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Abstract 

The incidence and mortality of cancer are the major health issue worldwide. Apart from the treatments developed 
to date, the unsatisfactory therapeutic effects of cancers have not been addressed by broadening the toolbox. The 
advent of immunotherapy has ushered in a new era in the treatments of solid tumors, but remains limited and 
requires breaking adverse effects. Meanwhile, the development of advanced technologies can be further boosted by 
gene analysis and manipulation at the molecular level. The advent of cutting-edge genome editing technology, espe-
cially clustered regularly interspaced short palindromic repeats (CRISPR-Cas9), has demonstrated its potential to break 
the limits of immunotherapy in cancers. In this review, the mechanism of CRISPR-Cas9-mediated genome editing and 
a powerful CRISPR toolbox are introduced. Furthermore, we focus on reviewing the impact of CRISPR-induced dou-
ble-strand breaks (DSBs) on cancer immunotherapy (knockout or knockin). Finally, we discuss the CRISPR-Cas9-based 
genome-wide screening for target identification, emphasis the potential of spatial CRISPR genomics, and present the 
comprehensive application and challenges in basic research, translational medicine and clinics of CRISPR-Cas9.
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Background
Surgery, radiotherapy, and chemotherapy [1–3] are 
recognized, preferred, and widely used worldwide for 
cancer therapies. Targeted therapy [4], photothermal 
and photodynamic therapies [5] are now improved and 
developed. However, individualized treatment of cancer 
is still in the initial stage. Radiation injury, drug toxicity 
[6–8], and other adverse reactions may occur in con-
ventional curing and even lead to death [9], we urgently 
need to broaden new tools for cancer treatment. Can-
cer immunotherapy fights the growth and invasion of 
tumor cells by restoring or stimulating the immune sys-
tem [10]. Immunotherapy generally includes cytokine 
therapy, immune checkpoint blockade, adoptive cellular 
immunotherapy (ACT), cancer vaccine, oncolytic virus 
therapy, DC cell therapy, and antibody-drug conjugate 
(ADC). Additionally, the anti-CD19 chimeric antigen 
receptor (CAR) demonstrated a breakthrough in cur-
ing liquid tumors [11]. In 2017, the anti-CD19 CAR was 
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approved by the Food and Drug Administration (FDA) 
for treating refractory B-cell leukemia and lymphoma 
[12]. Regina et  al. [13] reviewed advances in CAR-T 
therapise such as multiple approaches using synthetic 
biology and orthogonal receptors, aiming to overcome 
antigen escape and modulate the tumor microenviron-
ment (TME). Nevertheless, several factors, such as the 
immunosuppressant antagonism and cytokine release 
syndrome (CRS) of chimeric antigen receptor T-cell 
(CAR-T), lead to immunotherapy being mostly limited 
to the experimental stage.

Generally, the development of sophisticated technol-
ogy is associated with advances in gene analysis and 
manipulation at the molecular level [14]. In addition to 
the burgeoning field of base and prime editing, the effi-
ciency and success of gene editing depends on whether 
double-strand breaks (DSBs) can be generated at spe-
cific, accurate, and predictable sites [15]. Consequently, 
broken ends can be rejoined through non-homologous 
end joining (NHEJ) and microhomology-mediated 
end joining (MMEJ), which may contribute to inser-
tions and deletions (INDELs). Gene mutation can 
give rise to inactivation or be repaired by homologous 
recombination repair (HDR) pathway [16, 17]. We are 
endowed with four types of powerful nucleases, such 
as meganucleases, zinc-finger nucleases (ZFNs), tran-
scription activator-like effector nucleases (TALENs) 
and clustered regularly interspaced short palindromic 
repeats (CRISPR)-associated protein 9 (CRISPR-Cas9) 
[18–20] (Table 1). Specifically, CRISPR-Cas9 is superior 
to the others in scalability, flexibility, and operability, 
which can be easily constructed by expressing differ-
ent single guide RNAs (sgRNAs). The convenience of 
designing sgRNAs to target virtually any part of the 
genome - which enables the development of pooled, 
genome-scale CRISPR libraries (a feat that TALENs or 
ZFNs cannot achieve). Briefly, researchers have recog-
nized CRISPR-Cas9 as the most promising gene editing 
approach [21].

Basic mechanism of CRISPR‑Cas9‑mediated 
genome editing
Barrangou et  al. [22] performed infection experiments 
with Streptococcus thermophilus and revealed that the 
CRISPR-Cas9 system provides resistance to phages, 
providing the first experimental evidence for its adap-
tive immunity role. Generally, CRISPR-Cas-mediated 
adaptive immunity occurs over three steps: acquisi-
tion, transcription, and interference [23]. It can be sim-
ply summarized as acquiring foreign DNA to integrate 
into the host CRISPR locus, producing mature crRNA 
(CRISPR-derived RNA) and Cas protein cleaving the 
target sequence under the guidance of RNA. In conclu-
sion, The system includes a Cas9 nuclease and a guide 
RNA (gRNA). Generally, gRNA consists of crRNA and 
transactivating crRNA (tracrRNA) that forms base pairs 
with DNA target sequences, allowing Cas9 to introduce a 
site-specific DSB into DNA. TracrRNA:crRNA is usually 
designed as a single RNA complex (sgRNA). The two-
component structure of sgRNA and Cas9 is easy to oper-
ate. Multiple editing of the target locus can be achieved 
by designing multiple sgRNAs. Collectively, the 5′ end 
recognizes a specific DNA target sequence by Watson-
Crick base pairing, while the Cas9 nuclease binds to the 
3′ end of the sgRNA, causing a target DSB at about 3 bp 
upstream of the protospacer adjacent motifs (PAMs) 
[24, 25]. By investigating the structure of Streptococcus 
pyogenes Cas9 [26], it was found that the mechanism of 
DSB may be implicated in the conformational change of 
RNA-target DNA binding. Of note, site-specific cleavage 
occurs at the location determined by base-pairing com-
plementarity between the crRNA (sgRNA) and the tar-
get protospacer gene positions and short motifs (PAMs) 
juxtaposed to complementary regions of the target DNA 
[25]. In the absence of PAM, even entirely complemen-
tary target sequences cannot be recognized by Cas9 
[27]. PAM is an important prerequisite for the design of 
sgRNAs. Of note, it has been demonstrated that PAM 
plays an indispensable role in the stages of adaptation 

Table 1  Comparison of the genome-editing tools we are endowed with

Meganuclease ZFN TALEN CRISPR-Cas9

Target site recognition Protein-DNA interaction Protein-DNA interaction Protein-DNA interaction RNA-DNA interaction

Target site Single Single Single Multiple

Efficiency Low Low Low High

Recognition 5′-TAG​GGA​TAA​CAG​GGT​AAT​-3′ Guanine-rich region 5′-T…….…..…..A-3′ ……………5′-NGG-3′

Endonuclease I-Crel/I-Scel (LAGLIDADG 
family)

FokI FokI Cas9

Design difficulty /Time cost Complicated/Time-consuming Complicated/Time-consuming Complicated/Time-consuming Simple/Time-saving

Other disadvantages Potential genotoxicity/The 
length of the I-SceI site

Toxic/Expensive/Limiting 
target length is 3 multiples

Large protein size (difficult to 
deliver in the human genome)

Restricted by PAM/
Off-target effects
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and interference in type II systems [28]. After binding to 
the PAM and DNA-sgRNA hybrid formation, the RuvC 
and the HNH nuclease domain of Cas9 play significant 
roles in introducing DSBs into the target sequence [29]. 
Overall, the requirements for identifying target DNA are 
as follows: 1) site-specific complementarity between a 
20-nucleotide crRNA sequence (sgRNA) and the target 
DNA; 2) an NGG protospacer motif adjacent to the tar-
get sequence (PAM) presence [26]. Subsequently, DSBs 
are repaired by the cellular self-repair mechanisms. NHEJ 
and MMEJ typically cause INDELs of genes to disrupt 
protein-coding sequences and develop functional knock-
outs. The repair template consists of the target gene and 
homologous sequences of the target sequence (homologs) 
[30]. By introducing donor DNA templates, HDR can be 
used to knock in specific genes at CRISPR cleavage sites 
[31]. Given this, it has been observed that the Cas9 fam-
ily targeting RNA. In parallel, diversified RNA-targeted 
Cas9 systems have been established and opened up new 
applications [32]. In this study, we focus on reviewing the 
impact of CRISPR-induced DSBs (knockout or knockin) 
on cancer immunotherapy.

A powerful CRISPR toolbox
In addition to editing, the CRISPR-Cas9 system can also 
regulate gene function by nuclease-deactivated Cas9 
(dCas9)-sgRNA complex - CRISPR activation (CRISPRa) 
and CRISPR interference (CRISPRi), which activated 
or repressed target genes by recruiting various effector 
domains, resulting in transient transcriptional and epige-
netic modulation [33]. Kira S. et al. [34, 35] summarized 
the evolutionary classification of the CRISPR-Cas sys-
tem in 2015 and 2020, respectively. The CRISPR system 
has two distinct classes, class I and class II. The class I 
includes types I, III and IV, are defined by multi-Cas pro-
teins, while the class II includes types II, V, and VI, based 
on Cas9, Cas12 (Cpf1), and Cas13 effectors, singly. Types 
I is typically utilized to gene editing by recruiting Cas3 
nucleases and cascades, or regulating gene expression 
by cascades alone [36]. Type III CRISPR-Cmr or -Csm 
systems can attach to sequence-specific RNA targeting 
and non-sequence-specific and transcription-depend-
ent DNA targeting, thereby conferring the possibility of 
gene silencing and genome editing by this system [37]. 
Compared to two nuclease domains of Cas9, Cas12 con-
tains a single RuvC nuclease domain, which cuts double-
stranded (dsDNA) or single-stranded DNA (ssDNA) 
nonspecifically [38], while Cas13 contains two HEPN 
domains that cleaves RNA specifically [39]. Since the 
continuous discovery of naturally occurring Cas proteins 
and the application of engineered Cas proteins, an appro-
priate CRISPR tool can be chosen from the broadened 
toolbox to expand the therapeutic potential (Fig. 1).

Outstanding role‑played by CRISPR‑Cas9 
Technology in the Cellular Therapy
Cancer immunotherapy aims to activate the immune sys-
tem in an inhibitory condition due to the TME, restor-
ing its ability to kill tumor cells [40]. Generally speaking, 
cellular therapy is to extract T cells, NK cells, etc. from 
patients and develop their antitumor activity in  vitro. 
Furthermore, pre-conditioning chemotherapy is required 
prior to infusion, and these cells are then injected back 
into the body, enabling personalized cancer treatment. 
Compared with traditional chemoradiotherapy and other 
modalities, cell therapies are less toxic and safer if man-
aged properly [41].

Application of CRISPRs in CAR‑T therapy
“Arm” the cells via CRISPRs
For oncology patients, the immune system tends to pre-
sent poor co-stimulation and high co-suppression in 
TME. Moreover, T cells generally develop phenotypic 
and functional states that are difficult to exert antitumor 
effects, such as poor proliferation and severe apoptosis 
[42]. Relevant molecules can be knocked in via CRISPR-
Cas9, so CAR-T can “arm” itself to improve the effect of 
immunotherapy.

CD40 ligand (CD154) belongs to the TNF-α gene 
superfamily. CD40L binds to the cognate receptor CD40, 
participating in multiple immunological processes [43]. 
Curran et  al. [44, 45] aimed to establish the constitu-
tive expression of CD40L for tumor-targeted CAR-T. 
CD40L+ CAR-T cells revealed superior antitumor effects 
compared with the control group. CD40/CD40L interac-
tion in vivo produces a direct cytotoxic effect on CD40-
expressing tumor cells and further circumvents tumor 
immune escape. CD40 induces the anti-apoptotic mol-
ecule Bcl-xL through CD40L to activate antigen-present-
ing cells (DCs) via NF-κB pathway [46]. Subsequently, the 
pro-inflammatory cytokine IL-12 was developed as a vital 
molecule and mobilized tumors to recognize endogenous 
T cells [45]. In addition, Wang et  al. [47] also reported 
that HSV-1-derived CD40L-armed oncolytic therapy 
by CRISPR-Cas9-based gene editing endues TME with 
the above immune processes, which provides a lasting 
endogenous immune response in pancreatic ductal ade-
nocarcinoma mice model [48].

