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Abstract

The discovery of clustered regularly interspaced short
palindromic repeats and CRISPR-associated protein 9 (CRISPR-
Cas9) technology has brought advances in the genetic
manipulation of eukaryotic cells, which has revolutionised cancer
research and treatment options. It is increasingly being used in
cancer immunotherapy, including adoptive T and natural killer
(NK) cell transfer, secretion of antibodies, cytokine stimulation
and overcoming immune checkpoints. CRISPR-Cas9 technology is
used in autologous T cells and NK cells to express various
innovative antigen designs and combinations of chimeric antigen
receptors (CARs) targeted at specific antigens for haematological
and solid tumors. Additionally, advanced engineering in immune
cells to enhance their sensing circuits with sophisticated
functionality is now possible. Intensive research on the CRISPR-
Cas9 system has provided scientists with the ability to overcome
the hostile tumor microenvironment and generate more
products for future clinical use, especially off-the-shelf, universal
cellular products, bringing exciting milestones for
immunotherapy. This review discussed the application and
challenges of CRISPR technology in cancer research and
immunotherapy, its advances and prospects for promoting new
cell-based therapeutic beyond immune oncology.

Keywords: CRISPR-Cas9, genetic manipulation, cancer,
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INTRODUCTION

Despite concerted global efforts to control this
disease, cancer continues to be a significant health

burden, in spite of the advancements in treatment
options such as radiotherapy, surgery,
chemotherapy and, more recently, immunotherapy.
Cancer is the world’s second leading cause of death
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due to constant metastasis and relapse.1 Therefore,
the fight against cancer is a global concern, which
calls for new treatment strategies.

In the past, attempts to edit eukaryotic cells,
particularly immune cells using the available
genetic tools, have yielded little success. The
ability of deoxyribonucleic acid (DNA) to repair
itself after a double-stranded break provides an
avenue for genetic manipulation. The clustered
regularly interspaced short palindromic repeats
and CRISPR-associated protein 9 (CRISPR-Cas9)
technology represents one of the high-
throughput gene-editing technologies that have
revolutionised available treatment options for
many human diseases, including cancer.2,3 CRISPR-
Cas9 offers a flexible and advanced gene-editing
capability compared with other gene-editing
technologies such as ribonucleic acid interference
(RNAi), transcription activator-like effector
nucleases (TALENs) and zinc finger nucleases
(ZFNs).4 Besides, CRISPR offers the potential to
multiplex multiple gene targets, program its
guide RNA (gRNA) and ease of in vivo delivery
with low cytotoxicity.5 The CRISPR toolkit has
been applied to multiplex genetic research with
great success.6 Other research areas that have
benefited from the CRISPR-Cas9 system include
neurological, skin and genetic disease therapies.7

Here, we describe the CRISPR-Cas9 gene-editing
system and discuss how it has been exploited for
cancer research and immunotherapy. We also
highlight its challenges and prospects for the
creation of new cell-based non-immuno-oncology
therapy in the future.

The CRISPR–Cas9 biology and mechanism

The CRISPR-Cas9 concept originated from the
adaptive immune system of prokaryotes against
foreign or invading DNA from bacteriophages.8–10

Prokaryotes (bacteria and archaea) acquire short
genome segments (spacers) from the invading
phage, which they integrate into their genetic
code to serve as molecular memory during any
subsequent infection by the same invading
organism.10,11 The acquired short sequence is then
transcribed after maturation as part of the CRISPR
array to form the CRISPR RNA (crRNA), which
serves as a guide to the Cas9 endonuclease to
scan and cleave any invading genetic material
that matches the genetic target.7,12 Cleavage of
the genetic target is usually at the site that
predates the protospacer adjacent motif (PAM).

This biological defence system has been widely
adapted for genomic engineering across various
species from microbes, plants and animals.7,13

CRISPR-Cas9 mechanism of action

The CRISPR-Cas9 system can be regarded as an
RNA-guided endonuclease (RGEN), which involves
recognising specific short target sequences (~20-
bp). The system employs a guide RNA to recognise
its target nucleotide, followed by Cas9 nuclease
activity.

In principle, the CRISPR-CAS system works
following two crucial steps:

• Sequence recognition (foreign nucleotide
sequence)

• Nuclease cleavage (on identified target
sequence), assisted by gRNA and Cas9 effector
proteins.

The PAM, a 2–6-base pair nucleotide sequence,
is highly essential for the gRNA to recognise its
target nucleotides (~20-bp), followed by the
recruitment of the Cas9 protein.11 The gRNA then
guides the recruited Cas9 through its specific
sequences related to a transactivating crRNA
(tracrRNA) to form the complementary DNA
target sequence for the site-specific double-strand
break. Interestingly, CRISPR-Cas9 can
simultaneously cleave multiple genes,14 thus
serving as an ideal tool for cancer research and
the advancement of various therapeutic options,
such as immunotherapy.

