cells with different sgRNA-
mediated perturbations are introduced in individual wells 
of a multi-well plate and remain physically separated. As 
gene perturbations in individual reaction compartments 
are predefined, read-outs do not need any sequencing, 
such as proteomic, metabolomics, or imaging profiling in 
arrayed screens. Even though arrayed screens are primar-
ily used for validation and mechanistic investigation, they 
are more labor-intensive and have lower throughput than 
pooled arrays; thereby, studies extensively apply pooled 
screens for discovery. CRISPR has unraveled several 

molecules in the immune-oncology field. Therefore, 
we list the recent findings in CRISPR/Cas9-mediated 
immune-oncology target discovery (Table 2).

Target discovery in Tumor cells
Tumor evolves various mechanisms to occur immune 
escape, comprising impaired antigen presentation, acti-
vation of oncogenic signals, reduced responsiveness 
to IFN-γ , and upregulated drug-resistance genes [57]. 
Large-scale CRISPR Cas9 genomic screening is a power-
ful tool for detecting cancer-specific immune-inhibitory 
targets that drive tumor evolution.

Perturbating candidate molecules in the signaling path-
way to ascertain their immunological function paves the 
way to enhance cancer immunotherapy. For example, 
phosphatase PTPN2 was identified as a novel immuno-
therapeutic target in the first in vivo CRISPR screening in 
tumor cells. PTPN2 deletion was confirmed to sensitize 
melanoma cells to ICB [32]. PTPN2 knockout has been 
shown to increase antigen presentation and T cell anti-
tumor toxicity [36]. Similarly, in vivo epigenetic CRISPR 
screen discovered ASF1A as a critical regulator of lung 
adenocarcinoma sensitivity to immunotherapy [35]. 
Loss of ASF1A in lung cancer cells facilitates M1-type 

Table 2 CRISPR/Cas9-mediated target discovery in the immuno-oncology
Location Target Biological function Genome-editing 

technology
Effects after CRISPR-engineering Ref-

er-
ence

Tumor cell PTPN2 A phosphate mediating IFN-γ 
sensing

CRISPR-KO PTPN2 KO increases antigen presentation and anti-
tumor toxicity.

[36]

ASAF1 A regulator of drug-sensitivity CRISPR-KO ASAF1 KO prompts M1-type macrophage polarization 
and potentiates T-cell activation

[35]

Cop1 A modulator recruiting M2-type 
macrophage

CRISPR-KO Cop1 KO decreases immune escape and enhances ICI 
efficacy

[36]

KEAP1 Drug-resistance gene CRISPR-KO KEAP1 KO allows tumor cells to proliferate without 
MAPK signaling.

[57]

Immune cell REGNASE1 Metabolism-related gene CRISPR-KO REGNASE1 KO enhances the accumulation of tumor-
specific T-cell

[58]

CARM1 Epigenetic enzyme CRISPR-KO CARM1 KO enhances anti-tumor immunity and sensi-
tizes resistant tumors to ICI

[59]

FLI1 Transcription factor CRISPR-KO CD8 + T-cells deleting Fli1 exert a more protective 
immunity.

[60]

CBAF and 
INO80 
complex

A regulator of T-cell exhaustion CRISPR-KO CBAF and INO80 complex KO prolongs T-cell 
persistence.

[61]

FAM49B Negative regulators of T-cell 
response

CRISPR-KO FAM49B KO prompts T-cell activation. [62]

Tumor-
immune 
interaction

PRC2 A negative regulator of IFN-γ-
induced MHC-1 expression

CRISPR-KO PRC2 KO upregulates MHC-1 expression and enhance 
tumor recognition by immune cells.

[63]

CMTM6 A positive regulator of IFN-γ-
induced PD-L1 expression

CRISPR-KO CMTM6 KO downregulates PD-L1 expression. [64]

TRAF3 A negative regulator for MHC-1 
expression

CRISPR-KO TRAF KO upregulates MHC-1 expression. [65]

SIGLEC Glycan-binding immune 
receptor

CRISPR-KO Blocking CD34-SIGLEC7 interplay makes tumor cells 
more vulnerable to immune cell attack.

[66]

Abbreviations. KO, knock out
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macrophage polarization by upregulating GM-CS 
expression and potentiates T cell activation via synergiz-
ing with anti-PD1 treatment. This provides a rationale 
for the combinatorial strategy of ASF1A inhibition and 
ICB therapy. In vivo CRISPR screens identified Cop1 as 
a modulator to recruit immunosuppressive macrophages 
that drive immune evasion, which is a potential target in 
triple-negative breast cancer to improve the efficacy of 
ICB [36].