Requiring TCR with antigen presentation signals (first 
signal) and costimulatory signals (second signal) for 
effector T cell production, cytokines are also irreplace-
able (third signal). Editing constitutive expression of 
interleukin-12 (IL-12) in CAR-T cells with CRISPR-Cas9 
may effectively attract macrophages to disrupt TNF-α-
mediated processes that result in antigen-losing of tumor 
cells. Immunosuppressed macrophages and myeloid-
derived suppressor cells (MDSCs) lose their inhibitory 
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ability when exposed to IL-12-secreting CAR-T cells [49]. 
Moreover, IL-12 indirectly mediates innate and adap-
tive immune processes (as a “bystander”) by improv-
ing the activity of type 1 helper T, cytotoxic T, and NK 
cells [50–52]. To locally accumulate high levels of IL-12 
in solid tumor lesions, CAR-T cells were retrovirally 
transduced with the inducible IL-12 expression cassettes 
[49]. Therefore, IL-12 can be loaded and transported via 
CAR-T, like a “cargo”. Correspondingly, IL-15 appears to 
be associated with T-memory stem cells (TSCMs) [53]. 
Researchers constructed a chimera co-expressing anti-
CD19 CAR and membrane-bound IL-15 (mbIL15) and 

found that mbIL15-CAR-T cells established the stat5 
signaling. The stat5 signaling is capable of inhibiting acti-
vation-induced cell death (AICD) [54], strengthening the 
antitumor activity of CAR-T in  vivo [55], and reversing 
T cell energy [56]. Cytokines discussed above are usually 
stimulated by the viral construction of expression vectors 
(γ-virus and lentivirus), but their integration into non-
target gene targets has always been a concern. Moreover, 
overexpression of cytokines may lead to side effects such 
as abnormal proliferation or toxicity of T cells. Therefore, 
knocking in specific gene loci (such as T-cell receptor α 
constant (TRAC)) via CRISPR-Cas9 to properly express 

Fig. 1  Naturally occurring Cas proteins and the engineered Cas proteins. These systems are divided into two categories: Class I utilize multiple 
Cas proteins to form effector complexes while Class II perform targeting and nuclease activity with a single Cas protein. a Type I-E, also known 
as Cascade, is a DNA nuclease. b Type III, is a DNA/RNA nuclease. The activation of both the HD and the Palm domains of the Cas10 subunit is 
crucial to confer immunity. c Type II (Cas9), has high GC protospacer adjacent motifs (PAM). TracrRNA:crRNA is usually designed as a single RNA 
complex (sgRNA). Cas9 is the most widely characterised protein. d Type V (Cas12), has high AT PAM, can process its own crRNA and possess an 
RNA processing site. e Type VI (Cas13), has no PAM requirement, targets RNA specifically. The Cas9 protein loses cleavage activity by introducing 
D10A and H840A mutations into the RuvC and HNH domains respectively. f, g CRISPR activation (CRISPRa) and CRISPR interference (CRISPRi), which 
activated or repressed target genes by recruiting various effector domains, resulting in transient transcriptional and epigenetic modulation
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these cytokines under the control of endogenous pro-
moters is urgent. Since the TRAC promoter is constitu-
tively active in T cells, under the control of endogenous 
promoters contributes to more uniform CAR expression 
in T cells, increases T cell potential, and reduces terminal 
differentiation and exhaustion [57].

Coincidentally, high expression levels of CXCR2 
ligands, such as CXCL1, and CXCL2, have been found to 
be associated with the growth, invasion, and metastasis 
of hepatocellular carcinoma (HCC). Jin et al. [58] intro-
duced CXCR2 into HCC-targeting CAR-T cells, indicat-
ing that CXCR2 expression can stimulate the “cohesion” 
of CAR-T cells at the tumor site and ensure their migra-
tory effect to the TME in HCC. Most of the chemokine 
receptors mentioned above are introduced by viral 
transduction, and has been shown to be successful for 
CAR-NK cells, offering homing and tumor infiltration in 
the TME [59]. Notably, the application of CRISPR-Cas9 
technology to express tumor-specific ligands for appro-
priate chemokine receptor-targeted engineered CAR-T 
cells holds great promise, although no studies have 
yet proven the efficacy. Low efficiency of targeted 
integration of CRISPR/Cas9-mediated knock in is a 
major factor [60], which may be improved by designing 
homologous arms of HDRs and screening highly func-
tional sgRNAs [61, 62].

Another “weapon” is the PD1/CD28 chimeric switch 
receptor (CSR), which converts the inhibitory signal of 
PD-1 from CAR-T cells to the activation signal of CD28 
[63]. Expression of the extracellular domain of PD-1 also 
competitively binds to PD-L1 in tumor cell surface recep-
tors [64]. A reduction in the incidence of CRS for CAR-T 
can be found after CRS is armed. Although no studies 
have yet demonstrated the effects of using CRISPR to 
knock CSR into CAR-T, the functions of CSR will provide 
a new line of research with us.

Knock out immune checkpoints, eliminating “immune 
brakes”
TME harbors a variety of immunosuppressive cells, such 
as MDSCs, tumor-associated macrophages (TAMs), 
and regulatory T cells (Tregs). Tumor cells up-regulate 
ligands (e.g., PD-L1) and produce other common inhibi-
tory signals, generating a “brake” effect. In this condition, 
CAR-T cell therapy can be developed by knocking out 
these molecules using CRISPR-Cas9.

Initially, the research focus is programmed cell death 
protein 1 (PD-1) [65], a checkpoint inhibitor presented 
on the surface of activated T cells that can bind to the 
PD-L1 receptor on tumor cells. The expression of PD-L1 
can be promoted by different signaling pathways, includ-
ing genetic changes of PD-L1 (such as gene amplification 
or transcription disorders) and epigenetic mechanisms 

(such as the dis-proportionality of microRNAs, abnormal 
DNA histone, and methylation modification). Binding of 
PD-1 to PD-L1 can cause phosphorylation of two tyros-
ines in the cytoplasmic domain of PD-1; phosphoryl-
ated PD-1 directly or indirectly recruits the cytoplasmic 
tyrosine phosphatases Shp2 and Shp1 [66, 67], thereby 
activating tumor proliferation and survival by terminat-
ing various downstream events such as CD28 signaling 
(Fig. 2).

The Su group [68] described a non-virus-mediated 
method that demonstrated the possibility of electropo-
ration to reprogram T cells by knocking out PD-1 from 
plasmids encoding sgRNA and Cas9. In addition, PD-L1 
may be deleted using indirect methods. Tu et  al. per-
formed CRISPR-Cas9 encapsulated in nanoparticles to 
specifically knock out cyclin-dependent kinase 5 (Cdk5) 
gene [69], thereby significantly reducing PD-L1 expres-
sion in tumor cells. Enhanced CAR-T cytotoxicity was 
shown to CRISPR-Cas9-mediated PD-1 depletion above. 
Moreover, another pivotal immune checkpoint is CTLA-
4. Hence, utilizing CRISPR-Cas9 to block the PD-1 and 
CTLA-4 in combination may generate higher antitumor 
responses in CAR-T cells than knocking out PD-1 alone 
(Fig. 2) [70].

In addition to the aforementioned immune check-
points, certain metabolic regulators, transcription 
factors, and signaling molecules develop multidimen-
sional immunosuppressive signaling networks that can 
also lead to T cell dysfunction. Firstly, the T cell immu-
noglobulin domain and mucin domain-3 (Tim-3) is 
an inhibitory molecule mainly expressed by activated 
T cells [71]. The Tim-3/galectin-9 pathway promotes 
tumorigenesis and progression [72], directly leading 
to Th1 cell death or promoting the role of MDSCs in 
TME. Subsequently, another negative regulator of T 
cells is lymphocyte activation gene-3 (LAG-3). LAG-3 
is a crucial inhibitory receptor that competes with 
CD4 for binding to MHC-II [73]. Moreover, LAG-3 
inhibits T cell functions by generating Treg cells [74]. 
Zhang et  al. [75] successfully obtained the LAG-3 
knockout CAR-T cells using CRISPR-Cas9-mediated 
gene-editing technology, which strengthened T cell 
response and facilitated cytokine production. Dele-
tion of diacylglycerol kinase (DGK) in CAR-T cells 
[76] stimulates CD3 signaling and increases resistance 
to the immunosuppressive factors TGF-β and pros-
taglandin E2. Hence, preventing diacylglycerol from 
interacting with essential proteins in CD3 signaling, 
such as protein kinase C (PKC) and Ras guanyl releas-
ing protein 1 (RasGRP1), can maintain CAR-T activity 
in TME. DGK has also been shown to affect various 
tumor pathways [77], particularly mTOR and HIF-1α 
pathway. Of note, given the lack of specific inhibitors 
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against this kinase, applying CRISPR-Cas9-targeted 
knock-out DGK is a groundbreaking cancer immuno-
therapeutic approach [76]. Another knockout target is 
the Fas ligand, as Fas-FasL-dependent AICD induces 
apoptosis and impairs the activity of CAR-T cell [78]. 

It has been demonstrated that the combination of 
FAS-KO and DGK-KO is an engineering method to 
further improve the clinical efficacy of CAR-T cells 
[77]. Likewise, T cell failure is associated with activa-
tion of the nuclear factor of activated T-cells (NFAT). 

Fig. 2  Role of PD-1/PD-L1 axis in tumor progression and utilization of CRISPR-Cas9 to block the PD-1 and CTLA-4 in combination. a When PD1−/
PD-L1 binding, downstream signaling brings about tumor gene expression as angiogenesis (offer tumor nutrition and promote metastasis), 
EMT phenomenon (decrease adhesion between epithelial cells and develop tumor invasion and metastasis), and accelerating cancer stem cell 
generation [cancer stem cells possess (1) self-renewal; (2) proliferation; (3) differentiation traits]. b Tumor cells up-regulate the PD-L1 to activate PD-1 
on the surface of T cells, then diverse downstream events such as CD28 signal transmission are terminated and multifarious signaling pathways 
are activated, such as RAS, NF-κB, PI3K-PKB, WNT, Hh, ultimately giving rise to gene expression that tumor proliferation and survival are developed. 
Another pivotal immune checkpoint is CTLA-4, binding to the B7 receptor on the antigen-presenting cells, which has a inhibitory role in T-cell 
function. Hence, utilizing CRISPR-Cas9 to block the PD-1 and CTLA-4 in combination may generate higher antitumor responses in CAR-T cells than 
knocking out PD-1 alone
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The researches indicated that the deficiency of nuclear 
receptor 4A (NR4A) induced by Cre/LoxP, a site-spe-
cific knockout system mediated by Cre recombinases, 
leads to the down-regulation of PD1 and TIM-3 [79]. 
Thus, the inhibition of NR4A family members via 
CRISPR-Cas9 has a broader range than a single block-
ade, providing us with new candidate targets.

Suppress TGF‑β‑mediated immune escape in TME 
like a “Guardian”
Transforming growth factor-β1 (TGF-β1) has been 
confirmed to be a multifunctional cytokine, which 
not only regulates the proliferation and differentiation 
of normal cells [80], but also plays an essential role in 
tumor initiation and metastasis. First of all, TGF-β1/
Smads pathway is the classical signaling pathway [81]. 
Smad signaling has the significance of inhibiting c-myc 
expression, promoting cyclin P21 and P15 expression, 
and down-regulating HPVON gene E6 and E7 levels, 
which can induce cell cycle arrest, apoptotic response, 
and senescence [82, 83]. TGF-β1 is also involved in 
other signaling pathways, collectively referred to as 
Smad-independent pathways [84], including mitogen-
activated protein kinase (MAPK) signaling and Rho 
family of small GTPases (Rho-like GTPase) signaling. 
Generally, these pathways have been implicated in epi-
thelial-mesenchymal transition (EMT), angiogenesis, 
tumor cell motility, and migration. During tumor pro-
gression, loss of tumor proliferation inhibition is due 
to the hindrance of downstream Smad signaling [85]. 
Further studies showed that TGF-β1 promoted tumor 
growth through non-Smad signaling when TGF-β sign-
aling changed from “friend” to “enemy”. CAR-T cells are 
exhausted because of PD-1 and induced as a Treg-like 
phenotype depending on FOXP3, which is why CAR-T 
can escape from tumor cells. Tang et  al. [86] knocked 
out the negative effects of TGFBR2 in CAR-T cells using 
the CRISPR-Cas9 system, thereby wholly blocking 
TGF-β signaling. Furthermore, the immunosurveillance 
function of CAR-T cells is improved in TGF-β1-rich 
TME, showing durable and rapid proliferation, which 
provides a new idea for improving CAR-T cell therapy. 
A soluble Fc:TGF-beta type II receptor fusion protein 
(Fc:TbetaRII) has been found a beneficial effect in pre-
venting tumor metastasis by binding to the receptor of 
endogenous TGF-β [87]. SB-431542 is a specific TGF-β 
receptor kinase inhibitor, which has been shown to 
inhibit TGFBR1 phosphorylation of Smad [88]. There-
fore, Combining CRISPR editing with the coadminis-
tration of soluble protein inhibitors and small molecule 
inhibitors [87, 89, 90] is a vital strategy to overcome the 
TGF-β-mediated immune escape environment.

Increase “engine power”, decrease “accident” occurrence — 
ensure durability and safety
Although CAR-T cell therapy has achieved outstanding 
achievements in treating cancers, it often occurs in apop-
tosis, depletion, and even “self-killing” phenomena, that 
is, insufficient motility and persistence; or leads to severe 
adverse reactions. For instance, CRS and neuroinflam-
mation with potential toxicity are of widespread concern, 
which can prove fatal if not carefully managed.

Lentiviral vector-mediated CAR transgene insertion 
disrupts the gene encoding the methylcytosine dioxy-
genase TET2 [91], producing powerful CAR-T cells 
with short-lived memory cell characteristics, which 
can expand effector cell responses and show the cen-
tral memory phenotype (CD62L+ cells) associated with 
higher antitumor activity in vivo. Notably, conventionally 
prepared CAR-T cells often employ γ-retroviral vectors 
to transfer CARs into T cells and random insertions usu-
ally occur. Several groups [92, 93] targeted CD19-specific 
CAR to the TRAC locus via CRISPR-Cas9. A gRNA tar-
geting the 5′ end of the first exon of TRAC is designed, 
and subsequently applied adeno-associated virus (AAV) 
vector to deliver the CD19 CAR gene sequence. Those 
studies has revealed CAR expression was homogeneous 
and constant. Hence, the anticancer potential of T cells is 
developed by reducing insertional carcinogenesis, endog-
enously controlling CAR expression, decreasing con-
stitutive signaling, and delaying T cell failure. Another 
benefit is that surface expression of endogenous TCR can 
be eliminated by integrating CAR into the TRAC locus, 
thereby diminishing the risk of TCR-induced autoim-
munity and allogeneic responses.

T-cell malignancies such as T-cell acute lymphoblastic 
leukemia (T-ALL) are a group of hematologic tumors. 
However, the co-expression of target antigens by CAR-T 
cells and malignant tumor T cells gives rise to the phe-
nomenon of “self-killing”. Of note, CRISPR-Cas9 gene 
editing is engineered to disrupt the surface expression of 
TRAC and CD7 [94], thus preventing CAR-T cells from 
being suicidal. Similarly, CRISPR-Cas9 gene editing aim-
ing at CD5 has been observed similar self-killing resist-
ance effects in CAR-T cells [95].