In endogenous systems, nuclear cleavage begins
when mature CRISPR RNA (crRNA) fuses with
transactivating crRNA (tracrRNA), which gives rise to
a Cas9-guided complex that leads to the target site
of the invading DNA (protospacer).9 However,
researchers have developed a gRNA as an artificial
replacement for the endogenous crRNA complex.15

Ideally, DNA repair in the cell can occur via the
non-homologous end-joining (NHEJ)-mediated
DNA pathway or by homology-directed DNA
repair (HDR).16 The former (NHEJ) involves direct
ligation of the two single-stranded ends, with
resultant small random insertion or deletion
mutations (indels)17 while the latter (HDR)
requires a template donor DNA sequence with
homologous arms to generate DNA repair,18

where programmed single-strand DNA fragments
are introduced to achieve insertion of a specific
gene, also known as gene knock-in. Lately,
another repair mechanism known as
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microhomology-mediated end joining (MMEJ) has
been Identified.19,20 It involves repairing DNA
breaks through elongation from substantial
microhomology arms (5- to 25-bp sequences),
usually generating indels.21 One unique
advantage of the Cas proteins is that single- or
dual-guide RNAs can be designed and generated
easily.

Advantages of CRISPR over ZFNs and
TALENs

The CRISPR system, when compared to other
genetic tools such as ZFNs and TALENs,
offers many advantages which include the
following.

First is the design simplicity. Since the CRISPR
system target recognition relies on forming a
ribonucleotide complex rather than protein/DNA
recognition, gRNA design is easier for any
genomic targets.2 The second is its efficiency. The
CRISPR system is highly efficient in terms of its
actual genetic editing workflow; for example,
mouse embryos can easily be modified by the
direct delivery of RNAs encoding the Cas protein
and its gRNA into them, thus eliminating the
hurdles and difficulty associated with the classical
homologous recombination techniques.5 The third
is its multiplex potential. The CRISPR system offers
the ability to modify several genomic sites
simultaneously by injecting with multiple gRNAs,
and this has been used to simultaneously
introduce five different gene mutations in mouse
ES cells.22 Recently, it is now easy to also predict
its off-target sites, thereby maximising its
efficiency.4

CRISPR-Cas9 for cancer research and drug
targets

Cancer remains a global burden, with an
unprecedented annual death. Cancer is
characterised by several point mutations leading
to an altered genome, and DNA damage,
resulting in abnormality in cell division. However,
the CRISPR-Cas9 system has shown immeasurable
success for studying normal and aberrant genes in
cancer cells in various mouse models. For example,
by combining the Cre–LoxP technology with the
CRISPR–Cas9 system, a phenotypic deletion of
tumor suppressor genes such as p53 and PTen was
induced. This deletion could be accomplished
either individually or in combination using

CRISPR’s hydrodynamic injection of a designed
DNA plasmid expressing Cas9 and targeting these
genes in the liver.23 Another study involving
adeno-associated virus (AAV) delivery of CRISPR
plasmid to model p53, KRAS and LKB1 genes in
lung adenocarcinoma caused mutation in p53 and
LKB1, resulting in loss of function in these genes,
followed by the formation of adenocarcinoma
pathology mediated by homology-driven repair of
KRAS G12D mutations.24

CRISPR-Cas9 was used to assess putative and novel
targets, including the functional roles of cancer-
associated mutations in the spliceosome genes. The
Degron-KI system consisting of CRISPR-Cas9-
mediated knock-in of inducible degron tags was
used to determine the causal link between the
splicing changes of the SF3B1 hotspot mutations.25

The CRISPR-Cas9 has also provided unparalleled
usefulness in mimicking structurally aberrant
chromosomes, which were previously tricky to
model. This approach is relatively easy for
insertion or deletion of DNA fragments of varying
sizes in the human and mouse genome by the
NHEJ/HDR pathways of CRISPR. Likewise, CRISPR
technology has made it possible to generate
duplication and deletion of DNA fragments by
trans-allelic recombination, creating double-strand
breaks (DSB) induced by Cas9 on homologous
chromosomes, providing a model for the study of
millions of gene clusters as well as many
regulatory DNA clusters.26

It is now possible through a virally assisted
CRISPR-Cas9 delivery system to specifically induce
in vivo chromosomal rearrangement in somatic
cells in animals. The generation of an echinoderm
microtubule-associated protein-like 4 gene fused
to the anaplastic lymphoma kinase gene (Eml4-
Alk), which drives lung cancer mouse model,
expressing the Eml4-Alk fusion gene, shows the
typical molecular and histopathological features
of the human ALK+ non-small-cell lung cancer
(NSCLC)27; such an approach can be modelled to
investigate other genes implicated in the
aetiology of other cancer types.