Another application is identifying drug-resistant genes 
by integrating CRISPR screening and drug perturba-
tion [58]. Despite the wide use of tyrosine kinase inhibi-
tors (TKIs) in cancer treatment, most patients still fail 
to respond to them. CRISPR Cas9 knockout screening 
in lung cancer indicated that KEAP1 deletion alters cell 
metabolism, allowing cancer cell survival in the presence 
of RTK/Ras/MAPK pathway inhibitors [59]. Overall, 
loss-of-function screens help to discover drug-resistant 
genes to assist in treatment selection.

Target discovery in immune cells
T cell function, expansion, and persistence are essential 
for anti-tumor immunity [60]. Regulators of T cell quality 
and quantity are potent targets to enhance immunother-
apy. CRISPR/Cas9-mediated screening in T cells enables 
high-throughput identification of target genes that mod-
ulate T-cell behaviors, which can be achieved via loss-
of-function (CRISPR knockout, CRISPR interference) or 
gain-of-function (CRISPR activation) [61].

The success of cancer immunotherapy is highly depen-
dent on effector activity of antigen-specific T cells [62]. 
Wei et al. [63]. revealed metabolism-associated genes 
that can be reprogrammed to enhance T cell-mediated 
anti-tumor activities. In the B16-OVA melanoma mod-
els, the deficiency of ribonuclease REGNASE1 was 
proven to increase the infiltration of tumor-specific T 
cells within the tumor. CARM1, an epigenetic enzyme 
identified by CRISPR screening, exerts a dual role on 
both tumor cells and cytotoxic T cells to impede anti-
tumor immune response [64]. Therefore, CARM1 inacti-
vation elicits potent immunity while sensitizing resistant 
tumors to immunotherapy. CRISPR screen offers a plat-
form to identify reciprocal regulators that simultaneously 
inhibit tumor growth and enhance T-cell functionality. 
In vivo T-cell CRISPR screening platform identified Fli1 
as a transcription factor restraining effector T cell dif-
ferentiation [65]. CD8+ T cells deleting Fli1 exert a more 
protective immunity against tumors. Likewise, T-cell 
exhaustion limits the efficacy of immunotherapy. BAF 
and INO80 chromatin remodeling complex was shown to 
restrict T-cell persistence with the genome-wide CRISPR 
screening [66]. Moreover, a genome-wide CRISPR 
screening discovered a critical regulator, FAM498, 

hampers T cell activation by inhibiting Rac activity and 
modulating cytoskeletal remodeling [67].

Regulatory T (Treg) cells are a specialized subset of 
CD4+ T cells that act to maintain self-tolerance and 
immune homeostasis. By incorporating CRISPR screens 
and single-cell sequencing, HIVEP2 and SATB1 coregu-
late another gene network essential for Treg-mediated 
immunosuppression, which can be targeted to design 
Treg-based immunotherapy [68]. These findings together 
show the robustness of CRISPR/Cas9 screening for iden-
tifying novel targets for immunotherapy. Applications 
of CRISPR screening in other immune cells, such as NK 
cells, B cells, dendritic cell, and macrophages will fur-
ther deepen our understanding of immune regulatory 
networks.

Surface protein of tumor-immune interaction
Deletion of MHC-I-mediated antigen presentation 
could impede CD8+ T cell activation, prompting tumor 
cells to evade T cell-mediated killing [57]. PRC2, a nega-
tive regulator of IFN-γ -mediated MHC-I expression on 
tumor cells, was identified by a fluorescence-activated 
cell sorting (FACS)-based CRISPR screen [69]. IFN-γ  
signaling also affects the expression of PD-L1 that sub-
sequently binds to PD-1 expressed by tumor-specific T 
cells. A CRISPR screen uncovered that CMTM6 main-
tains IFN-γ -mediated PD-L1 expression on tumor cells 
to prompt immune evasion [70]. TRAF3 was screened 
as a negative regulator for MHC-I expression but not 
for PD-L1 expression; thereby, targeting TRAF3 upregu-
lates MHC-I expression to potentiate ICB efficacy [71]. 
SIGLECs, a family of glycan-binding receptors on the 
surface of immune cells, mediate tumor-immune interac-
tions and are potential targets to enhance immune sur-
veillance in vitro [72, 73]. A genome-wide CRISPR screen 
revealed a specific cell-surface glycan ligand (CD34) on 
leukemia cells that binds to SIGLEC7 protein. Block-
ing this interplay makes tumor cells more vulnerable 
to immune cell-induced lysis [57]. The application of 
CRISPR screens discovering ligand-receptor pairs under-
lying tumor-immune interactions provides novel insights 
into modulating the TME.