CRS is a severe adverse reaction of CAR-T therapy. T 
cells and effector cytokines (e.g., IL-2, IFN-γ, monocyte 
chemoattractant protein-1 [MCP-1]) are activated in 
large amounts by triggering a positive feedback loop. In 
parallel, immune cascades and cytokine storms are gen-
erated, ultimately leading to other severe toxicities such 
as fever, vasodilatory shock, and even multiple organ dys-
function [96, 97]. Moreover, GM-CSF has been reported 
to play a crucial role in the development of CRS, which 
is chiefly produced by monocytes and macrophages [97]. 
In principle, the incidences of CRS and inflammation 
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will be decreased by significantly reducing the GM-CSF 
gene through CRISPR-Cas9. Sterner et  al. [96] utilized 
a gRNA with high-efficiency knockout, which is cloned 
into a CRISPR lentivirus backbone. Hence, diminishing 
the occurrence of accidents via CRISPR-Cas9 ensures 
CAR-T cell therapy has higher safety and potential.

Generate “fashion stars” for cancer immunotherapy — 
“off‑the‑shelf” allogeneic CAR‑T cells
We are endowed with two types of CAR-T cell therapy 
according to the source of T cells: autologous or allo-
geneic. Both FDA-approved CAR-T cell therapies are 
autologous [98]. However, autologous therapy has a wide 
range of limitations compared with allogeneic therapy. 
Based on this, we are delighted to discover that CRISPR-
Cas9 can produce “off-the-shelf” universal allogeneic 
CAR-T cells. Relative to autologous, “off-the-shelf” allo-
geneic CAR-T cells have many advantages [99], including 
1) reducing cost and time, which can immediately gener-
ate CAR-T for patients with rapidly progressive disease 
(such as aggressive malignancies); 2) ensuring high-qual-
ity, an adequate number of T cells, breaking the produc-
tion constraints of lymphopenia, with controllability; 3) 
relatively decreasing heterogeneity, realizing standard-
ized CAR-T production and efficient treatment of mul-
tiple patients.

Given the presence of endogenous TCR and HLA on 
donor T lymphocytes, the most significant challenge with 
universal products is the potential risk of Graft-Versus-
Host-Disease (GVHD) and alloreactivity (host versus 
graft response) [98] (Fig. 3). GVHD is caused by targeting 
patient somatic cells mediated by donor T cell TCR-αβ 
receptors, resulting in an allogeneic T cell attack. Con-
versely, alloreactivity occurs when patient T cell TCR-αβ 
receptors recognize exogenous HLA molecules on donor 
T cells, giving rise to rapid rejection. In contrast to ZFNs 
and TALENs [100, 101], CRISPR-Cas9 can efficiently 
knock out multiple genetic loci with a single pass. TCR- 
HLA- Class I, Fas- TCR- HLA- Class I, PD1- TCR- HLA- 
Class I universal CAR-T cells are produced easily by Ren 
et  al. utilizing CRISPRs. In addition, β2 microglobulin 
(B2M) is also confirmed to be necessary for HLA-I het-
erodimer expression on the cell surface [102]. Liu and 
colleagues generated CAR-T cells with three-target 
knockouts targeting B2M, TRAC, and PD-1 [103]. In 
those CRISPR-mediated multiple KO studies, sgRNAs 
targeting the first exon of B2M, TRAC, PD-1 and other 
molecules were designed, Cas9 protein and in vitro-tran-
scribed sgRNA were mixed, and gene-disrupted CAR-T 
cells were generated by combing the lentiviral delivery 
of CAR with the electro-transfer of CRISPR/gRNAs. 
CB-010 is a first-in-human, Phase 1, CRISPR-edited allo-
geneic anti-CD19 CAR-T cell therapy in patients with 

relapsed/refractory B cell non-Hodgkin lymphoma. Sur-
prisingly, compared with conventional allogeneic anti-
CD19 CAR-T cells, the strategy is designed to increase 
therapeutic indexes by PD-1 gene knockout, site-specific 
insertion of CAR into TRAC locus and Cas9 CRISPR 
hybrid RNA-DNA editing (NCT04637763). Conceivably, 
universal allogeneic CAR-T cells generated by the mul-
tiplex genome editing capabilities of CRISPR-Cas9 are 
more efficient and safer than unmodified cells in tumor 
cytotoxicity. Given the resources, cost, and time invested, 
the production of autologous T cells remains the bot-
tleneck for the large-scale clinical application of CAR-T 
therapy. Unfortunately, some issues of the CRISPR-multi-
ple edits remain to be addressed, such as rearrangement-
driven chromosomal abnormalities, genotoxicity, and 
decreased cellular fitness [104].

Other cellular immunotherapies via T cells
TCR-β and TCR-α pair encoded by a DNA cassette rec-
ognizing NY-ESO-1 antigen was also introduced into 
the first exon of TRAC locus, RNPs (complex of gRNA 
with Cas9) and HDR templates were electroporated fol-
lowing initial T cell stimulation, which is TCR-T therapy 
[105]. Precise TCR knock-in into specific genetic loci by 
CRISPR-Cas9 can offer more therapeutic potential to 
clinics. Nevertheless, TCR-T cell therapy remains prob-
lematic. Initially, mismatches between TCR transduced 
via TCR-T and endogenous TCR subunits (e.g., α and 
β chains) result in the formation of mixed TCR dimers 
that form unpredictable epitope specificity. Subsequently, 
TCR-T cells lack the ability to target antigens, or rec-
ognize self-antigens and MHC to elicit autoimmune 
responses [101, 106]. Next, endogenous TCRs contend 
with transduced TCRs for the CD3 [107]. Consequently, 
genes encoding constant regions of the α chain (TRAC) 
and β chain (TRBC) can be targeted by CRISPR-Cas9 
[108, 109], thereby decreasing the probability of adverse 
effects. Legut and Roth et  al. [105, 109] demonstrated 
improved expression and function of the transgenic TCR 
due to deletion of the endogenous TCR compared to 
unmodified. To construct and validate CRISPR-mediated 
TCR-β constant regions knockout, gRNAs targeting the 
first exon of the TRBC gene segments were designed, and 
the T cells were transduced and activated with lentiviral 
particles.

Tumor-infiltrating lymphocytes (TILs) have been 
proved to be efficient in treating metastatic melanoma. 
To further improve the curative effect of TIL therapy, 
CRISPR-Cas9 can be designed to reverse the repressed 
state of T cells. For instance, the metabolism-related 
factor Regnase-I is a negative regulator of antitumor 
response [110]. Hence, knocking down Regnase-I 
allows much better infiltration and persistence of T 
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cells in TME. Another research confirmed that the zinc 
finger transcription factor Gata-3 is non-negligible, 
which leads to the dysfunction of T cell. Singer et  al. 
[111] transduced sgRNAs targeting Gata-3 along with 
lentiviruses CRISPR-Cas9 into CD8 + T cells, demon-
strating that the antitumor function of TILs can be pro-
gressed with increased frequency of IFNγ+ and IL-2+ 
cells on account of the disruption of Gata-3.

CRISPRs point to future directions for other cellular 
therapies
As crucial components of innate immunity, NK cells 
and macrophages are the first-line of defense. NK cell-
mediated killing is not antigen-specific, and NK cells 
fail to cause GVHD commonly seen in allogeneic T 
cells (HLA matching) [112], making them ideal candi-
dates for off-the-shelf cell therapy products. Therefore, 

Fig. 3  Generate “off-the-shelf” allogeneic CAR-T cells via CRISPRs. Given the presence of endogenous TCR and HLA on donor T lymphocytes, the 
most significant challenge with universal products is the potential risk of Graft-Versus-Host-Disease (GVHD) and alloreactivity (host versus graft 
response). GVHD is caused by targeting patient somatic cells mediated by donor T cell TCR-αβ receptors, resulting in an allogeneic T cell attack. 
Conversely, alloreactivity occurs when patient T cell TCR-αβ receptors recognize exogenous HLA molecules on donor T cells, giving rise to rapid 
rejection. CAR-T capacity and safety can be enhanced by CRISPR-Cas9 which efficiently knocks out multiple genetic loci with a single pass
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MHC-I-negative tumor cells can be eliminated by NK 
cells independently. However, NK cells may become 
functionally exhausted in TME. CRISPR/Cas9 genome-
editing technologies have been applied to improve the 
issue [113].

Critical understanding of multiple modes of anergy, 
exhaustion, and senescence, such as reduction of effec-
tor cytokines or impairment of cytotoxicity, presence 
of inhibitory cytokines, regulatory immune cells, and 
dysregulated receptor signaling found in TME [114], 
will guide design patterns to enhance NK cell functions. 
In accordance with these, reactivation of NK cells engi-
neering with CRISPR-Cas9 is an appreciable immuno-
therapeutic approach. CRISPR/Cas9 genome editing 
was applied to disrupt CD38 during amplification, show-
ing that CD38 CAR-NK cell fratricide reduced and aug-
mented abilities to target primary acute myeloblastic 
leukemia (AML) blasts [115]. Velasquez et al. [116] have 
first generated CAR-NK cells engineered using CRISPR-
Cas9 targeting CD22 and simultaneously redirecting 
bystander T cells for CD19 targeting B-cell malignancies 
to enhance antitumor effects and prevent immune escape. 
The two-pronged cell therapy presents a promising addi-
tion in gene editing of cancer immunotherapy for B-cell 
malignancies. The effector function of NK cells can also 
be enhanced by activating receptors. For example, tran-
scriptional activation of MICA - NKG2D ligands show 
efficient anti-pathogenic cell immunity with an engi-
neered CRISPR-Cas9 system [117]. Like CAR-T immu-
notherapy, it is desirable to express specific chemokine 
receptors on the surface of NK cells by CRISPR-Cas9. 
The CCL19/21-CCR7 axis can be used to promote NK 
cell infiltration, and chemokine receptor CCR7-bearing 
NK cells genetically reprogrammed by cGMP-compliant 
mRNA electroporation method showed enhanced migra-
tory ability towards their ligands CCL-19 and CCL-21 
and offered tumor infiltration [118]. Furthermore, using 
the CRISPR-Cas9 system to genetically disrupt inhibi-
tory pathways and improve immune checkpoint blockade 
opens a new window in improving the effector functions 
of NK cells. Blockade of inhibitory NKG2A receptor pro-
motes effector function of NK cells in adoptive therapy 
[119]. Pomeroy et  al. [120] programmed CRISPR-Cas9 
to achieve high-efficiency knockout of the NK inhibi-
tory signaling molecules ADAM17 and PD-1 genes, and 
revealed that NK cell antibody-dependent cytotoxicity 
was strengthened. Zhu and Daher et al. [121, 122] respec-
tively knocked out a vital cytokine checkpoint (cytokine-
induced SH2-containing protein [CISH or CIS]), which 
is a key negative regulator of IL-15 signaling in NK cells. 
Meanwhile, TIGIT and CD96 have also been demon-
strated to be inhibitors of NK cell activity [123]. CD96 
and NKG2A were knocked out simultaneously, with high 

double KO efficiency [124]. Other emerging human NK 
cell checkpoints, including LAG3, CISH, TIM3, and sig-
nal-regulatory protein (SIRP) α-CD47 [125, 126], are also 
being progressively explored in the field of cancer immu-
notherapy. Disruption of Smad3, a downstream mediator 
of TGF-β signaling, can increase IFN-γ and granzyme B 
in tumors as well as enhance the antitumor activity of NK 
cells [127]. Overall, CRISPR-based approaches to knock 
out the above pathways can revitalize their cytotoxicity 
and antitumor abilities.

Cancer cells overexpress CD47, which is involved in 
the SIRPα-CD47 pathway, on their surface. Notably, this 
pathway is a phagocytic checkpoint for macrophages. 
When the pathway is activated, the “do not eat me” sig-
nal to macrophages is transmitted [128]. Thus, CRISPRs 
knockdown of SIRP-α in macrophages blocks immune 
escape, enhancing antitumor effects [129]. Moreover, 
through pooled in  vivo CRISPR knockout (CRISPRko) 
screens, Wang et  al. [130] identified the E3 ligase Cop1 
as a modulator of macrophage infiltration and cancer 
immunotherapy target.