Furthermore, the use of CRISPR-Cas9 for
investigating multiple gene targets has led to the
synthesis and creation of a genetic circuit that can
aid cancer cell identification with strict specificity
and efficacy of cancer gene therapies.3 This circuit
approach involves integrating two promoters as
input in a cell, and the output gene is activated only
upon the dual activation of the input genes; this has
been established for genes such as p21, E-cadherin
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and hBAX, which inhibited cell growth, cell motility
and induced apoptosis as a result of its
corresponding genes.28

Chemotherapy represents one of the most
common cancer treatment options, and drug
resistance is a stumbling block to the success of
many therapies; therefore, the search for novel
antineoplastic drugs has become imperative. The
CRISPR system has been employed as part of the
approach to predict and validate novel drug
targets. One of such approach is the Drug Target
SeqR, designed to find physiological drug targets,
which involves the combination of computational
mutation discovery, high-throughput sequencing
and genome editing mediated by the CRISPR-
Cas9. The process consists of inducing protein
mutation, which confers drug resistance and
reduces cell activity when tested in biochemical
assays. An example of such a drug target
discovered by this approach is ispinesib (kinesin-5
inhibitor) – an anticancer inhibitor that causes cell
death in actively dividing tumor cells.29

Another potential cancer drug (selinexor) target
was identified and validated by the CRISPR-Cas9
system. Selinexor is an exportin-1 (XPO1) inhibitor,
and the CRISPR-Cas9 system was used to show that
resistance of cancer cells to this drug was because of
mutations at the cysteine-528 in the XPO1 gene.30

Besides drug target discoveries, other
chemotherapy problems such as multidrug resistance
against anticancer drugs are also challenges. The
CRISPR-Cas9 system can help identify the gene(s)
responsible for drug resistance and test whether any
single mutation in such gene(s) or knock-in/out of
target genes can confer drug resistance in different
tumors. Such an approach will be convenient to
reliably generate in vitro and in vivo models for
thorough and high-throughput basic research and
preclinical investigation on candidate genes and
elucidate the responses of cells in the presence or
absence of such target gene(s) (Figure 1).

Another significant benefit of the CRISPR
technique is identifying which proteins cancer
cells depend on for survival, thus identifying other
potential drug targets. This process involved the
identification of functional protein-coding exon,
which could serve as new targets. For example,
Shi et al. screened 192 regulatory chromatin
domains in mouse acute myeloid leukaemia (AML)
cells, 19 new drug targets and six known drug
targets were identified.31 Similarly, the CRISPR-
Cas9 system targeted at the promoter of the
human papillomavirus (HPV) (E6 and E7 transcript

region) resulted in the accumulation of p21 and
p53 proteins, leading to a reduction in the
proliferation of cancerous cells (both in vivo and
in vitro), thus demonstrating the usefulness of
CRISPR for high risk-HPV oncogenes and HPV-
related cancer treatment.32

CRISPR-Cas9 studies targeting multiple genes may
hold the key to treating multiple mutations involved
in heterogeneous tumor mass in NSCLC. This system
is a better alternative to lung cancer therapy
involving histone deacetylase or DNA
methyltransferase (DNMT) as it does not have many
of the after-effects of DNMT inhibitors.25 It also
enables the target of epi-enzymes to study the
epigenetic modulation, control and expression
status of cells by recruiting effector domains,
including any major chromatin remodelling
complexes.

It is also possible to construct a CRISPR-Cas9-
based sequence to probe and identify novel
regulatory gene clusters unique to specific cancer
features. Based on this approach, a novel
mutation that elicits resistance against the PLX-
4720 (a potent and selective inhibitor of
BRAFV600E) in melanoma cells was identified.33

These genome screenings have a lot of potential
because they allow for the identification of
epigenetic marks within the cancer genome when
combined with bioinformatics approaches. Other
cancer therapeutic areas that CRISPR-Cas9 can
exploit for genetic transcripts include RNAs,
antisense transcripts, polymerase III transcripts,
non-coding RNAs, nuclear-localised RNAs,
microRNAs, polymerase III transcripts with such
large variety sequences that can be targeted,
including promoters and introns.34 Employing this
technology in genome and epigenome editing is
expected to lead to numerous new treatment
options in one of the deadliest human diseases.