CRISPR/Cas9 advances adoptive cell therapy
ACT shows tremendous potential in treating hemato-
logic malignancies [13]. However, several challenges 
preclude ACT from reaching its full potential, involving 
T-cell exhaustion, immunosuppressive TME, off-target 
toxicity, and poor quality of T-cell manufacture [74, 75]. 
The emergence of CRISPR/Cas9 sparked a hope to rein-
vigorate CAR T-cell and TCR T-cell therapy in the past 
few years [76] (Fig. 4).
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Engineering “armored” T cells
For T-cell activation, both a primary signal (TCR-MHC) 
and a secondary co-stimulation signal are required. 
TCR signaling triggers cytokine secretion essential for 
modulating CD8+ T-cell function [77]. Also, the bal-
ance between co-stimulation and co-suppression signals 
affects T-cell persistence for effective immune surveil-
lance. Therefore, engineered T cells can “arm” themselves 
by CRISPR/Cas9 knock-in to secrete immune stimula-
tory cytokines or express ligands that improve the effi-
cacy of ACT (Fig. 5).

Besides CD28 and 4-1BB, many co-stimulatory 
domains have been incorporated into CAR T-cells, 
including CD27, OX40, and ICOS, giving rise to supe-
rior anti-tumor effect and prolonged T-cell persistence 
[78–81]. Studies have engineered CAR T-cells to consti-
tutively express CD40L that binds to CD40-expressing 
tumor cells, inducing a direct cytotoxicity effect and 
circumventing immune escape [82, 83]. After T-cell 
adoptive transfer, CD40/CD40L interaction activates 

antigen-presenting cells (APC) via the NF-κB path-
way, enhances the recruitment of immune effectors, 
and mobilizes endogenous tumor-recognizing T cells. 
Furthermore, CRISPR/Cas9-mediated CD40L-armed 
oncolytic therapy allows the TME to occur in similar 
immunological processes as above, driving a persistent 
immune response in the pancreatic ductal adenocarci-
noma (PDAC) mice model [84]. These provide a rationale 
for armoring T cells with CD40L by CRIPSR to optimize 
cancer immunotherapy.

Alternatively, cytokines are irreplaceable as the third 
signal outside TCR engagement and co-stimulation. CAR 
T-cells have been engineered to express IL-12 constitu-
tively with CRISPR/Cas9, enhancing T-cell functionality 
and attracting macrophages to disrupt TNF-α -mediated 
antigen-loss of tumor cells. Once encountering IL-12-se-
creting CAR T-cells, M2-type macrophages and myeloid-
derived suppressor cells (MDSCs) lose their inhibitory 
ability in the TME [85]. Membrane-bound IL-15 CAR 
T-cells trigger STAT5 signaling critical for prompting 

Fig. 4 CRISPR/Cas9 engineering for adoptive T cell therapy. CRISPR-engineered T cells from either allogeneic or autologous T cells hold the promise to 
enhance the efficacy and reduce the toxicity of TCR T-cell and CAR T-cell therapy via several mechanisms, including endogenous TCR disruption, TCR 
and HLA deletion, immunosuppressive factor knock-out, and cytokine modulation. Abbreviations: TAA, tumor-specific antigen; TCR, T cell receptor; CAR, 
chimeric antigen receptor
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anti-tumor activity and reversing T-cell energy [86]. 
Also, IL-18 is critical to increase IFN-γ  production and 
prompt CAR T-cell proliferation [87]. These stimula-
tory cytokines are usually transduced with viral vectors, 
while overexpression of cytokines may hamper T-cell 
cytotoxicity. Therefore, specific knock-in via CRISPR/
Cas9 enables cytokines to express under the control of 
endogenous promoters. Another weapon is knocking 
out transcriptional factors (TFs) that inhibit cytokine 
secretion, such as GATA3 [88]. By contrast, CRISPR-
mediated DHX37 ablation is reportedly to downregulate 
IL-6 secretion and enhance T-cell function [44]. AP-1 is 
another TF hamstrung by intracellular NR2F6. CRISPR 
knockout of NR2F6 has been shown to improve IFN-γ  
secretion and exert a synergistic effect in combination 
with PD-1 blockade [89]. Overall, the enhanced T-cell 
proliferation and persistence using CRISPR/Cas9 gene 
editing has emphasized the importance of co-stimulatory 
domains and cytokines.