Find new targets for cancer therapy using 
CRISPR‑Cas9‑based genome‑wide screening
CRISPR-Cas9-based unbiased genome-wide T cell 
screening has been employed to identify genes in mam-
malian cells that significantly affect cancer cell survival, 
proliferation, migration, and drug resistance, based on 
which we can explore new targets for cancer therapy 
[131]. Compared with RNAi-mediated loss-of-function 
screening, CRISPR-Cas9 has been regarded as the first 
choice for genetic screening owing to higher screening 
sensitivity, smaller off-target effects, and less non-tar-
geted interference [132]. Furthermore, the technology of 
CRISPR can achieve both loss-of-function (CRISPRko, 
CRISPRi) and gain-of-function (CRISPRa) that research-
ers can use for pooled screens [133]. CRISPR genomic 
screens for human T-cell-based therapies have been used 
to uncover target genes, including key signaling pathways 
that regulate T-cell effector functions. Manguso et  al. 
[134] identified protein tyrosine phosphatase non-recep-
tor type 2 (PTPN2) as a novel cancer immunotherapeutic 
target by performing a pooled CRISPR knockout screen 
in  vivo. A sgRNA library targeting 2398 genes genome-
wide was transduced into B16 tumor cells, and the top 
expressed genes were selected by using RNA-sequencing 
(RNA-seq) to identify a cancer immunotherapy target. 
PTPN2 has been confirmed as a phosphatase involved 
in signaling processes, which is mediated through IFN-γ 
sensing. Antigen presentation and antitumor toxicity of T 
cells were increased by PTPN2 deletion [130]. Dong et al. 
[135] performed genome-scale CRISPR screens in CD8 
T cells by constructing MKO library and discovered a 
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regulators of tumor infiltration for DHX37 in modulating 
NF-κB. CRISPRko usually makes the signal clearer, but it 
tends to be irreversible compared with CRISPRi. Chen 
et  al. [136] construed a in  vivo CRISPR screening plat-
form with an optimized retroviral based-sgRNA expres-
sion strategy to identify Fli1 as a key transcription factors 
that regulates effector CD8+ T cell differentiation. Mean-
while, an in vitro T cell exhaustion assay compatible with 
genome-wide CRISPR screening enabled Belk et  al. to 
identify chromatin and nucleosome remodeling factors, 
including the cBAF and INO80 complexes that limit 
T cell persistence [137]. Another finding performed a 
genome-wide CRISPR loss-of-function screen, revealing 
ncBAF as a pivotal target for suppressing Treg cell func-
tion, which played a foremost role in TME decreasing 
curative effect of cancer immunotherapy [138]. Ye et  al. 
[139] developed a CRISPRa screen and reported that 
PRODH2 reprogramming enhances CAR-T cell therapy 
by developing broad gene expression and metabolic pro-
grams. Lymphotoxin-β receptor was identified as a syn-
thetic driver of T cell proliferation through the NF-κB 
pathway by performing a genome-scale CRISPRa screen, 
using a lentiviral library of barcoded human open read-
ing frames [140]. Meanwhile, CRISPRa and CRISPRi are 
required for the comprehensive discovery of functional 
cytokine regulators. Schmidt et  al. [141] identified gene 
networks controlling IL-2 and IFN-γ production in pri-
mary human T cells using paired CRISPRa and CRISPRi 
screens. Importantly, they were found to be non-toxic 
and specificity, which facilitated the widespread appli-
cations of pooled genome-scale screening. However, 
more attention should be paid to conditional false posi-
tives arising from dropout screening for aneuploidy can-
cers [142]. CRISPR screening combined with single-cell 
RNA-sequencing is a powerful method to facilitate high-
throughput functional analysis of complex regulatory 
mechanisms and heterogeneous cell populations, directly 
linking gRNA expression to transcriptome responses 
[143]. EMT is a process in which epithelial cells acquire 
mesenchymal phenotype, which is associated with tumor 
progression and resistance to therapy [144]. Figueroa 
et al. [145] integrated single-cell trajectory analysis with 
CRISPRi screening to identify receptors and transcrip-
tion factors facilitating progress along the TME, includ-
ing regulators of KRAS. Moreover, Perturb-seq has been 
constructed which is combinatorial CRISPR screens with 
RNA-seq readout. Dixit et  al. [146] inferred gene func-
tion by demonstrating Perturb-seq, focusing on tran-
scription factors regulating the response of dendritic cells 
to lipopolysaccharide. CRISPR-Cas9-based genome-wide 
screening dramatically increases the scope of of cancer 
therapy.

Excavate potential of spatial CRISPR genomics
Combining CRISPR technology with single-cell RNA 
sequencing, a group of sgRNAs are introduced into 
cells, or barcoding the protein, and they can be detected 
[147]. Dhainaut et  al. [148] developed a spatial func-
tional genomics platform termed Perturb-map combines 
CRISPR pools, multiplex imaging, and spatial transcrip-
tomics to address the role of perturbation genes in lung 
tumors by analyzing the molecular status of tumor lesions 
when different genes are knocked out. Spatial CRISPR 
screening confirmed tumor-facilitating effects of immune 
checkpoints (PD-L1 and CD47), and also identifies tumor 
composition, organization, and immune infiltration in the 
TME, following Socs1 and TGFBR2 KO lesion. CRISPR-
GO system is developed to provide a programmable and 
versatile platform for the localization of targeted genomic 
DNA in the nucleus, leading to a deeper understanding 
of spatial genome organization [149]. To minimize geno-
toxicity in editing, spatialization and temporalization of 
CRISPR process is desirable. Local magnetic spatial acti-
vation of MNP-BV-CRISPR nanoparticles can achieve 
specific gene modifications [150]. Spatial and temporal 
control of gene editing using liposome vectors reported 
by Yagiz et at [151]. will open up a new avenue for wider 
CRISPR-Cas9 gene-editing translation. Moreover, chemi-
cal and Optogenetics (paCas9) induction have been used 
to permit temporal control of CRISPR-mediated multiple 
genes targeting [152].

Current applications of CRISPR‑Cas9 Technology 
in Basic Research and Translational Medicine
CRISPR-Cas9 technology has been widely applied in 
basic research and translational medicine, which are the 
solid foundation of science research. Reproduce cancer-
related events by producing cancer models is essential 
and the production of CRISPR-mediated-KO mice has 
become routine practice. By delivering combinations 
of sgRNAs targeting five genes and Cas9 with a lentivi-
ral vector, Heckl et  al. [153] induced the development 
of AML in a single mouse hematopoietic stem cell. A 
study have demonstrated that loss of p107 and p130 sig-
nificantly facilitated tumor progress in small cell lung 
cancer by Trp53/Rb1 double CRISPR-knockout model 
[154]. Patient-derived xenograft (PDX) animal mod-
els achieve the exogenous growth of human tumors and 
provide an preclinical tool for oncology research. He 
et al. [155] knocked out Rag1, Rag2, and Il2rg in Sprague 
Dawley rats and successfully developed a PDX model of 
lung squamous cell carcinoma, holding great potential 
to serve as a new model for oncology research. In addi-
tion to KO models, base editing by co-injection of Cas9 
mRNA and sgRNA into one-cell stage embryos also has 
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great potential in constructing animal models and modi-
fying mutant genes [156]. Organoids are the advanced 
in vitro 3D cell cultures and can be genetically coded uti-
lizing CRISPR-Cas9 to explore new therapy and identify 
gene function. Cas9 and lentiviruses expressing sgRNAs 
targeting four breast cancer-associated tumor suppres-
sor genes sequential introduced into normal organoids 
was used to mimic neoplasia, which is helpful to explore 
the pathogenesis of breast cancer [157]. Distinct path-
ways downstream of oncogenic ARID1A mutation were 
defined by ARID1A knockout in primary human gastric 
organoids. Another important application of CRISPR in 
cancer research is tracing evolution dynamics in tumours. 
Bowling et  al. [158] presented the CRISPR array repair 
lineage tracing (CARLIN) mouse system that can be 
used to interrogate the lineage information of single cells, 
which is inducible, transcribed barcodes, and over time. 
Moreover, a system was described achieving labeling 
genomic loci in living cells with dCas9 and engineered 
sgRNAs known as the CRISPRainbow. The sgRNAs each 
recruited a pair of fluorescent proteins that were fused to 
RNA hairpin, enabling scientists to simultaneously regu-
late or label multiple loci to observe the entire process of 
the gene regulatory network [159]. Using CRISPRs-based 
diagnostic system for detecting cancer is another robust 
application. Gootenberg et al. [160] described an in vitro 
nucleic acid detection platform called SHERLOCK (Spe-
cific High Sensitivity Enzymatic Reporter UnLOCK-
ing), consisting of the RNA-guided RNase Cas 13a and 
a reporter signal. Another method termed DNA endo-
nuclease-targeted CRISPR trans reporter (DETECTR), 
enables rapid and specific viral diagnostic platform for 
molecular diagnostics, consisting of Cas12a and recom-
binase polymerase amplification [38]. Park et  al. [161] 
designed sgRNAs targeting the endogenous EGFR 
genomic region flanking the exon encoding T790 to gen-
erate a PC9 lung cancer cell line harboring EGFR T790M, 
investigating the molecular mechanisms of tyrosine 
kinase inhibitors resistance. Shen et al. [162] targeted all 
pairs of 73 cancer genes with dual-gRNAs in HeLa, A549 
and 293 T cell lines, altogether comprising 141,912 tests 
of interaction. The combinatorial CRISPR-Cas9 screens 
will pay the way for mapping the genetic interaction net-
works and promote the developments of new druggable 
synthetic-lethal interactions. Therefore, it is foreseeable 
that CRISPR technologies could serve as a robust tool for 
drugs clinical application and development.

Challenges and prospects
Although cancer immunotherapy mediated by the 
CRISPR-Cas9 system has not been widely programmed 
in clinical practice, clinical trials based on their com-
bination are in full swing (Table  2). In addition to the 

application of CRISPR-Cas9 introduced above in immu-
notherapeutic approaches currently under research 
hotspots, it also plays a cutting-edge role in other immu-
notherapies such as ameliorating antibody performance 
[163, 164], changing TME and immune responses (M2/
N2/Treg/MDSC) [165–170], and reprogramming MHC 
specificity (correcting MHC mismatches) [171]. Nota-
bly, a multitude of factors and regulations may influ-
ence gene editing (Fig. 4). Higher CG content has more 
hydrogen bonds between sgRNA and target DNA, which 
stabilizes the hybrid and facilitates the efficiency of the 
Cas9 [172]. Modification of gRNAs responsible for tar-
get DNA recognition can affect the specificity of Cas9 
cleavage. The dosage and quallity of gRNA also have 
impacts on the efficiency and specificity of editing [173]. 
The CRISPR system can be tightly spatially or temporally 
controlled, when increasing the effective concentrations 
of the gRNA-Cas9 complex component and resulting 
in immediately active complex, with short-lived [174]. 
After all, gRNA and Cas protein are immunogenic for 
the immune system, and the immune response may affect 
the results of gene editing [175]. Meanwhile, DNA end 
structure and sequence features near the break site and 
DNA repair mechanisms influence the editing outcome 
[176]. Genetic variations such as spontaneous mutations 
and chromosome aberrations compromise the effective-
ness of manipulation in the target region [177]. Chro-
matin accessibility, guide sequence secondary structure, 
eukaryotic chromatin state, chromosomal rearrange-
ments, DNA methylation, and nucleosome breathing 
and remodeling have already been investigated that may 
influence CRISPR-Cas9 editing efficiencies [178–180].

Although CRISPR-Cas9, with its remarkable scalabil-
ity, flexibility, and operability, provides a powerful tech-
nical enablement for achieving the highest target gene 
editing goal, many obstacles remain. Of note, off-target 
effects and unsatisfactory delivery systems are signifi-
cant challenges in curing. Even minimal off-target effects 
can have unforeseen consequences during clinical treat-
ment. Therefore, it is extremely indispensable to reduce 
non-targeted effects by selecting proper delivery systems, 
controlling no or little homologous sequences through-
out the genome, avoiding target sequences with high GC 
content, developing Cas9 variants, applying Cas proteins, 
and designing sgRNAs with maximum specificity [174, 
181–183]. The other barriers for using CRISPR in clinics 
is the lack of a safe and powerful delivery system to tar-
get the tissues and cells. The current systems have been 
developed to deliver the CRISPR-Cas9 system in  vitro 
and in  vivo, but it is difficult to simultaneously achieve 
all of the anticipated criteria [184]. To address this 
issue, CRISPR delivery strategies may be continuously 
improved through the well-studied delivery strategy 
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experience with genes and macromolecules (proteins and 
nucleic acids) [185]. NHEJ and MMEJ typically causes 
INDELs of genes to disrupt protein-coding sequences 
and develops functional knockouts, but may generate del-
eterious DSB repair byproducts, including cancer-driving 
chromosomal translocations, large chromatin deletions, 
and vector insertions in humans. The structural varia-
tions (SVs) has become another dimension of threat to 
genome stability during genome editing [186, 187]. PEM-
seq, HTGTS and SuperQ were explored to distinguish 
various DNA repair products induced by CRISPR–Cas9. 
The methods provide a channel for further understand-
ing the relevance of SVs to human diseases [188, 189]. 

Furthermore, immune response against CRISPR sys-
tem may affect the results of gene editing and even lead 
to mortality [175]. In a study using adenovirus vector to 
deliver CRISPR-spCas9, cytokine release and spCas9-
specific antibodies were detected, providing evidence 
that the treatment induced humoral immunity by Cas9 
proteins [190]. The CRISPR gRNAs consisting of hairpins 
are potential pathogen-associated molecular patterns 
engaging pattern recognition receptors (PRRs) to trigger 
innate immune responses. By modifying the secondary 
structure of gRNAs, co-opting gRNA scaffolds less prone 
to activate innate immunity and altering the localiza-
tion of CRISPR gRNAs by Pol II or Pol III are elicited to 

Table 2  Application of CRISPR-Cas9 technology in cancer immunotherapy

Condition or diseases Immunotherapy type Target sites Identifier Phase

T Cell Lymphoma Allogeneic CRISPR-Cas9-Engineered T Cells 
(CTX130)

Unknown NCT04502446 Phase 1

Relapsed/Refractory B Cell Non-Hodgkin 
Lymphoma

CRISPR-Edited Allogeneic Anti-CD19 CAR-T Cell 
(CB-010)

Unknown NCT04637763 Phase 1

Metastatic Non-small Cell Lung Cancer Autologous lymphocytes PD-1 NCT02793856 Phase 1

EBV (Epstein-Barr virus) Positive Advanced-Stage 
Malignancies

EBV-CTL cells PD-1 NCT03044743 Phase 1/2

Metastatic Non-small Cell Lung Cancer Engineered T cells PD-1 NCT02793856 Phase 1