Exploiting genome-wide CRISPR-Cas9
screening for cancer therapeutic

The genome-wide CRISPR-Cas9 screen entails
disrupting gene functionality with sgRNA to
uncover novel yet unidentified targets and
pathways that influence many biological
processes.35,36 Since its emergence, many studies
have developed genome-wide CRISPR knock-out
(GeCKO) libraries harbouring arrays of sgRNAs
targeted towards a set of genes implicated in
cancer aetiology. Since the designed sgRNAs alter
and modulate the targeted gene’s role in cell
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viability during proliferation, the depletion or
enrichment of these sgRNAs identifies the genes
implicated in the observed cell phenotype37–41.
The CRISPR genome-wide screening was shown to
identify a novel target in AML tumor cell lines.
The knockout of the transcriptional activator
KAT2A alters their growth. Although KAT2A is
not an essential gene for hematopoietic

progenitor cells, targeting this gene represents a
novel strategy for AML treatment, including the
use of MB-3 – a potent inhibitor of KAT2A for
AML treatment.42

Moving forward, the genes responsible for
bortezomib (BTZ) resistance in multiple myeloma
(MM) were uncovered via a genome-scale positive
selection assay involving culturing MM cells

Figure 1. Application of the CRISPR-Cas9 system in cancer research and therapeutics. (a) Various delivery methods of the CRISPR-Cas9 material.

They range from lentivirus, adeno-associated virus (AAV), nanoparticles and Cas9-mRNA. The CRISPR system can employ either the non-

homologous end joining (NHEJ) or the homology-directed repair (HDR) for gene knockout and knock-in, respectively. (b) The identification of

essential genes or gene clusters peculiar to individual cancer cells. (c) Target validation mediated by degron tag knock-in in a gene subjecting its

expression to the presence of a small molecule. (d) Schematic workflow of DrugTargetSeqR application in identifying a drug’s direct target gene

curated from recurring gene mutation between parental cancer cells and non-MDR clones, which can be validated by biochemical assays to

ascertain whether mutations are sufficient to confer resistance. (e) CRISPR-Cas9 mediated generation of humanised mouse strains carrying

physiological levels of gene expression. Their endogenic gene expression levels make them essential components for human biology and

pathology modelling, including the study of dosage-sensitive genes such as aggregate sensitive proteins and RNA-binding proteins (f) Cas9

mediated transgenic mouse models mediated by the delivery of viral sgRNA. Co-expressing and/or inducible Cas9 enzymes can cause tissue-

specific gene knockout in different organs. (g) CRISPR-Cas9 generation of mutation (point or compound) by chromosome translocation or

deletion in different mouse tissues, generating a panel of isogenic cell lines with a variety of oncogenic lesions. (h) Generation of germline mouse

models harbouring several genetic mutations mediated by CRISPR-Cas9 engineered embryonic stem (EM) cells.
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harbouring various sgRNA targets in the presence
of a lethal BTZ dosage. PSMC6 was identified as
conferring resistance to BTZ in this cell after
surviving-conferring genes were enriched in
sgRNAs sequencing.43

Another exciting study employing sgRNAs
targeted at 2368 murine genes unravelled the
protein tyrosine phosphatase non-receptor type 2
(Ptpn2) as a resistance-conferring gene to
programmed death ligand 1 (PD-L1) blocking and
its loss improves PD-L1 immunotherapy.44 Another
study showed that the loss of GRB2, IRF4, SOS1
and STAT3 in ALK+ anaplastic large-cell lymphoma
cells dampened PD-L1 expression and restored
T-cell and NK-cell antitumor functions.45

The identification of novel immunomodulatory
compounds can be used to augment conventional
chemotherapy care. For example, the mechanism of
MM cell lines susceptibility to immunomodulatory
imide drugs (IMiDs) was explored by loss-of-
function genome-wide screening and found that
COP9 signalosome complex subunit 9 mediates the
regulation of cereblon, which serves as the main
factor responsible for sensitivity of MM cells to
IMiDs.46

CRISPR-Cas9 genome screening for TCR and
CAR-T cells

The roles of cytotoxic T cells in the control of
tumors have been well established. However,
despite the advances in adoptive T-cell
immunotherapies and other novel T-cell-based
therapeutics, malignant refractory and immune
escape by some tumor cells remains a significant
burden. In the past, gene knockdown attempts
have been made using RNA interference libraries
to identify targets that enhance T-cell functions
and understand how T cells respond when they
encounter their target antigens.

CRISPR-Cas9 ushered in a new gene
perturbation approach known as CRISPR-Cas9
genome-scale screening. This functional genetic
perturbation approach has been applied in many
genetic studies, including primary T cells, to
identify intrinsic T-cell factors vital for an
enhanced T-cell cytotoxicity by employing an
unbiased genetic screening approach.47

The CRISPR-Cas9 genome screening involves
generating a large pool of T cells (mediated by
lentiviruses or other retroviruses encoding large
libraries of perturbed genes) harbouring diverse
edited genes traceable by their sgRNA sequences

in the integrated CRISPR cassette. The CRISPR
genome screen can then be coupled with single-
cell RNA sequencing (scRNA-seq) to provide a
powerful approach to evaluating each gene
perturbation effect on the cell state and key
signalling signature for its effector functions.