Eliminating “immune brakes”
Resistance to ACT is motivated through T-cell-intrin-
sic and T-cell-extrinsic mechanisms. Extrinsic resis-
tance comprises loss of target antigen and acquisition of 
genetic alterations. Conversely, intrinsic resistance devel-
ops when the transduced T-cells fail to kill tumor cells 
where the TME harbors an abundance of immunosup-
pressive cells, molecules, signaling cascades, and meta-
bolic restrictions [90]. Hence, adoptive transferred T cells 

can be engineered to eliminate “immune brake” effects 
using CRISPR (Fig. 5).

The application of ACT in solid tumors is usually 
impeded by T-cell dysfunction led by the upregulation 
of co-inhibitory signals, thereby removing these inhibi-
tory molecules (PD-1, CTLA-4, LAG3) represents a first 
tractable strategy [91–94]. The most widely explored 
example is PD-1 knockout via CRISPR to reinvigorate 
CD8+ T cell effector function, which has been success-
fully validated in multiple pre-clinical models [92, 95–99] 
and clinical trials [100, 101]. CRISPR/Cas9-mediated 
double knockout of PD-1 and CTLA-4 showed more 
potent anti-tumor activity in CAR T-cells than deleting 
PD-1 alone [102]. As a negative regulator of T-cell per-
sistence, LAG-3 contends with CD4 for binding MHC-II 
while suppressing T-cell function [103, 104]. CRISPR can 
be used to generate LAG-3 knockout CAR T cells with 
strengthened T-cell functionality [93]. Applying CRISPR/
Cas9 to knockout diacylglycerol kinase (DGK) facili-
tates CD3 signaling and renders CAR-T cells resistant to 
immunosuppressive factors, such as TGF-β  and prosta-
glandin E2 [105].

Outside of immune checkpoints, CRISPR can be 
used to inhibit certain metabolic regulators, transcrip-
tional factors, and signaling molecules that contribute 
to T-cell-intrinsic resistance. Due to Fas-FasL-depen-
dent activation-induced cell death (AICD) attenuating 
CAR-T cell activity, the Fas ligand is another candidate 
target for CRISPR knockout [106]. A triple knockout of 

Fig. 5 Stimulatory and inhibitory factors of T-cell activation. Modulating co-stimulatory signals and related cytokines is essential for T-cell activation. 
Conversely, eliminating inhibitory signals using CRISPR/Cas9-mediated gene knockout, such as PD-1 and CTLA-4, could make T-cell-based therapy more 
potent. Abbreviations: APC, antigen-presenting cell; KO, knock-out; KI, knock-in; TCR, T cell receptor
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endogenous TCR, HLA-I, and FAS allows Fas-resistant 
universal CAR T-cells to display prolonger persistence in 
vitro and in vivo. Given the pleiotropic roles of TGF-β , 
Tang et al. utilized CRISPR to knockout TGF-β  receptor 
(TGFBR2) in CAR-T cells, rendering them unresponsive 
to exogenous TGF-β  signaling while exhibiting better 
tumor elimination efficacy in vivo [107]. Additionally, 
inhibition of NR4A transcriptional factor using CRISPR/
Cas9 results in the downregulation of PD1 and TIM-3 
[108]. Therefore, the potential can be seen for CRISPR/
Cas9 to ameliorate “immune brakes” and develop the 
next generation of ACT.

Reducing “on-target, off-tumor” toxicity
The “on-target, off-tumor” toxicity often occurs wherein 
CAR T cells cannot distinguish tumor and healthy cells 
expressing the same antigen. Cytokine release syndrome 
(CRS) is of widespread concern by triggering a positive 
feedback loop: activated immune cells release excessive 
cytokines that boost more immune cell activation, which 
would be fatal if not immediately managed.

CRISPR/Cas9-mediated cytokine modulation has the 
potential to reduce “on-target, off-tumor” toxicity (Fig. 
6A). Firstly, CRISPR/Cas9 knock-in technology permits 
engineered T cells to express bi-allelic or sequential genes 
in a site-specific manner [109, 110]. More specifically, 
cytokine-encoding cassettes could be knocked in specific 
gene loci via CRISPR/Cas9, placing cytokine expression 
under the control of endogenous promoters. Applying 
this strategy, IL-15 is inserted into the IL-13 gene locus, 
controlling IL-15 secretion under the IL-13 promoter 
in a T-cell activation-dependent manner [111]. Another 
strategy is the CRISPR/Cas9 knock-out of genes encod-
ing cytokines that drive CRS. CRISPR/Cas9 disruption of 
GM-CSF in CAR T cells could minimize risks of CRS and 
neuroinflammation while not compromising anti-tumor 
activity [112]. Likewise, as one of the most important 
initiators to amplify cytokine release, IL-6 knockdown 
can potentially ameliorate CRS and improve the safety of 
CAR T cell therapy [113].