Invasive Bladder Cancer Stage IV Engineered T cells PD-1 NCT02863913 Phase 1

Metastatic Renal Cell Carcinoma Engineered T cells PD-1 NCT02867332 Phase 1

Hormone Refractory Prostate Cancer Engineered T cells PD-1 NCT02867345 Unknown

Esophageal Cancer Engineered T Cells PD-1 NCT03081715 Not Applicable

Prostate Cancer Engineered T cells PD-1 NCT03525652 Phase 1/2

Advanced Hepatocellular Carcinoma Engineered T cells PD-1 NCT04417764 Phase 1

Solid Tumor, Adult Mesothelin-directed CAR-T cells PD-1 NCT03747965 Phase 1

Tumors of the Central Nervous System Unknown NF1 NCT03332030 Suspended

Human Papillomavirus-Related Malignant 
Neoplasm

Unknown HPV E6/E7 NCT03057912 Phase 1

Solid Tumor, Adult Anti-mesothelin CAR-T cells Endo-TCR/PD-1 NCT03545815 Phase 1

Multiple Myeloma; Melanoma; Synovial Sar-
coma;
Myxoid/Round Cell Liposarcoma

NY-ESO-1 TCR-T Endo-TCR/PD-1 NCT03399448 Phase 1

B Cell Leukemia; B Cell Lymphoma UCART019 Endo-TCR/B2M NCT03166878 Phase 1/2

Acute Lymphoblastic Leukemia (ALL)
Non Hodgkin Lymphoma (NHL)

UCART019 Endo-TCR/B2M NCT03229876 Not Applicable

Gastro-Intestinal (GI) Cancer TIL CISH NCT04426669 Phase 1/2

Renal Cell Carcinoma Allogeneic CRISPR-Cas9-Engineered T Cells 
(CTX130)

CD70 NCT04438083 Phase 1

Cell Leukemia; U-T-cell Lymphoma T-CAR-T CD7/TRAC​ NCT04264078 Early Phase 1

High Risk T-cell Malignancies Non-Edited T Cells (CRIMSON-NE) CD7 NCT03690011 Phase 1

B Acute Lymphoblastic Leukemia Allogenic engineered human T cells CD25/TRAC​ NCT04557436 Phase 1

B Cell Leukemia; B Cell Lymphoma Universal CAR-T Cells CD19/CD20/CD22 NCT03398967 Phase 1/2

B cell ALL Allogeneic CRISPR-Cas9-Engineered T Cells 
(CTX110)

CD19 NCT04035434 Phase 1

Relapsed/Refractory B Cell Non-Hodgkin 
Lymphoma

Allogeneic CRISPR-Cas9-Engineered T Cells 
(CB-010)

CD19 NCT04637763 Phase 1

Multiple Myeloma Allogeneic CRISPR-Cas9-Engineered T Cells 
(CTX120)

BCMA NCT04244656 Phase 1
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reduce engagement with PRRs [191]. The delivery modal-
ity of CpG-depleted AAV vectors could establish more 
persistent transgene expression by minimizing TLR9 
engagement [192]. Co-administering immunosuppressants 
to decrease immune response is also a recommendation 
[175]. Moreover, the inefficient repair of DSBs by HDR, low-
efficiency delivery of large DNA fragments, and CAR toxic-
ity [193] also need to be addressed in the future.

Conclusions
So far, immunotherapy stands on the stage of the world’s 
research centers. In terms of cancer immunotherapy, 
the toolbox of CRISPR-Cas9 has been continuously 
expanded through in-depth study. Although the advent 
of immunotherapy has ushered in a new era in the treat-
ments of solid tumors, it remains limited and requires 
breaking adverse effects. Meanwhile, abundant solutions 

Fig. 4  A multitude of factors and regulations may influence gene editing. a Higher CG content stabilizes the hybrid and facilitates the efficiency 
of the Cas9. b gRNA and Cas protein are PAMPs for the innate immune cells, and the immune response may affect the results of gene editing. c 
Nucleosome breathing and remodeling have already been investigated that may enhance Cas9 activity. d Modification of sgRNAs responsible 
for target DNA recognition can affect the specificity of Cas9 cleavage. e The CRISPR system can be tightly spatially or temporally controlled. Light 
irradiation induces heterodimerization between pMag and nMag
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with clinical trial supports are urgently required, laying 
the ground for clinical use of CRISPR-Cas9-modified 
cancer immunotherapy. Scientists are still needed to 
make considerable experimental research on the cellu-
lar and molecular mechanisms of related targets. These 
will provide deeper insights into CRISPRs and cancer 
immunotherapy.

Abbreviations
AAV	              �Adeno-associated virus
ACT​	              �Adoptive cellular immunotherapy
ADC	              �Antibody-drug conjugate
AML	              �Acute myeloblastic leukemia
AICD	              �Activation-induced cell death
B2M	              �β2 microglobulin
CAR​	              �Chimeric antigen receptor
CAR-T	              �Chimeric antigen receptor T-Cell
Cas9	              �CRISPR-associated protein 9
CRISPR	              �Clustered regularly interspaced short palindromic repeats
crRNA	              �CRISPR-derived RNA
CRS	              �Cytokine release syndrom
CSR	              �Chimeric switch receptor
dCas9	              �dead Cas9
DGK	              �Diacylglycerol kinase
DSBs	              �Double-strand breaks
EMT	              �Epithelial-mesenchymal transition
FDA	              �Food and Drug Administration
gRNA	              �guide RNA
GVHD	              �Graft-Versus-Host-Disease
HDR	              �Homologous recombination repair
INDELs	              �Insertions and deletions
LAG-3	              �Lymphocyte activation gene-3
MAPK	              �Mitogen-activated protein kinase
mbIL15	              �membrane-bound IL-15
MCP-1	              �Monocyte chemoattractant protein-1
MDSCs	              �Myeloid-derived suppressor cells
NFAT	              �Nuclear factor of activated T-cells
NHEJ	              �Nonhomologous end-joining
NR4A	              �Nuclear receptor 4A
PAMs	              �Protospaceradjacent motifs
PDX	              �Patient-derived xenograft
PKC	              �Protein kinase C
PRRs	              �Pattern recognition receptors
PTPN2	              �Protein tyrosine phosphatase non-receptor type 2
RasGRP1	              �Ras guanyl releasing protein 1
Rcas9	              �RNA-targeted Cas9
Rho-like GTPase      �Rho family of small GTPases
RNA-seq	              �RNA-sequence
SgRNA	              �Single guide RNA
SIRP	              �Signal-regulatory protein
SVs	              �Structural variations
TALENs	              �Transcription activator-like effector nucleases
T-ALL	              �T-cell acute lymphoblastic leukemia
TILs	              �Tumor-infiltrating lymphocytes
TME	              �Tumor microenvironment
TracrRNA	              �Transactivating crRNA
Tregs	              �Regulatory T cells
TSCMs	              �T-memory stem cells
TRAC​	              �T-cell receptor α constant
ZFNs	              �Zinc-finger nucleases

Acknowledgements
This study was supported by The Collaborative Innovation Major Project of 
Zhengzhou (Grant No. 20XTZX08017), The National Natural Science Founda-
tion of China (Grant No. 82002433), and Science and Technology Project of 
Henan Provincial Department of Education (Grant No. 21A320036), Young and 
Middle-aged Health Science and Technology Innovation Talents in 2020 (Grant 

No.YXKC2020049), Henan Province Medical Science and Technology Research 
Project Joint Construction Project (Grant No. LHGJ20190003, LHGJ20190055).

Authors’ contributions
ZQL,XWH and YQR provided direction and guidance throughout the prepara-
tion of thismanuscript. MXS, ZQL and YQR wrote and edited the manuscript. 
YQR and JL reviewed and made significant revisions to themanuscript. HX, 
SYW, WJN, XYG, LL, CGG, MJD, LFL and ZQL collected and preparedthe related 
papers. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 29 November 2022   Accepted: 1 February 2023

References
	 1.	 Wyld L, Audisio RA, Poston GJ. The evolution of cancer surgery and 

future perspectives. Nat Rev Clin Oncol. 2015;12(2):115–24.
	 2.	 Schaue D, McBride WH. Opportunities and challenges of radiotherapy 

for treating cancer. Nat Rev Clin Oncol. 2015;12(9):527–40.
	 3.	 Galmarini D, Galmarini CM, Galmarini FC. Cancer chemotherapy: a critical anal-

ysis of its 60 years of history. Crit Rev Oncol Hematol. 2012;84(2):181–99.
	 4.	 Baudino TA. Targeted cancer therapy: the next generation of cancer 

treatment. Curr Drug Discov Technol. 2015;12(1):3–20.
	 5.	 Li X, Lovell JF, Yoon J, Chen X. Clinical development and potential of 

photothermal and photodynamic therapies for cancer. Nat Rev Clin 
Oncol. 2020;17(11):657–74.

	 6.	 Deng X, Shao Z, Zhao Y. Solutions to the drawbacks of Photothermal 
and photodynamic cancer therapy. Adv Sci. 2021;8(3):2002504.

	 7.	 Coffey JC, Wang JH, Smith MJ, Bouchier-Hayes D, Cotter TG, Redmond 
HP. Excisional surgery for cancer cure: therapy at a cost. Lancet Oncol. 
2003;4(12):760–8.

	 8.	 Furue H. Late effects of cancer chemotherapy. Gan To Kagaku Ryoho. 
1987;14(4):987–93.

	 9.	 Nystrom H. Extracellular matrix proteins in metastases to the liver - 
composition, function and potential applications. Semin Cancer Biol. 
2021;71:134–42.

	 10.	 Yang Y. Cancer immunotherapy: harnessing the immune system to 
battle cancer. J Clin Invest. 2015;125(9):3335–7.

	 11.	 Turtle CJ, Hanafi LA, Berger C, Gooley TA, Cherian S, Hudecek M. CD19 
CAR-T cells of defined CD4+:CD8+ composition in adult B cell ALL 
patients. J Clin Invest. 2016;126(6):2123–38.

	 12.	 Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, 
et al. Axicabtagene Ciloleucel CAR T-cell therapy in refractory large 
B-cell lymphoma. New Engl J Med. 2017;377(26):2531–44.

	 13.	 Young RM, Engel NW, Uslu U, Wellhausen N, June CH. Next-generation 
CAR T-cell therapies. Cancer Discov. 2022;12:1625–33.

	 14.	 Carroll D. Genome editing: past, present, and future. Yale J Biol Med. 
2017;90(4):653–9.

	 15.	 Youds JL, Boulton SJ. The choice in meiosis - defining the factors that 
influence crossover or non-crossover formation. J Cell Sci. 2011;124(Pt 
4):501–13.



Page 16 of 19Liu et al. Molecular Cancer           (2023) 22:35 

	 16.	 Chu VT, Weber T, Wefers B, Wurst W, Sander S, Rajewsky K, et al. 
Increasing the efficiency of homology-directed repair for CRISPR-Cas9-
induced precise gene editing in mammalian cells. Nat Biotechnol. 
2015;33(5):543–8.

	 17.	 Yang H, Ren S, Yu S, Pan H, Li T, Ge S, et al. Methods favoring homology-
directed repair choice in response to CRISPR/Cas9 induced-double 
Strand breaks. Int J Mol Sci. 2020;21(18):6461.

	 18.	 Lino CA, Harper JC, Carney JP, Timlin JA. Delivering CRISPR: a review of 
the challenges and approaches. Drug Deliv. 2018;25(1):1234–57.

	 19.	 Cui Z, Liu H, Zhang H, Huang Z, Tian R, Li L, et al. The comparison of 
ZFNs, TALENs, and SpCas9 by GUIDE-seq in HPV-targeted gene therapy. 
Mol Ther-Nucl Acids. 2021;26:1466–78.

	 20.	 Gaj T, Gersbach CA, Barbas CR. ZFN, TALEN, and CRISPR/Cas-
based methods for genome engineering. Trends Biotechnol. 
2013;31(7):397–405.

	 21.	 Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multi-
plex genome engineering using CRISPR/Cas systems. Science. 
2013;339(6121):819–23.

	 22.	 Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, 
et al. CRISPR provides acquired resistance against viruses in prokaryotes. 
Science. 2007;315:1709–12.

	 23.	 van der Oost J, Westra ER, Jackson RN, Wiedenheft B. Unravelling the 
structural and mechanistic basis of CRISPR-Cas systems. Nat Rev Micro-
biol. 2014;12:479–92.

	 24.	 Doudna JA, Charpentier E. Genome editing. The new fron-
tier of genome engineering with CRISPR-Cas9. Science. 
2014;346(6213):1258096.

	 25.	 Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 
A programmable dual-RNA-guided DNA endonuclease in adaptive 
bacterial immunity. Science. 2012;337:816–21.

	 26.	 Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI, Dohmae N, 
et al. Crystal structure of Cas9 in complex with guide RNA and target 
DNA. Cell. 2014;156:935–49.

	 27.	 Sternberg SH, Redding S, Jinek M, Greene EC, Doudna JA. DNA inter-
rogation by the CRISPR RNA-guided endonuclease Cas9. Nature. 
2014;507:62–7.

	 28.	 Deveau H, Barrangou R, Garneau JE, Labonté J, Fremaux C, Boyaval P, 
et al. Phage response to CRISPR-encoded resistance in Streptococcus 
thermophilus. J Bacteriol. 2008;190:1390–400.

	 29.	 Gasiunas G, Barrangou R, Horvath P, Siksnys V. Cas9-crRNA ribonu-
cleoprotein complex mediates specific DNA cleavage for adaptive 
immunity in bacteria. Proc Natl Acad Sci. 2012;109:E2579–86.

	 30.	 Fu Y, Dai X, Wang W, Yang Z, Zhao J, Zhang J, et al. Dynamics and com-
petition of CRISPR-Cas9 ribonucleoproteins and AAV donor-mediated 
NHEJ, MMEJ and HDR editing. Nucleic Acids Res. 2021;49:969–85.

	 31.	 Roth TL, Li PJ, Blaeschke F, Nies JF, Apathy R, Mowery C, et al. Pooled 
Knockin targeting for genome engineering of cellular immunothera-
pies. Cell. 2020;181(3):728–44.

	 32.	 Strutt SC, Torrez RM, Kaya E, Negrete OA, Doudna JA. RNA-dependent 
RNA targeting by CRISPR-Cas9. elife. 2018;7:e32724.