In principle, the CRISPR-Cas9 genome screen is
based on three components – (1) gene
perturbation, (2) an applicable model and (3) an
appropriate assay – to investigate the curated top
hits genes.47

CRISPR genome screens in human T-cell-based
therapies have been used to unravel target genes,
including key signalling pathways that modulate
the effector function of T cells. For instance, one
way the Genome-wide CRISPR screens have been
used to enhance the effector function of CAR-T
cell is through a comprehensive study that
identifies targets that can be translated to novel
immunotherapies or an enhancement of existing
therapy with gene-engineering, biologics and
small molecules.

Based on large-scale CRISPR screens, a new
method termed ‘SLICE’ was developed by Shifrut
et al. to discover new regulators in primary
human T cells that impacted its stimulation
responses. This genome-wide loss-of-function
screen identified certain critical T-cell-positive
genes – LCP2 and negative genes – CBLB, CD5–
signatures as important for TCR signalling.
Additionally, the authors identified genes
resistance to adenosine-mediated
immunosuppression, which enhanced T-cell
proliferation in the presence of adenosine agonist
(CGS-21680) when the identified genes are
knocked out.48 Evidently, the described approach
will significantly improve TCR-based T-cell
therapies.

About 10–20% of patients with acute
lymphoblastic leukaemia (ALL) show resistance
after CD19-directed CART19 treatment without a
clear understanding of the development of such
resistance. Using the CRISPR screen approach, an
inherent impaired death receptor signalling in
ALL patients was identified to directly correlate to
failed CAR-T therapy through impairment of T-cell
cytotoxicity, ultimately resulting in CAR-T cell
dysfunction. This study demonstrates a novel
antigen-independent mechanism of resistance to
CART19 therapy.49

In another closely related report, the use of
CRISPR-Cas9 loss-of-function screens with a
systematic investigation of druggable mechanisms
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of CAR-T cell cytotoxicity of over 500 small
molecules revealed some tyrosine kinase inhibitors
that transcriptionally impede T-cell signalling,
thereby impairing CAR-T cell cytotoxicity.
Interestingly, the identification of death receptor
signalling mediated via the FADD and TNFRSF10B
(TRAIL-R2) signatures was also implicated as a key
mediator of CAR-T cell cytotoxicity, which further
elucidate the RIPK1-dependent mechanism of
SMAC mimetic sensitisation of diffuse large B-cell
lymphoma cells and B-cell acute lymphoblastic
leukaemia to anti-CD19 CAR T cells.50 Since death
receptors have varied expression profiles across
genetic subtypes of B-cell malignancies, this
highlights a direct link between the mechanistic
cytotoxicity of CAR-T cells and cancer genetics.

In another interesting study, using a reciprocal
CRISPR screening approach, Wang et al. revealed
genes in both CAR-T and tumor cells regulating
cytotoxicity of CAR-T cells while identifying the
target genes critical for patient-derived cancer
stem cells susceptibility to such CAR-T-mediated
killing. In their study, they discovered a novel
CAR-T cell- and tumor-intrinsic target that
improved in vitro and in vivo cytotoxicity against
Glioblastoma stem cells (GSCs). Genetic ablation of
identified hits in CAR-T cells enhanced the
cytolytic activity, long-term activation and
improved in vivo antitumor cytotoxicity against
GSCs. Similarly, the knockout of identified targets
hits in GSCs sensitised them to in vitro and in vivo
CAR-mediated cytolysis.51 This reciprocal CRISPR
screening can be used to design and find a
potential combinatorial inhibitory treatment
strategy that would augment CAR-T cell tumor
clearance efficacy and promote advanced
immuno-oncotherapy.

Besides the CRISPR-Cas9 genome-scale knockout
approach, Roth et al. demonstrated a widely
adaptable non-viral DNA CRISPR-Cas9 genome-
scale knock-in screens in primary human T cells. In
their approach, dozens of uniquely barcoded large
non-viral DNA templates construct were knocked-
in into the TCR locus to unravel the candidate
constructs that enhanced the fitness and
functionality of the engineered T cells both in vitro
and in vivo. Their pooled knock-in sequencing
(PoKI-seq) combined with single-cell transcriptome
analysis was used to identify a novel transforming
growth factor b (TGF-b) R2-41BB chimeric receptor
constructs that significantly improved solid tumor
clearance.52 Such laudable pooled knock-in screen
approach will allow the gene knock-in of a large

multiplexed library of DNA constructs to
endogenously modify genetic sequences to
generate and accelerate the discovery of more
effective T-cell therapies.