Alternatively, CRISPR/Cas9 could knock out specific 
antigens on off-target cells. Since CD33 is widely dis-
tributed in normal and malignant cells in acute myeloid 
leukemia (AML), targeting it leads to serious myeloabla-
tion in treated patients. To address this limitation, a syn-
thetic strategy that combines CD33-targeted CAR T-cell 
therapy with CD33-knockout hematopoietic stem cell 
transplantation creates attractive on-target efficacy and 
reduced off-tumor toxicity [114–116].

Fratricide is another on-target off-tumor challenge 
when treating T-cell malignancies. Co-expression of can-
didate antigens by CAR T-cells and malignant T cells, 
such as CD7 and CD5, gives rise to self-activation and 
self-killing during CAR T-cell manufacture. CRISPR/

Cas9 knockout can overcome this barrier by disrupting 
the expression of surface antigens in T cells prior to CAR 
transduction (Fig. 6B). Fratricide-resistant CAR T cells 
have been successfully produced by targeting CD7 [117, 
118] and CD5 [119]. Overall, CRISPR could ameliorate 
“on-target, off-tumor” toxicity to improve the safety of 
ACT.

Generating “off-the-shelf” allogeneic T cells
The clinical benefit of ACT is greatly blocked by the 
costly, time-consuming, low-yield manufacturing of 
autologous T-cells from patients’ own. Especially patients 
with lymphocyte depletion often have no time to wait 
for autologous T-cell production before rapid tumor 
progression [120]. This issue could be circumvented by 
creating “off-the-shelf” allogeneic T-cell with high cost-
effectiveness, scalability, and standardized production 
[121].

Universal CAR T cells
Due to the presence of endogenous TCR and HLA on 
donor T cells, universal CAR T-cells often meet the 
challenges of Graft-Versus-Host-Disease (GVHD) and 
alloreactivity (host-versus-graft response) [122]. Recent 
CRISPR/Cas9 maturation can overcome these barriers 
by silencing the surface expression of TCR and HLA on 
T-cells. TCR could be silenced by CRISPR/Cas9 knock-
out of the TCRα  subunit constant (TRAC) or TCRβ  
gene (TCRB), diminishing the occurrence of GVHD [91]. 
Additionally, β 2 macroglobulin (B2M) forms heterodi-
mers with HLA-I, necessary for HLA-I surface expression 
[123]. The therapeutic potential of the CRISPR system 
has been demonstrated in generating allogeneic CD19-
directed CAR T cells with a double knockout of TCR and 
B2M, reducing the risk of autoimmunity [124]. By apply-
ing multiplex CRISPR, Liu et al. generated CAR-T cells 
with triple knockout genes (TRAC, B2M, and PD-1), 
which produced more cytokine release than standard 
CD19 CAR and double knockout while not compromis-
ing their potent efficacy [91].

Further success has been witnessed in a targeted 
knock-in of the CAR into the TRAC locus via HDR 
CRISPR/Cas9 mechanism while synchronously knock-
ing out the native TCR to produce universal T cells. 
Besides, conventional CAR T-cells that employ lentiviral 
vectors for transduction and integration of CARs into 
T-cells usually bring risks of random insertions [125]. 
Thereby, placing CAR under the control of endogenous 
TRAC promoter will drive stable receptor expression. 
Instead of disrupting TRAC directly, studies directed a 
CD19-specific CAR to the TRAC locus, which not only 
silence endogenous TCR but also leads to uniform CAR 
expression [109, 126]. More specifically, a guide RNA was 
designed to target the 5’ end of the first exon of TRAC, 
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leading to the silence of TRAC that encodes the native 
TCR, while an adeno-associated virus (AAV) vector was 
applied to transduce CAR expression to a defined loca-
tion in the genome. The resulting universal T cells show 
less insertional carcinogenesis, reduced tonic signaling, 
delayed T-cell exhaustion, and enhanced tumor elimina-
tion [109]. Overall, the TRAC locus is an ideal target for 
CAR knock-in and TCR knock-out to prepare universal 
allogeneic T cells, eliminating concerns of insertional 
carcinogenesis and TCR-induced autoimmunity [109, 
110] (Fig. 6C).