	 33.	 He C, Han S, Chang Y, Wu M, Zhao Y, Chen C, et al. CRISPR screen in cancer: 
status quo and future perspectives. Am J Cancer Res. 2021;11(4):1031–50.

	 34.	 Makarova KS, Wolf YI, Alkhnbashi OS, Costa F, Shah SA, Saunders SJ, et al. 
An updated evolutionary classification of CRISPR-Cas systems. Nat Rev 
Microbiol. 2015;13:722–36.

	 35.	 Makarova KS, Wolf YI, Iranzo J, Shmakov SA, Alkhnbashi OS, Brouns SJJ, 
et al. Evolutionary classification of CRISPR-Cas systems: a burst of class 2 
and derived variants. Nat Rev Microbiol. 2020;18:67–83.

	 36.	 Zheng Y, Li J, Wang B, Han J, Hao Y, Wang S, et al. Endogenous type 
I CRISPR-Cas: from foreign DNA defense to prokaryotic engineering. 
Front Bioeng Biotechnol. 2020;8:62.

	 37.	 Liu T, Pan S, Li Y, Peng N, She Q. Type III CRISPR-Cas system: introduc-
tion and its application for genetic manipulations. Curr Issues Mol Biol. 
2018;26:1–4.

	 38.	 Chen JS, Ma E, Harrington LB, Da Costa M, Tian X, Palefsky JM, et al. 
CRISPR-Cas12a target binding unleashes indiscriminate single-stranded 
DNase activity. Science. 2018;360:436–9.

	 39.	 Abudayyeh OO, Gootenberg JS, Konermann S, Joung J, Slaymaker IM, 
Cox DBT, et al. C2c2 is a single-component programmable RNA-guided 
RNA-targeting CRISPR effector. Science. 2016;353:f5573.

	 40.	 Smyth MJ, Ngiow SF, Ribas A, Teng MW. Combination cancer immuno-
therapies tailored to the tumour microenvironment. Nat Rev Clin Oncol. 
2016;13(3):143–58.

	 41.	 Lin Y, Okada H. Cellular immunotherapy for malignant gliomas. Expert 
Opin Biol TH. 2016;16(10):1265–75.

	 42.	 Crespo J, Sun H, Welling TH, Tian Z, Zou W. T cell anergy, exhaustion, 
senescence, and stemness in the tumor microenvironment. Curr Opin 
Immunol. 2013;25(2):214–21.

	 43.	 Schonbeck U, Mach F, Libby P. CD154 (CD40 ligand). Int J Biochem Cell 
B. 2000;32(7):687–93.

	 44.	 Kuhn NF, Purdon TJ, van Leeuwen DG, Lopez AV, Curran KJ, Daniyan AF, 
et al. CD40 ligand-modified chimeric antigen receptor T cells enhance 
antitumor function by eliciting an endogenous antitumor response. 
Cancer Cell. 2019;35(3):473–88.

	 45.	 Curran KJ, Seinstra BA, Nikhamin Y, Yeh R, Usachenko Y, van Leeu-
wen DG, et al. Enhancing antitumor efficacy of chimeric antigen 
receptor T cells through constitutive CD40L expression. Mol Ther. 
2015;23(4):769–78.

	 46.	 Ouaaz F, Arron J, Zheng Y, Choi Y, Beg AA. Dendritic cell develop-
ment and survival require distinct NF-kappaB subunits. Immunity. 
2002;16(2):257–70.

	 47.	 Wang R, Chen J, Wang W, Zhao Z, Wang H, Liu S, et al. CD40L-armed 
oncolytic herpes simplex virus suppresses pancreatic ductal adeno-
carcinoma by facilitating the tumor microenvironment favorable to 
cytotoxic T cell response in the syngeneic mouse model. J Immunother 
Cancer. 2022;10(1):e003809.

	 48.	 Hollmann CA, Owens T, Nalbantoglu J, Hudson TJ, Sladek R. Constitutive 
activation of extracellular signal-regulated kinase predisposes diffuse 
large B-cell lymphoma cell lines to CD40-mediated cell death. Cancer 
Res. 2006;66(7):3550–7.

	 49.	 Chmielewski M, Kopecky C, Hombach AA, Abken H. IL-12 release 
by engineered T cells expressing chimeric antigen receptors can 
effectively muster an antigen-independent macrophage response on 
tumor cells that have shut down tumor antigen expression. Cancer Res. 
2011;71(17):5697–706.

	 50.	 Galon J, Costes A, Sanchez-Cabo F, Kirilovsky A, Mlecnik B, Lagorce-
Pages C, et al. Type, density, and location of immune cells within 
human colorectal tumors predict clinical outcome. Science. 
2006;313(5795):1960–4.

	 51.	 van Herpen CM, Looman M, Zonneveld M, Scharenborg N, de Wilde 
PC, van de Locht L, et al. Intratumoral administration of recombinant 
human interleukin 12 in head and neck squamous cell carcinoma 
patients elicits a T-helper 1 profile in the locoregional lymph nodes. Clin 
Cancer Res. 2004;10(8):2626–35.

	 52.	 Zitvogel L, Tesniere A, Kroemer G. Cancer despite immunosurveil-
lance: immunoselection and immunosubversion. Nat Rev Immunol. 
2006;6(10):715–27.

	 53.	 Hurton LV, Singh H, Najjar AM, Switzer KC, Mi T, Maiti S, et al. 
Tethered IL-15 augments antitumor activity and promotes a stem-
cell memory subset in tumor-specific T cells. P Natl Acad Sci USA. 
2016;113(48):E7788–97.

	 54.	 Marks-Konczalik J, Dubois S, Losi JM, Sabzevari H, Yamada N, Feigen-
baum L, et al. IL-2-induced activation-induced cell death is inhibited 
in IL-15 transgenic mice. P Natl Acad Sci USA. 2000;97(21):11445–50.

	 55.	 Klebanoff CA, Finkelstein SE, Surman DR, Lichtman MK, Gat-
tinoni L, Theoret MR, et al. IL-15 enhances the in vivo antitumor 
activity of tumor-reactive CD8+ T cells. P Natl Acad Sci USA. 
2004;101(7):1969–74.

	 56.	 Teague RM, Sather BD, Sacks JA, Huang MZ, Dossett ML, Morimoto J, 
et al. Interleukin-15 rescues tolerant CD8+ T cells for use in adoptive 
immunotherapy of established tumors. Nat Med. 2006;12(3):335–41.

	 57.	 Razeghian E, Nasution M, Rahman HS, Gardanova ZR, Abdelbasset 
WK, Aravindhan S, et al. A deep insight into CRISPR/Cas9 application 
in CAR-T cell-based tumor immunotherapies. Stem Cell Res Ther. 
2021;12(1):428.

	 58.	 Jin L, Tao H, Karachi A, Long Y, Hou AY, Na M, et al. CXCR1- or CXCR2-
modified CAR T cells co-opt IL-8 for maximal antitumor efficacy in 
solid tumors. Nat Commun. 2019;10(1):4016.

	 59.	 Kremer V, Ligtenberg MA, Zendehdel R, Seitz C, Duivenvoorden 
A, Wennerberg E, et al. Genetic engineering of human NK cells to 



Page 17 of 19Liu et al. Molecular Cancer           (2023) 22:35 	

express CXCR2 improves migration to renal cell carcinoma. J Immu-
nother Cancer. 2017;5(1):73.

	 60.	 Vasquez KM, Marburger K, Intody Z, Wilson JH. Manipulating the 
mammalian genome by homologous recombination. Proc Natl Acad 
Sci. 2001;98:8403–10.

	 61.	 Jang DE, Lee JY, Lee JH, Koo OJ, Bae HS, Jung MH, et al. Multiple 
sgRNAs with overlapping sequences enhance CRISPR/Cas9-mediated 
knock-in efficiency. Exp Mol Med. 2018;50:1–9.

	 62.	 Liang X, Potter J, Kumar S, Ravinder N, Chesnut JD. Enhanced CRISPR/
Cas9-mediated precise genome editing by improved design and 
delivery of gRNA, Cas9 nuclease, and donor DNA. J Biotechnol. 
2017;241:136–46.

	 63.	 Prosser ME, Brown CE, Shami AF, Forman SJ, Jensen MC. Tumor 
PD-L1 co-stimulates primary human CD8(+) cytotoxic T cells 
modified to express a PD1:CD28 chimeric receptor. Mol Immunol. 
2012;51(3–4):263–72.

	 64.	 Cherkassky L, Morello A, Villena-Vargas J, Feng Y, Dimitrov DS, 
Jones DR, et al. Human CAR T cells with cell-intrinsic PD-1 check-
point blockade resist tumor-mediated inhibition. J Clin Invest. 
2016;126(8):3130–44.

	 65.	 Dong P, Xiong Y, Yue J, Hanley S, Watari H. Tumor-intrinsic PD-L1 signal-
ing in cancer initiation, development and treatment: beyond immune 
evasion. Front Oncol. 2018;8:386.

	 66.	 Yokosuka T, Takamatsu M, Kobayashi-Imanishi W, Hashimoto-Tane A, 
Azuma M, Saito T. Programmed cell death 1 forms negative costimu-
latory microclusters that directly inhibit T cell receptor signaling by 
recruiting phosphatase SHP2. J Exp Med. 2012;209(6):1201–17.

	 67.	 Zikherman J, Jenne C, Watson S, Doan K, Raschke W, Goodnow CC, et al. 
CD45-Csk phosphatase-kinase titration uncouples basal and induc-
ible T cell receptor signaling during thymic development. Immunity. 
2010;32(3):342–54.

	 68.	 Su S, Hu B, Shao J, Shen B, Du J, Du Y, et al. CRISPR-Cas9 mediated effi-
cient PD-1 disruption on human primary T cells from cancer patients. 
Sci Rep. 2016;6:20070.

	 69.	 Tu K, Deng H, Kong L, Wang Y, Yang T, Hu Q, et al. Reshaping tumor 
immune microenvironment through acidity-responsive nanoparticles 
featured with CRISPR/Cas9-mediated programmed death-ligand 1 
attenuation and chemotherapeutics-induced immunogenic cell death. 
ACS Appl Mater Interfaces. 2020;12(14):16018–30.

	 70.	 Liu X, Zhao Y. CRISPR/Cas9 genome editing: fueling the revolution in 
cancer immunotherapy. Curr Res Transl Med. 2018;66(2):39–42.

	 71.	 Imaizumi T, Kumagai M, Sasaki N, Kurotaki H, Mori F, Seki M, et al. 
Interferon-gamma stimulates the expression of galectin-9 in cultured 
human endothelial cells. J Leukoc Biol. 2002;72(3):486–91.

	 72.	 Dardalhon V, Anderson AC, Karman J, Apetoh L, Chandwaskar R, Lee 
DH, et al. Tim-3/galectin-9 pathway: regulation of Th1 immunity 
through promotion of CD11b+Ly-6G+ myeloid cells. J Immunol. 
2010;185(3):1383–92.

	 73.	 Triebel F, Jitsukawa S, Baixeras E, Roman-Roman S, Genevee C, Viegas-
Pequignot E, et al. LAG-3, a novel lymphocyte activation gene closely 
related to CD4. J Exp Med. 1990;171(5):1393–405.

	 74.	 Sierro S, Romero P, Speiser DE. The CD4-like molecule LAG-3, biology 
and therapeutic applications. Expert Opin Ther Tar. 2011;15(1):91–101.

	 75.	 Zhang Y, Zhang X, Cheng C, Mu W, Liu X, Li N, et al. CRISPR-Cas9 medi-
ated LAG-3 disruption in CAR-T cells. Front Med-PRC. 2017;11(4):554–62.

	 76.	 Jung IY, Kim YY, Yu HS, Lee M, Kim S, Lee J. CRISPR/Cas9-mediated 
knockout of DGK improves antitumor activities of human T cells. Cancer 
Res. 2018;78(16):4692–703.

	 77.	 Purow B. Molecular pathways: targeting diacylglycerol kinase alpha in 
cancer. Clin Cancer Res. 2015;21(22):5008–12.

	 78.	 Upadhyay R, Boiarsky JA, Pantsulaia G, Svensson-Arvelund J, Lin MJ, 
Wroblewska A, et al. A critical role for Fas-mediated off-target tumor 
killing in T-cell immunotherapy. Cancer Discov. 2021;11(3):599–613.

	 79.	 Chen J, López-Moyado IF, Seo H, Lio CJ, Hempleman LJ, Sekiya T, et al. 
NR4A transcription factors limit CAR T cell function in solid tumours. 
Nature. 2019;567:530–4.

	 80.	 Meng XM, Nikolic-Paterson DJ, Lan HY. TGF-beta: the master regulator 
of fibrosis. Nat Rev Nephrol. 2016;12(6):325–38.

	 81.	 Schmierer B, Hill CS. TGFbeta-SMAD signal transduction: molecu-
lar specificity and functional flexibility. Nat Rev Mol Cell Biol. 
2007;8(12):970–82.

	 82.	 Huang SS, Huang JS. TGF-beta control of cell proliferation. J Cell Bio-
chem. 2005;96(3):447–62.

	 83.	 Derynck R, Zhang YE. Smad-dependent and Smad-independent path-
ways in TGF-beta family signalling. Nature. 2003;425(6958):577–84.

	 84.	 Hasan M, Neumann B, Haupeltshofer S, Stahlke S, Fantini MC, 
Angstwurm K, et al. Activation of TGF-beta-induced non-Smad 
signaling pathways during Th17 differentiation. Immunol Cell Biol. 
2015;93(7):662–72.

	 85.	 Zhu H, Luo H, Shen Z, Hu X, Sun L, Zhu X. Transforming growth factor-
beta1 in carcinogenesis, progression, and therapy in cervical cancer. 
Tumour Biol. 2016;37(6):7075–83.