The CRISPR-Cas9 genome-scale knockout offers
the platform to knock out canonical checkpoint
genes such as PD-1 or other immune-suppressive
genes, followed by an extensive assay to identify
critical elements/pathways responsible for such
negative immune signals which could be targeted
via gene ablation or pharmacologically.
Additionally, CRISPR genome-scale pooled knock-
in (such as PoKI-seq) offers the ability to rewrite
the endogenous genetic signatures of immune
cells, particularly T cells, to improve tumor
specificity and resistance to exhaustion, homing to
the tumor site with augmented tumor
cytotoxicity. Employing such an approach for
adoptive TCR and CAR-T-cell therapies holds much
promise in developing functional and clinically
relevant T-cell-based therapies.

CRISPR-Cas9 in immunotherapy

The hallmark of failed cancer therapies is immune
escape by tumor cells that circumvents the
numerous antitumor immune responses. Hence,
cancer immunotherapy seeks to understand the
immune system’s complexities in relation to cancer
cells in order to harness and augment natural
immune mechanisms to combat the disease.
Simply put, cancer immunotherapy entails
innovative treatment options, unlike traditional
cancer treatments such as radiotherapy and
chemotherapy. It offers an incomparable
advantage with extended progression-free survival
and overall survival in patients. Its dynamic and
innovative therapies entail reinvigorating the
endogenous antitumor immunity against cancers
via several directions.53 Therefore, immunotherapy
seeks to fortify components of the immune
systems and modulate the complexity of the
hostile tumor microenvironment (TME) such that
immune cells can target tumor cells with high
specificity and penetrate tumor sites to exert their
antitumoral functions.54 Immunotherapy has
shown to be highly efficacious with tumor-
targeting specificity when combined with
conventional treatment options or designed with
multiple immune checkpoint blockades (ICB). To
achieve this, it is imperative to modify cytotoxic
lymphocytes such as T and NK cells that are not
easy to manipulate, considering the available
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genetic editing methods. The CRISPR-Cas9 gene-
editing system provides a viable and safe
alternative to generate clinically safe engineered
T and NK cells for cancer immunotherapy.

CRISPR-Cas9 in chimeric antigen receptor
(CAR) immunotherapy

The emergence of chimeric antigen receptor T-cell
(CAR-T) therapy as a promising treatment option
for cancer, particularly for haematological
malignancies, is laudable.55 Engineered CAR-T
cells can be activated, infiltrate tumor sites,
secrete cytokine and licensed to kill tumors in a
manner that ensures complete tumor regression.
Since CARs are usually designed for a specific
tumor-associated antigen, they consist of one or
all of the following: an extracellular antigen
binding domain, a hinge domain, a
transmembrane region and an intracellular
signalling domain.

Interestingly, most current CAR-T cell clinical
trials utilise autologous T cells from the patient’s
own peripheral blood mononuclear cells.
Although this is ineffective, attempts have been
made to create a universal CAR-T cell.56,57 The
CRISPR-Cas9 system offers many alternatives to
enhance the current CAR-T and facilitates efficient
and straightforward multiplex genomic
modification of T cells to enhance its activation,
tumor specificity and infiltration to improve the
overall efficacy and safety of CAR-T cells
(Figure 2).

Engineering CAR-T cells with CRISPR-Cas9

The therapeutic efficacy of CAR-T cell has been
shown especially for B-cell lymphoma and other
malignancies.58,59 Currently, the standard CAR-T
treatment procedure required the autologous
transfer of cells, which are often detailed,
expensive and sometimes challenging to obtain

Figure 2. CRISPR-Cas9 genome-editing strategies in adoptive T-cell immunotherapy for cancer. Applications of the CRISPR-Cas9 in T-cell cancer

immunotherapy. (a) Isolated patient-derived T cells are genetically engineered with CRISPR-Cas9 to knockout endogenous genes, for example PD-

1, and knock-in therapeutic TCR, and CARs, followed by ex vivo expansion and adoptive transfer. (b) CRISPR-Cas9 inspired dual-specific tumor

recognition to overcome tumor heterogeneity or antigen loss. This can be achieved by transducing a single CAR molecule into two T-cell

populations (separate transduction), incorporating two CAR molecules into a single-cell population either individually or by bicistronic (co-

transduction) and linking two separate CAR molecules to produce a single signalling chain (tandem transduction). (c) To surmount the off-target

effect and fine-tune antigen sensing of tumor-specific T cells, incorporating a synNotch receptor specific for a first antigen that can trigger the

production of CAR upon interaction with a second antigen – this triggers its activation with a licence to kill the tumor. (d) Genetically

reprogrammed T cells to overcome the hostile tumor microenvironment. The incorporation of genes capable of local cytokines or antibody

release. Similarly, switched receptor strategies enhance sustained antitumor response and the deletion of inhibitory molecules or immune

checkpoints to generate off-the-shelf T-cell therapies.
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sufficient qualitative T cells, especially in neonates
and elderly, to generate patient-specific CAR-T
cells.60