Universal TCR modified T cells
CRISPR/Cas9 also spurred an interest in universal allo-
geneic TCR-modified T-cell therapy, another sunset of 
ACT with broader applicability than CAR T cells. T cells 
are isolated from donors’ blood, genetically modified to 
encode the TCR protein, and then expanded and infused 
into patients [127]. TCRs are potential cancer immuno-
therapy candidates, expressed as either αβ  or γδ  het-
erodimers, which can be precisely knocked into specific 
genetic loci by CRISPR/Cas9. A high frequency of trans-
genic TCR is necessary to enhance TCR T-cell therapy. 
However, one major defect is the endogenous TCR com-
peting with transduced TCR to unify with CD3 [128]. 
Secondly, mismatches between endogenous and trans-
duced TCR will create four distinct TCR dimers with 
unpredictable epitope specificities leading to dangerous 
autoimmunity or GVHD [129].

Abrogation of endogenous TCR is a promising strategy 
to address TCR competition and mismatches. Knockout 
of endogenous TCRαβ  has been achieved by CRISPR/
Cas9 editing of the TRAC or TCRB loci. Legut et al. 
demonstrated that endogenous TCRβ  knockout effi-
ciently improves the expression of transgenic αβ  andγδ  
TCRs, boosting more potent antitumor responses while 
not aggravating T-cell exhaustion [129]. This finding can 
be attributed to the low affinity of endogenous TCRα  to 
dimerize with other TCR subunits. Since TCR mispairing 
remains prevalent following TRAC silencing, simultane-
ous TRAC and TCRB knockout in single transduction via 
CRIPSR/Cas9 RNPs allows for increased transgenic TCR 
expression in edited T cell populations [130]. Hence, to 
construct CRISPR-mediated TCR abrogation, sgRNAs 
are designed to target the first exon of TRAC or TCRB, 
followed by T-cell transduction with lentiviral particles 
(Fig. 6D).

The next-generation of CRISPR/Cas9-modified 
adoptive cell therapy
Cancer immunotherapy engineered by CRISPR/Cas9 sys-
tem is making continuous progress for clinical use, with 
various clinical trials now underway (Table-3). Alter-
native strategies have started to emerge with improved 

efficiency and lower off-target effects compared to con-
ventional CRISPR-Cas9. Future perspectives of CRISPR/
Cas9-based methodology could improve its bioavailabil-
ity and therapeutic potential [131]. The next-generation 
gene editing technologies that change the sequence of 
a single base pair at a target site without introducing 
DSBs offer a platform to bring unprecedented precision 
and improve the safety of CRISPR-engineered ACT via 
reducing off-target mutations. The two latest innovations 
include base editors and prime editors.

Base editors, consisting of a catalytically deficient Cas9 
variant and a deaminase, induce specific point mutations 
without creating DSBs or depending on HDR [132–134]. 
Two major types of base editors, including cytosine base 
editor (CBE) and adenine base editor (ABE), mediate four 
possible transversions: C to T, T to C, A to G, and G to A 
[132, 135, 136]. A prominent advantage of base editors is 
that genetic modification occurs with single-nucleotide-
level precision, minimizing off-target effects while main-
taining efficient on-target response. This technology has 
been validated in multiplexed gene disruption in primary 
T cells, highlighting its great prospects in the context of 
ACT [137]. However, base editors cannot avoid single-
nucleotide variants (SNV) and even act on RNA, limiting 
its genome editing specificity [138].

The prime editor consists of a nCas9 and a reverse 
transcriptase. The modified gRNA guides a site-specific 
binding while serving as a template to synthesize new 
DNA strands. Prime editing with no restriction of editing 
window is more versatile than base editing to mediate all 
possible base transitions [139]. Meanwhile, prime editing 
displays high specificity with little off-target effects than 
conventional CRISPR/Cas9. Moreover, this approach 
leads to fewer indels than genetic modification via 
CRISPR-mediated HDR [140, 141]. Efforts to apply prime 
editing in human cell lines have yielded pleasant success. 
More studies are still required to exploit this technology 
in immune cells and fully characterize its safety profile.

Challenges and perspectives
The fast-developing CRISPR/Cas9 has revolution-
ized cancer immunotherapy by specifically modifying 
immune cells, but it still has many limitations and risks. 
Of note, major challenges include off-targeting toxicity 
and mutations, Cas9-related immunogenicity, delivery 
method, T-cell exhaustion and senescence, and immu-
nosuppressive factors in the TME. The balance between 
efficacy and toxicity will determine the scalability of ACT 
in clinical use.