	 86.	 Tang N, Cheng C, Zhang X, Qiao M, Li N, Mu W, et al. TGF-beta inhibition 
via CRISPR promotes the long-term efficacy of CAR T cells against solid 
tumors. JCI Insight. 2020;5(4):e133977.

	 87.	 Muraoka RS, Dumont N, Ritter CA, Dugger TC, Brantley DM, Chen J, et al. 
Blockade of TGF-beta inhibits mammary tumor cell viability, migration, 
and metastases. 2002;109(12):1551-9

	 88.	 Lee AJ, Mahoney CM, Cai CC, Ichinose R, Stefani RM, Marra KG, et al. 
Sustained delivery of SB-431542, a type I transforming growth factor 
Beta-1 receptor inhibitor, to prevent Arthrofibrosis. Tissue Eng A. 
2021;27:1411–21.

	 89.	 Kaklamani VG, Pasche B. Role of TGF-beta in cancer and the potential 
for therapy and prevention. Expert Rev Anticanc. 2004;4(4):649–61.

	 90.	 Eyers PA, Craxton M, Morrice N, Cohen P, Goedert M. Conversion of SB 
203580-insensitive MAP kinase family members to drug-sensitive forms 
by a single amino-acid substitution. Chem Biol. 1998;5:321–8.

	 91.	 Fraietta JA, Nobles CL, Sammons MA, Lundh S, Carty SA, Reich TJ, et al. 
Disruption of TET2 promotes the therapeutic efficacy of CD19-targeted 
T cells. Nature. 2018;558(7709):307–12.

	 92.	 Eyquem J, Mansilla-Soto J, Giavridis T, van der Stegen SJ, Hamieh M, 
Cunanan KM, et al. Targeting a CAR to the TRAC locus with CRISPR/Cas9 
enhances tumour rejection. Nature. 2017;543(7643):113–7.

	 93.	 Schumann K, Lin S, Boyer E, Simeonov DR, Subramaniam M, Gate RE, 
et al. Generation of knock-in primary human T cells using Cas9 ribonu-
cleoproteins. P Natl Acad Sci USA. 2015;112(33):10437–42.

	 94.	 Cooper ML, Choi J, Staser K, Ritchey JK, Devenport JM, Eckardt K, et al. 
An "off-the-shelf" fratricide-resistant CAR-T for the treatment of T cell 
hematologic malignancies. Leukemia. 2018;32(9):1970–83.

	 95.	 Cooper ML, DiPersio JF. Chimeric antigen receptor T cells (CAR-
T) for the treatment of T-cell malignancies. Best Pract Res CL Ha. 
2019;32(4):101097.

	 96.	 Sterner RM, Sakemura R, Cox MJ, Yang N, Khadka RH, Forsman CL, et al. 
GM-CSF inhibition reduces cytokine release syndrome and neuroin-
flammation but enhances CAR-T cell function in xenografts. Blood. 
2019;133(7):697–709.

	 97.	 Liu B, Li M, Zhou Z, Guan X, Xiang Y. Can we use interleukin-6 (IL-6) 
blockade for coronavirus disease 2019 (COVID-19)-induced cytokine 
release syndrome (CRS)? J Autoimmun. 2020;111:102452.

	 98.	 Zhou X. Empowering chimeric antigen receptor T-cell therapy with 
CRISPR. Biotechniques. 2020;68:169–71.

	 99.	 Torikai H, Cooper LJ. Translational implications for off-the-shelf 
immune cells expressing chimeric antigen receptors. Mol Ther. 
2016;24(7):1178–86.

	100.	 Poirot L, Philip B, Schiffer-Mannioui C, Le Clerre D, Chion-Sotinel I, 
Derniame S, et al. Multiplex genome-edited T-cell manufacturing plat-
form for "off-the-shelf" adoptive T-cell immunotherapies. Cancer Res. 
2015;75(18):3853–64.

	101.	 Provasi E, Genovese P, Lombardo A, Magnani Z, Liu P, Reik A, et al. 
Editing T cell specificity towards leukemia by zinc finger nucleases and 
lentiviral gene transfer. Nat Med. 2012;18:807–15.

	102.	 Riolobos L, Hirata RK, Turtle CJ, Wang PR, Gornalusse GG, Zavajlevski 
M, et al. HLA engineering of human pluripotent stem cells. Mol Ther. 
2013;21(6):1232–41.

	103.	 Liu X, Zhang Y, Cheng C, Cheng AW, Zhang X, Li N, et al. CRISPR-Cas9-medi-
ated multiplex gene editing in CAR-T cells. Cell Res. 2017;27(1):154–7.

	104.	 Depil S, Duchateau P, Grupp SA, Mufti G, Poirot L. ’Off-the-shelf’ alloge-
neic CAR T cells: development and challenges. Nat Rev Drug Discov. 
2020;19(3):185–99.

	105.	 Roth TL, Puig-Saus C, Yu R, Shifrut E, Carnevale J, Li PJ, et al. Reprogram-
ming human T cell function and specificity with non-viral genome 
targeting. Nature. 2018;559(7714):405–9.



Page 18 of 19Liu et al. Molecular Cancer           (2023) 22:35 

	106.	 Sarukhan A, Garcia C, Lanoue A, von Boehmer H. Allelic inclusion of T 
cell receptor alpha genes poses an autoimmune hazard due to low-
level expression of autospecific receptors. Immunity. 1998;8(5):563–70.

	107.	 Ahmadi M, King JW, Xue SA, Voisine C, Holler A, Wright GP, 
et al. CD3 limits the efficacy of TCR gene therapy in vivo. Blood. 
2011;118(13):3528–37.

	108.	 Morton LT, Reijmers RM, Wouters AK, Kweekel C, Remst D, Pothast CR, 
et al. Simultaneous deletion of endogenous TCRalphabeta for TCR gene 
therapy creates an improved and safe cellular therapeutic. Mol Ther. 
2020;28(1):64–74.

	109.	 Legut M, Dolton G, Mian AA, Ottmann OG, Sewell AK. CRISPR-mediated 
TCR replacement generates superior anticancer transgenic T cells. 
Blood J Am Soc Hematol. 2018;131:311–22.

	110.	 Wei L, Lee D, Law CT, Zhang MS, Shen J, Chin DW, et al. Genome-wide 
CRISPR/Cas9 library screening identified PHGDH as a critical driver for 
Sorafenib resistance in HCC. Nat Commun. 2019;10(1):4681.

	111.	 Singer M, Wang C, Cong L, Marjanovic ND, Kowalczyk MS, Zhang H, 
et al. A distinct gene module for dysfunction uncoupled from activa-
tion in tumor-infiltrating T cells. Cell. 2016;166(6):1500–11.

	112.	 Sivori S, Pende D, Quatrini L, Pietra G, Della CM, Vacca P, et al. NK cells 
and ILCs in tumor immunotherapy. Mol Asp Med. 2021;80:100870.

	113.	 Bi J, Tian Z. NK cell exhaustion. Front Immunol. 2017;8:760.
	114.	 Afolabi LO, Afolabi MO, Sani MM, Okunowo WO, Yan D, Chen L, et al. 

Exploiting the CRISPR-Cas9 gene-editing system for human cancers 
and immunotherapy. Clin Transl Immunol. 2021;10(6):e1286.

	115.	 Gurney M, Stikvoort A, Nolan E, Kirkham-McCarthy L, Khoruzhenko S, 
Shivakumar R, et al. CD38 knockout natural killer cells expressing an 
affinity optimized CD38 chimeric antigen receptor successfully target 
acute myeloid leukemia with reduced effector cell fratricide. HAEMATO-
LOGICA. 2022;107(2):437–45.

	116.	 Velasquez MP, Szoor A, Bonifant CL, Vaidya A, Gottschalk S. Two-
pronged cell therapy for B-cell malignancies: engineering NK 
cells to target CD22 and redirect bystander T cells to CD19. Blood. 
2016;128(22):4560.

	117.	 Sekiba K, Yamagami M, Otsuka M, Suzuki T, Kishikawa T, Ishibashi R, 
et al. Transcriptional activation of the MICA gene with an engineered 
CRISPR-Cas9 system. Biochem Bioph Res Co. 2017;486(2):521–5.

	118.	 Carlsten M, Levy E, Karambelkar A, Li L, Reger R, Berg M, et al. Efficient 
mRNA-based genetic engineering of human NK cells with high-affinity 
CD16 and CCR7 augments rituximab-induced ADCC against lymphoma 
and targets NK cell migration toward the lymph node-associated 
chemokine CCL19. Front Immunol. 2016;7:105.

	119.	 Bexte T, Alzubi J, Reindl LM, Wendel P, Schubert R, Salzmann-Manrique 
E, et al. CRISPR-Cas9 based gene editing of the immune checkpoint 
NKG2A enhances NK cell mediated cytotoxicity against multiple 
myeloma. Oncoimmunology. 2022;11(1):2081415.

	120.	 Pomeroy EJ, Hunzeker JT, Kluesner MG, Lahr WS, Smeester BA, Crosby 
MR, et al. A genetically engineered primary human natural killer cell 
platform for cancer immunotherapy. Mol Ther. 2020;28(1):52–63.

	121.	 Zhu H, Blum RH, Bernareggi D, Ask EH, Wu Z, Hoel HJ, et al. Metabolic 
reprograming via deletion of CISH in human iPSC-derived NK cells pro-
motes in vivo persistence and enhances anti-tumor activity. Cell Stem 
Cell. 2020;27(2):224–37.

	122.	 Daher M, Basar R, Gokdemir E, Baran N, Uprety N, Nunez CA, et al. 
Targeting a cytokine checkpoint enhances the fitness of armored cord 
blood CAR-NK cells. Blood. 2021;137(5):624–36.

	123.	 Solomon BL, Garrido-Laguna I. TIGIT: a novel immunotherapy target 
moving from bench to bedside. Cancer Immunol Immunother. 
2018;67(11):1659–67.

	124.	 Huang RS, Shih HA, Lai MC, Chang YJ, Lin S. Enhanced NK-92 cytotoxic-
ity by CRISPR genome engineering using Cas9 ribonucleoproteins. 
Front Immunol. 2020;11:1008.

	125.	 Shan C, Li X, Zhang J. Progress of immune checkpoint LAG-3 in immu-
notherapy. Oncol Lett. 2020;20(5):207.

	126.	 Deuse T, Hu X, Agbor-Enoh S, Jang MK, Alawi M, Saygi C, et al. 
The SIRPalpha-CD47 immune checkpoint in NK cells. J Exp 
Med. 2021;218(3):e20200839.

	127.	 Wang QM, Tang PM, Lian GY, Li C, Li J, Huang XR, et al. Enhanced cancer 
immunotherapy with Smad3-silenced NK-92 cells. Cancer Immunol Res. 
2018;6(8):965–77.

	128.	 Veillette A, Chen J. SIRPalpha-CD47 immune checkpoint blockade in 
anticancer therapy. Trends Immunol. 2018;39(3):173–84.

	129.	 Ray M, Lee Y, Hardie J, Mout R, Yeşilbag Tonga G, Farkas ME, et al. CRIS-
PRed macrophages for cell-based cancer immunotherapy. Bioconjug 
Chem. 2018;29:445–50.

	130.	 Wang X, Tokheim C, Gu SS, Wang B, Tang Q, Li Y, et al. In vivo CRISPR 
screens identify the E3 ligase Cop1 as a modulator of macrophage infil-
tration and cancer immunotherapy target. Cell. 2021;184(21):5357-74.

	131.	 Yu J, Yusa K. Genome-wide CRISPR-Cas9 screening in mammalian cells. 
Methods. 2019;164-165:29–35.

	132.	 Bodapati S, Daley TP, Lin X, Zou J, Qi LS. A benchmark of algorithms for 
the analysis of pooled CRISPR screens. Genome Biol. 2020;21(1):62.

	133.	 Zhou Y, Zhu S, Cai C, Yuan P, Li C, Huang Y, et al. High-throughput 
screening of a CRISPR/Cas9 library for functional genomics in human 
cells. Nature. 2014;509(7501):487–91.

	134.	 Manguso RT, Pope HW, Zimmer MD, Brown FD, Yates KB, Miller BC, et al. 
In vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy 
target. Nature. 2017;547(7664):413–8.

	135.	 Dong MB, Wang G, Chow RD, Ye L, Zhu L, Dai X, et al. Systematic immu-
notherapy target discovery using genome-scale in vivo CRISPR screens 
in CD8 T cells. Cell. 2019;178:1189–204.

	136.	 Chen Z, Arai E, Khan O, Zhang Z, Ngiow SF, He Y, et al. In vivo CD8+ T 
cell CRISPR screening reveals control by Fli1 in infection and cancer. 
Cell. 2021;184:1262–80.

	137.	 Belk JA, Yao W, Ly N, Freitas KA, Chen Y, Shi Q, et al. Genome-wide 
CRISPR screens of T cell exhaustion identify chromatin remodeling fac-
tors that limit T cell persistence. Cancer Cell. 2022;40:768–86.

	138.	 Loo CS, Gatchalian J, Liang Y, Leblanc M, Xie M, Ho J, et al. A genome-
wide CRISPR screen reveals a role for the non-canonical nucleosome-
remodeling BAF complex in Foxp3 expression and regulatory T cell 
function. Immunity. 2020;53(1):143–57.

	139.	 Ye L, Park JJ, Peng L, Yang Q, Chow RD, Dong MB, et al. A genome-
scale gain-of-function CRISPR screen in CD8 T cells identifies proline 
metabolism as a means to enhance CAR-T therapy. Cell Metab. 
2022;34(4):595–614.

	140.	 Legut M, Gajic Z, Guarino M, Daniloski Z, Rahman JA, Xue X, et al. A 
genome-scale screen for synthetic drivers of T cell proliferation. Nature. 
2022;603:728–35.