CRISPR-Cas9 offers the potential to develop a
universal CAR-T (obtained from healthy donors)
for allogeneic transfer, which has many
advantages over autologous CAR-T. The success of
such an approach will be to delete the human
leukocyte antigens class I (HLA-Is) and subunits of
the T-cell receptor (ab) – (TRA and TRB) on the
allogenic CAR-T cells.60 Mutation in the T-cell
receptor (TCRa) subunit constant (TRAC gene) of
the T cell can lead to loss of its surface ab TCR61;
similarly, a mutation in the beta-2 microglobulin
(B2M) gene led to the loss of expression of HLA-I
heterodimers on the T-cell surface 62. The
generated B2M–/–embryonic stem cells (ESCs) could
serve as universal donor cells where the
transplanted cells do not express HLA class II
genes.62

In another modified approach, Liu et al. showed
that two (B2M and TRAC) and three (PD-1, B2M
and TRAC) genes could be effectively disrupted by
the CRISPR technique to generate universal CAR-T
cells. By designing two sgRNAs each specific for
the first exon of B2M and PD-1, and another for
the TRAC gene. The in vitro antitumor function of
these multiplex double-knockout (DKO) (TRAC
and B2M) and triple-knockout (TKO) (TRAC, B2M,
and PD-1) CAR-T cells revealed higher cytokine
production and potent cytotoxic activity against
tumor cells compared to standard CAR-T cells.60

Using a xenograft lymphoma mouse model,
similar results were obtained for the in vivo
effector function of these CAR-T cells where a
DKO and TKO was induced, leading to a
significant reduction in tumor size, indicating that
the CRISPR-mediated multiplex gene deletion of
HLA-1 and TCR from CAR-T cells retained their
CD19-specific antitumor function.60

In a closely related report, CRISPR-Cas9-mediated
allogeneic CAR-T cells show multiplex gene editing,
the authors combined CAR lentivirus delivery with
CRISPR RNA electroporation for co-introduction of
gRNA (specific for B2M, TCR and PD1 deletion). This
approach describes the concept of engineering CAR-
T cells devoid of the TCR, programmed death
protein (PD1 – immune checkpoint) and the HLA
class 1 molecule, with potent in vitro and in vivo
antitumor activity, compared to the unmodified
CAR-T cells. The DKO CAR-T cell showed significantly
reduced alloreactivity and did not elicit graft versus
host diseases.63

Other promising studies include a CRISPR-Cas9-
mediated CD19-specific T-cell targeting the a-TCR
subunit constant (TRAC); the method employed in
this study resulted in the uniform expression of
the CD19-specific CAR on human peripheral
blood-derived T cells.64 By targeting the first TRAC
exon, the gRNA and a repair matrix of AAV
harbouring a self-cleaving P2A peptide followed
by cDNA of CAR were electroporated together
with the Cas9-mRNA to generate the engineered
TRAC-CAR-T cell. The efficiency of these
engineered CAR-T cells (with TCR knockout) could
be compared to other sequence-specific strategies
often employed to target different loci (CCR5,
AAVS1, CD40L).65–67 Finally, the engineering of
CAR-T cells should use endogenous regulatory
elements such as TRAC to avoid tonic signals, T-
cell exhaustion and delayed T-cell differentiation
while the CAR molecule can be re-expressed after
repeated antigen exposure.

Based on the above reports, it is evident that
the generation of CAR-T cells on a custom-made
patient basis is not sustainable. Such autologous
T-cell production remains the bottleneck for the
large-scale clinical application of CAR-T therapies,
considering the invested resources, cost and time.
However, the inherent production failure
associated with autologous T-cell production,
together with its restricted application on
different cancer types, is enough to push for the
development of universal ‘off-the-shelf’ CAR-T cell
therapies (Table 1), whose production and
potential technical hurdles will be readily
alleviated through the flexibility of the CRISPR
system. This technique will improve the current
CAR therapeutics while generating universal,
programmable and flexible CAR-T cells whose
therapeutic effects are controllable. Embarking on
such an approach will bring a paradigm shift in
engineered universal CAR-T that can be directly
infused in recipients without re-editing, albeit
with multiple antigen target capabilities.