The safety of the CRISPR/Cas9 system in cancer immu-
notherapy is always the priority. Firstly, off-targeting is a 
significant risk factor of CRISPR/Cas9. When applying 
the CRISPR system to a complicated genomic species, 
DSB may occur at off-target sites owing to the similarity 
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within the genome, potentially leading to unintended 
mutations [142]. Therefore, reducing the off-target activ-
ity of Cas9 can be achieved by developing Cas9 variants, 
designing sgRNA with high specificity, choosing a suit-
able delivery system, and targeting sequences with low 
GC content [143–145]. Secondly, the human immune 
system may recognize Cas9 as a foreign protein and 
develop autoimmune responses, manifesting the poten-
tial risk of inflammation and even mortality during 
CRISPR/Cas9-based cancer therapy [146]. Several strat-
egies have been proposed to overcome immunogenicity: 
(1) co-administrating immunosuppressants, (2) modify-
ing the secondary structure of sgRNA, and (3) targeting 
immune-privileged organs [146–148]. Moreover, NHEJ 
and HDR may generate deleterious DSB repair byprod-
ucts that threaten genome stability during CRISPR 
genome editing [149, 150]. PEM-sequencing, HTGHT, 
and SuperQ emerged to help distinguish various DNA 
repair products [151]. Additionally, the safe delivery of 
the CRISPR system to the target site is another concern. 

Compared to viral delivery vectors, non-viral delivery 
vectors allow for ACT with a lower risk of immunoge-
nicity, greater capacity, and more precise targeting [152, 
153]. Nanotechnology-based delivery of CRISPR/Cas9 
recently opened a new way for clinical translation, as 
reviewed elsewhere [154]. CRISPR delivery strategy will 
be continuously optimized to become an effective thera-
peutic tool. Other challenges of CRISPR/Cas9 therapeu-
tic use, involving low-efficacy delivery of gene editing 
components, inefficient repair by DSBs via HDR, and 
high-frequency genomic mutations at target sites, also 
require better solutions in the future [155].

Importantly, there has been a rapid expansion of vari-
ant Cas proteins that broaden the applicability of the 
CRISPR toolbox as a research or therapeutic tool. One 
source of variants arises from the Cas9 orthologues that 
possess distinct characteristics. For instance, the Staphy-
lococcus aureus Cas9 (SaCas9) identifies a different PAM 
sequence from SpCas9, thereby providing an avenue to 
target alternative genomic loci. Some enzymes, including 

Fig. 6 Innovations of CRISPR to improve the safety and scalability of ACT. A. CRISPR/Cas9-mediated cytokine knockout could avoid cytokine release 
syndrome (CRS). B. CRISPR/Cas9 could be used to knock out target antigens in off-target cells, such as CD7. C. CRISPR/Cas9 could be used to generate 
universal CAR T-cells via deleting endogenous TCR and HLA, reducing the risk of Graft-versus-host disease (GVHD) and alloreactivity. D. CRISPR/Cas9 could 
be used to generate universal TCR T-cells via knocking out endogenous TCR, overcoming on-target off-tumor challenges to broaden disease applications. 
Abbreviations: CRS, cytokine release syndrome; GVHD, Graft-versus-host disease; TCR, T cell receptor; KO, knock out
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SaCas9, Neisseria meningitidis Cas9 (NmeCas9), and 
Campylobacter jejuni Cas9 (CjCas9), exhibit smaller sizes 
than SpCas9. This feature facilitates their much easier 
incorporation into delivery vectors with size restric-
tions, such as AAV [156–158]. Also, Cas9 variants have 
been developed to address the limitations of DSB cleav-
age. Specifically, Cas9 nickase (Cas9n) variants have been 
modified in the RuvC or HNH domain, allowing Cas9 
to exclusively cleave only the targeted or non-targeted 
DNA strand, respectively [144]. Mutations occur in both 
catalytic domains to produce the dCas9 variant. Thereby, 
dCas9 is independent of Cas9 catalytic activity and can 
be easily attached to functional enzymes, creating diverse 
site-specific modifications [159]. Furthermore, other 
families of Cas proteins are also utilized in genome edit-
ing. Cas12 (known as Cpf1) only requires crRNA guid-
ance for DNA targeting, streamlining the procedure of 
target multiplexing [160]. Cas13 cleaves RNA specifically 

instead of DNA, creating an alternative approach to 
modulating gene expression [161]. Given the continuous 
identification of naturally occurring Cas proteins and the 
popularization of engineered Cas proteins, the expanded 
repertoire of CRISPR tools allows for selecting an appro-
priate platform to maximize therapeutic potential.