	141.	 Schmidt R, Steinhart Z, Layeghi M, Freimer JW, Bueno R, Nguyen VQ, 
et al. CRISPR activation and interference screens decode stimulation 
responses in primary human T cells. Science. 2022;375(6580):j4008.

	142.	 Lau E. Genetic screens: CRISPR screening from both ways. Nat Rev 
Genet. 2014;15(12):778–9.

	143.	 Datlinger P, Rendeiro AF, Schmidl C, Krausgruber T, Traxler P, Klugham-
mer J, et al. Pooled CRISPR screening with single-cell transcriptome 
readout. Nat Meth. 2017;14:297–301.

	144.	 Pastushenko I, Blanpain C. EMT transition states during tumor progres-
sion and metastasis. 2019;29:212–26.

	145.	 McFaline-Figueroa JL, Hill AJ, Qiu X, Jackson D, Shendure J, Trapnell C. A 
pooled single-cell genetic screen identifies regulatory checkpoints in 
the continuum of the epithelial-to-mesenchymal transition. Nat Genet. 
2019;51:1389–98.

	146.	 Dixit A, Parnas O, Li B, Chen J, Fulco CP, Jerby-Arnon L, et al. Perturb-Seq: 
dissecting molecular circuits with scalable single-cell RNA profiling of 
pooled genetic screens. Cell. 2016;167:1853–66.

	147.	 Doench JG. Am I ready for CRISPR? A user’s guide to genetic screens. 
Nat Rev Genet. 2018;19:67–80.

	148.	 Dhainaut M, Rose SA, Akturk G, Wroblewska A, Nielsen SR, Park ES, et al. 
Spatial CRISPR genomics identifies regulators of the tumor microenvi-
ronment. Cell. 2022;185:1223–39.

	149.	 Wang H, Xu X, Nguyen CM, Liu Y, Gao Y, Lin X, et al. CRISPR-mediated 
programmable 3D genome positioning and nuclear organization. Cell. 
2018;175:1405–17.

	150.	 Zhu H, Zhang L, Tong S, Lee CM, Deshmukh H, Bao G. Spatial control 
of in vivo CRISPR-Cas9 genome editing via nanomagnets. Nat Biomed 
Eng. 2019;3:126–36.

	151.	 Aksoy YA, Yang B, Chen W, Hung T, Kuchel RP, Zammit NW, et al. Spatial 
and temporal control of CRISPR-Cas9-mediated gene editing delivered 
via a light-triggered liposome system. ACS Appl Mater Interfaces. 
2020;12:52433–44.



Page 19 of 19Liu et al. Molecular Cancer           (2023) 22:35 	

	152.	 Pickar-Oliver A, Gersbach CA. The next generation of CRISPR-Cas tech-
nologies and applications. ACS Appl Mater Interfaces. 2019;20:490–507.

	153.	 Heckl D, Kowalczyk MS, Yudovich D, Belizaire R, Puram RV, McConkey 
ME, et al. Generation of mouse models of myeloid malignancy with 
combinatorial genetic lesions using CRISPR-Cas9 genome editing. Nat 
Biotechnol. 2014;32:941–6.

	154.	 Ng SR, Rideout WM, Akama-Garren EH, Bhutkar A, Mercer KL, Schenkel 
JM, et al. CRISPR-mediated modeling and functional validation of can-
didate tumor suppressor genes in small cell lung cancer. Proc Natl Acad 
Sci. 2020;117:513–21.

	155.	 He D, Zhang J, Wu W, Yi N, He W, Lu P, et al. A novel immunodefi-
cient rat model supports human lung cancer xenografts. FASEB J. 
2019;33:140–50.

	156.	 Xie J, Ge W, Li N, Liu Q, Chen F, Yang X, et al. Efficient base editing for 
multiple genes and loci in pigs using base editors. Nat Commun. 
2019;10:2852.

	157.	 Dekkers JF, Whittle JR, Vaillant F, Chen H, Dawson C, Liu K, et al. Mod-
eling breast cancer using CRISPR-Cas9-mediated engineering of human 
breast organoids. JNCI: J Natl Cancer Inst. 2020;112:540–4.

	158.	 Bowling S, Sritharan D, Osorio FG, Nguyen M, Cheung P, Rodriguez-Frat-
icelli A, et al. An engineered CRISPR-Cas9 mouse line for simultaneous 
readout of lineage histories and gene expression profiles in single cells. 
Cell. 2020;181:1410–22.

	159.	 Ma H, Tu L, Naseri A, Huisman M, Zhang S, Grunwald D, et al. Multi-
plexed labeling of genomic loci with dCas9 and engineered sgRNAs 
using CRISPRainbow. Nat Biotechnol. 2016;34:528–30.

	160.	 Gootenberg JS, Abudayyeh OO, Lee JW, Essletzbichler P, Dy AJ, Joung 
J, et al. Nucleic acid detection with CRISPR-Cas13a/C2c2. Science. 
2017;356:438–42.

	161.	 Park M, Jung MH, Eo EY, Kim S, Lee SH, Lee YJ, et al. Generation of lung 
cancer cell lines harboring EGFR T790M mutation by CRISPR/Cas9-
mediated genome editing. Oncotarget. 2017;8:36331–8.

	162.	 Shen JP, Zhao D, Sasik R, Luebeck J, Birmingham A, Bojorquez-Gomez 
A, et al. Combinatorial CRISPR-Cas9 screens for de novo mapping of 
genetic interactions. Nat Methods. 2017;14:573–6.

	163.	 Tsui CK, Barfield RM, Fischer CR, Morgens DW, Li A, Smith B, et al. 
CRISPR-Cas9 screens identify regulators of antibody-drug conjugate 
toxicity. Nat Chem Biol. 2019;15(10):949–58.

	164.	 Ministro JH, Oliveira SS, Oliveira JG, Cardoso M, Aires-da-Silva F, Corte-
Real S, et al. Synthetic antibody discovery against native antigens by 
CRISPR/Cas9-library generation and endoplasmic reticulum screening. 
Appl Microbiol Biotechnol. 2020;104(6):2501–12.

	165.	 Wei J, Marisetty A, Schrand B, Gabrusiewicz K, Hashimoto Y, Ott M, et al. 
Osteopontin mediates glioblastoma-associated macrophage infiltration 
and is a potential therapeutic target. J Clin Invest. 2019;129(1):137–49.

	166.	 Yang J, Li Z, Shen M, Wang Y, Wang L, Li J, et al. Programmable Unlock-
ing Nano-Matryoshka-CRISPR precisely reverses immunosuppression 
to unleash Cascade amplified adaptive immune response. Adv Sci. 
2021;8(13):2100292.

	167.	 Ferreira L, Muller YD, Bluestone JA, Tang Q. Next-generation regulatory T 
cell therapy. Nat Rev Drug Discov. 2019;18(10):749–69.

	168.	 Zhou J, Liu M, Sun H, Feng Y, Xu L, Chan A, et al. Hepatoma-intrinsic 
CCRK inhibition diminishes myeloid-derived suppressor cell immuno-
suppression and enhances immune-checkpoint blockade efficacy. Gut. 
2018;67(5):931–44.

	169.	 Labuhn M, Perkins K, Matzk S, Varghese L, Garnett C, Papaemmanuil E, 
et al. Mechanisms of progression of myeloid Preleukemia to trans-
formed myeloid leukemia in children with Down syndrome. Cancer 
Cell. 2019;36(2):123–38.

	170.	 Giuffrida L, Sek K, Henderson MA, Lai J, Chen A, Meyran D, et al. CRISPR/
Cas9 mediated deletion of the adenosine A2A receptor enhances CAR 
T cell efficacy. Nat Commun. 2021;12(1):3236.

	171.	 Kelton W, Waindok AC, Pesch T, Pogson M, Ford K, Parola C, et al. Repro-
gramming MHC specificity by CRISPR-Cas9-assisted cassette exchange. 
Sci Rep-UK. 2017;7:45775.

	172.	 Ren X, Yang Z, Xu J, Sun J, Mao D, Hu Y, et al. Enhanced specificity and 
efficiency of the CRISPR/Cas9 system with optimized sgRNA parameters 
in drosophila. Cell Rep. 2014;9:1151–62.

	173.	 Sledzinski P, Dabrowska M, Nowaczyk M, Olejniczak M. Paving the way 
towards precise and safe CRISPR genome editing. Biotechnol Adv. 
2021;49:107737.

	174.	 Kim S, Kim D, Cho SW, Kim J, Kim J. Highly efficient RNA-guided 
genome editing in human cells via delivery of purified Cas9 ribonucleo-
proteins. Genome Res. 2014;24:1012–9.

	175.	 Chew WL. Immunity to CRISPR Cas9 and Cas12a therapeutics. Wiley 
Interdiscip Rev Syst Biol Med. 2018;10:e1408.

	176.	 Scully R, Panday A, Elango R, Willis NA. DNA double-strand break repair-
pathway choice in somatic mammalian cells. Nat Rev Mol Cell Biol. 
2019;20:698–714.

	177.	 Tsai SQ, Nguyen NT, Malagon-Lopez J, Topkar VV, Aryee MJ, Joung JK. 
CIRCLE-seq: a highly sensitive in vitro screen for genome-wide CRISPR-
Cas9 nuclease off-targets. Nat Methods. 2017;14:607–14.

	178.	 Verkuijl SA, Rots MG. The influence of eukaryotic chromatin state on 
CRISPR-Cas9 editing efficiencies. Curr Opin Biotechnol. 2019;55:68–73.

	179.	 Jensen KT, Fløe L, Petersen TS, Huang J, Xu F, Bolund L, et al. Chromatin 
accessibility and guide sequence secondary structure affect CRISPR-
Cas9 gene editing efficiency. FEBS Lett. 2017;591:1892–901.

	180.	 Isaac RS, Jiang F, Doudna JA, Lim WA, Narlikar GJ, Almeida R. Nucleo-
some breathing and remodeling constrain CRISPR-Cas9 function. Elife. 
2016;5:e13450.

	181.	 Lin Y, Cradick TJ, Brown MT, Deshmukh H, Ranjan P, Sarode N, et al. 
CRISPR/Cas9 systems have off-target activity with insertions or dele-
tions between target DNA and guide RNA sequences. Nucleic Acids 
Res. 2014;42(11):7473–85.

	182.	 Ran FA, Hsu PD, Lin CY, Gootenberg JS, Konermann S, Trevino AE, et al. 
Double nicking by RNA-guided CRISPR Cas9 for enhanced genome 
editing specificity. Cell. 2013;154(6):1380–9.

	183.	 Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX, Zhang F. Ration-
ally engineered Cas9 nucleases with improved specificity. Science. 
2016;351(6268):84–8.

	184.	 Liu C, Zhang L, Liu H, Cheng K. Delivery strategies of the CRISPR-Cas9 
gene-editing system for therapeutic applications. J Control Release. 
2017;266:17–26.

	185.	 Reineke TM, Raines RT, Rotello VM. Delivery of proteins and 
nucleic acids: achievements and challenges. Bioconjug Chem. 
2019;30(2):261–2.

	186.	 Zhao B, Rothenberg E, Ramsden DA, Lieber MR. The molecular basis 
and disease relevance of non-homologous DNA end joining. Nat Rev 
Mol Cell Biol. 2020;21:765–81.

	187.	 Wu J, Zou Z, Liu Y, Liu X, Zhangding Z, Xu M, et al. CRISPR/Cas9-induced 
structural variations expand in T lymphocytes in vivo. Nucleic Acids Res. 
2022;50:11128–37.

	188.	 Yin J, Liu M, Liu Y, Hu J. Improved HTGTS for CRISPR/Cas9 off-target 
detection. Bio-protocol. 2019;9:e3229.

	189.	 Liu M, Zhang W, Xin C, Yin J, Shang Y, Ai C, et al. Global detection of 
DNA repair outcomes induced by CRISPR-Cas9. Nucleic Acids Res. 
2021;49:8732–42.

	190.	 Wang D, Mou H, Li S, Li Y, Hough S, Tran K, et al. Adenovirus-mediated 
somatic genome editing of Pten by CRISPR/Cas9 in mouse liver in spite 
of Cas9-specific immune responses. Hum Gene Ther. 2015;26:432–42.

	191.	 Nowak CM, Lawson S, Zerez M, Bleris L. Guide RNA engineering for 
versatile Cas9 functionality. Nucleic Acids Res. 2016;44:9555–64.

	192.	 Faust SM, Bell P, Cutler BJ, Ashley SN, Zhu Y, Rabinowitz JE, et al. CpG-
depleted adeno-associated virus vectors evade immune detection.  
J Clin Invest. 2013;123:2994–3001.

	193.	 Cox DB, Platt RJ, Zhang F. Therapeutic genome editing: prospects and 
challenges. Nat Med. 2015;21(2):121–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Recent advances and applications of CRISPR-Cas9 in cancer immunotherapy
	Abstract 
	Background
	Basic mechanism of CRISPR-Cas9-mediated genome editing
	A powerful CRISPR toolbox
	Outstanding role-played by CRISPR-Cas9 Technology in the Cellular Therapy
	Application of CRISPRs in CAR-T therapy
	“Arm” the cells via CRISPRs
	Knock out immune checkpoints, eliminating “immune brakes”
	Suppress TGF-β-mediated immune escape in TME like a “Guardian”
	Increase “engine power”, decrease “accident” occurrence — ensure durability and safety
	Generate “fashion stars” for cancer immunotherapy — “off-the-shelf” allogeneic CAR-T cells
	Other cellular immunotherapies via T cells

	CRISPRs point to future directions for other cellular therapies

	Find new targets for cancer therapy using CRISPR-Cas9-based genome-wide screening
	Excavate potential of spatial CRISPR genomics
	Current applications of CRISPR-Cas9 Technology in Basic Research and Translational Medicine
	Challenges and prospects
	Conclusions
	Acknowledgements
	References