Of note, CRISPR/Cas9-mediated editing approach 
offers a promising means for precision or personalized 
medicine. Next-generation sequencing (NGS) technol-
ogy allows for the availability to cancer genomic profiles, 
which could be used as a base by CRISPR/Cas9 for cor-
recting the mutated genes [162, 163]. Therefore, the com-
bination of CRISPR/Cas9 system with NGS technology 
holds the promise to speed up the identification and tar-
geting of tumor-driven or synergistic lethal genes, help-
ing to improve cancer immunotherapy choices.

Table 3 Clinical trials of adoptive cell therapy using CRISPR/Cas9 technology
Identifier Phase Target Cancer type Immunotherapy Status Last 

update
NCT04637763 Phase 1 CD19 B-cell non-Hodgkin 

lymphoma
Allogeneic CRISPR/Cas9-engineered T cells 
(CB-010)

Recruiting 2023/6/15

NCT05643742 Phase 
1/2

CD19 B cell malignancies Allogeneic CRISPR/Cas9-engineered T cells 
(CTX112)

Recruiting 2023/3/31

NCT05662904 Phase 1 CD33 AML Allogeneic hematopoietic stem cell 
transplantation

Not yet 
recruiting

2022/12/23

NCT05795595 Phase 
1/2

CD70 Solid tumors Allogeneic CD70-directed CAR-T cell 
(CTX131)

Recruiting 2023/4/19

NCT04502446 Phase 1 CD70 T or B cell malignancies Allogeneic CRISPR/Cas9-engineered T cells 
(CTX130)

Active 2023/4/27

NCT04438038 Phase 1 CD70 Renal cell carcinoma Allogeneic CRISPR/Cas9-engineered T cells 
(CTX130)

Active 2023/5/11

NCT04244656 Phase 1 BCMA Multiple myeloma Allogeneic CRISPR/Cas9-engineered T cells 
(CTX120)

Active 2022/7/18

NCT04426669 Phase 
1/2

CISH Gastro-intestinal (GI) 
cancer

Genetically engineered TIL Recruiting 2023/3/3

NCT05566223 Phase 
1/2

CISH Non-small cell lung cancer Genetically engineered TIL Not yet 
recruiting

2022/12/9

NCT04035434 Phase 
1/2

Endo-TCR B cell malignancies Allogeneic CRISPR/Cas9-engineered T cells 
(CTX110)

Recruiting 2023/7/17

NCT03166878 Phase 
1/2

Endo-TCR/B2M B-cell leukemia and 
lymphoma

UCART019 Unknown 2017/6/23

NCT03545815 Phase 1 Endo-TCR/PD-1 Solid tumors Anti-mesothelin CRISPR/Cas9-mediated 
CAR-T cell

Unknown 2020/8/10

NCT03399448 Phase 1 Endo-TCR/PD-1 Multiple myeloma; Mela-
noma; Synovial sarcoma

NY-ESO-1 TCR-T Terminated 2023/6/22

NCT03690011 Phase 1 CD7 T-cell malignancies Autologous T cells Recruiting 2023/4/28

NCT04264078 Phase 1 CD7/TRAC T/NK cell hematologic 
malignancies

Allogeneic CAR-T cell Unknown 2021/6/28

NCT04557436 Phase 1 CD52/TRAC B-ALL Allogeneic CAR-T cell Active 2023/5/31

NCT03747965 Phase 1 PD-1 Solid tumors Mesothelin-directed CAR-T cell Unknown 2018/11/20

NCT04417764 Phase 1 PD-1 Hepatocellular carcinoma Engineered T cells Recruiting 2023/2/9

NCT02793856 Phase 1 PD-1 Non-small cell lung cancer Engineered T cells Completed 2021/1/12

NCT03081715 Phase 1 PD-1 Esophageal cancer Engineered T cells Completed 2019/6/12
Abbreviations. CAR, chimeric antigen receptor; TIL, Tumor infiltrating lymphocytes; ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia
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Conclusion
Given the advantages of mouse models and organoids 
that fully characterize the TME, CRISPR screening pro-
vides a powerful genetic editing platform to discover 
important tumor-associated targets and monitor immu-
notherapy regimens. Despite the advent of ACT shedding 
light on tumor treatment, its wide application remains 
limited due to some hurdles. The versatile CRISPR/
Cas9 system is set to surmount these barriers to improve 
ACT’s potency, scalability, and safety. Trials for novel 
CRISPR-engineered ACT are still in early infancy, and 
preliminary trial results will lay the foundation for the 
clinical use of CRISPR-modified immunotherapy. Using 
CRISPR/Cas9 to understand cellular and molecular 
mechanisms underpinning tumor-immune interactions 
will provide a solid rationale to engineer ACT to achieve 
its full therapeutic potential.
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