Engineering TCR T cells with CRISPR-Cas9

The CRISPR-Cas9 system’s efficacy in generating
CAR-based therapies targeted for CD19+

haematological malignancies cannot be
overemphasised. It also plays a role in
constructing TCR T cells through its multiplex
approach to generate efficient T cells. In terms of
surface antigen, presentations of major
histocompatibility complex (MHC) independent,
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CAR-based therapies have been used successfully
against relevant tumors; however, engineered TCR
T cells can identify tumor cells via the MHC
complex, the antigenic peptides present on their
surface. Interestingly, they do this via the
antigenic peptide fragment/ MHC combinations.
According to a report, TCR T cells can infiltrate
solid tumors more effectively than CAR-T cells.68

Studies have shown that tumor-specific TCRs
targeting the intracellular proteome and/or
metabolome can be generated.69 Although some
areas of concern have been identified, such as
TCR mispairing – a condition of incorrect
endogenous and recombinant TCR pairing, often
resulting in reduced surface expression of
therapeutic TCRs or sometimes autoreactivity.70,71

The use of endogenous rather than engineered
TCRs has been suggested; however, one of the
major pitfalls of such an approach is the low-
affinity range of endogenous TCRs compared to
engineered TCRs when targeting foreign
pathogens, as most TAAs are self-derived.72

Hence, therapeutic use of endogenous TCRs for
cancer treatment can reduce efficacy with severe
toxicity as these antigens also exist in normal cells.
Despite the uncertainties and unintended
consequences associated with the use of TCR T-
cell, the use of CRISPR-Cas9 editing technique to
induce endogenous knockout of TCRs has led to
an increased surface expression of therapeutic
TCRs, ultimately with improved sensitivity,
specificity and cytotoxicity.69

Recently, a phase I trial, involving the
transplantation of autologous T cells devoid of
both endogenous TCR and PD-1, was shown to
improve their biosafety.73 Using the CRISPR-Cas9
system for genome editing of autologous T cells
by knockout of specific genes has helped
researchers and clinicians explore the optimal
therapeutic conditions for engineered TCR T cells.

The goal of such engineered T cells is to enhance
their functions while reducing the risk of
autoimmunity.73 To this end, the CRISPR
technique holds enormous possibilities for
developing the next-level TCR T cells for
immunotherapy and beyond. Interestingly, the
CRISPR-Cas9 technology provides the avenue to
do more basic research on TCR T cells to generate
safe and better cell-based products for clinical
use, accelerating bench to bedside treatment.

Strategies to augment natural killer (NK)
cell antitumor activity and mitigate its
exhaustion with CRISPR-Cas9

The immune system plays a critical function in
preventing the onset and metastasis of cancer. In
this regard, NK cells represent an essential
effector lymphocyte of the innate immune cells,
and their antitumor roles have been well
recognised.74–76 However, during tumor
progression, NK cells are sometimes found
exhausted within the TME. Numerous reports
have demonstrated how the exhaustion of
effector lymphocytes regulates and shapes the
immune response to tumor progression and
infections, limiting their antitumor potentials.

Since therapies targeted at activating and
reinvigorating the immune effector functions can
yield beneficial responses in patients with
episodes of metastatic malignancies, this has led
to long-lasting clinical responses, thus
revolutionising oncology with dramatic benefits in
both haematologic and solid tumors. Based on
the success recorded for reinvigorating exhausted
T cells and enhancing their antitumor functions,
extending this approach beyond T-cell therapies is
pertinent. Despite the documented success for T-
cell therapies, a critical assessment of the tumors
originating from patients who progress on anti-

Table 1. The advantages of generating universal CAR-T versus autologous CAR-T

CAR-T types Cost of production Time of production Quality control Availability

Autologous Very high with

complex logistics

Long time, even longer in

neonates and elderly

Difficulty in controlling parameters in

the production process because of

variable starting cell population

Difficulty in obtaining qualitative

starting patient’s cells could

impact its production leading to

failure to receive treatment

Universal Relatively cheaper

considering the

number of recipients

Can be made in advance,

with shorter, optimised

production time, and made

available to recipients on

demand

Advanced production allows multiple

rounds of quality control checks to

ensure the product meets safety

standard and quality

Stocks of pre-manufactured CAR-T

products can be stored in a

universal bank (similar to blood

banks) and made available to

recipients as when due
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PD-1 blockade showed an impaired antigen
presentation and interferon signalling, leading to
tumor evasion from T-cell response. Unlike T cells,
NK cells can exert their cytotoxicity on tumor cells
without prior sensitisation to antigens,
particularly tumor cells with low or impaired
antigen presentation machinery.74 This makes
approaches targeted towards preventing
exhaustion of NK cells and reinvigorating their
effector functions a laudable approach.

A critical understanding of the multiple
mechanisms that might contribute to the
anergy, exhaustion and senescence of NK cells,
such as the presence of suppressive cytokines or
soluble factors, regulatory immune cells and
dysregulated receptor signals found within the
TME, will guide to design modalities to
augment NK-cell functions. Besides creating
novel NK-cell-based antitumor therapies, a clear
understanding of the above characteristics will
enhance our knowledge of basic NK-cell biology
and help overcome several hurdles limiting the
clinical application of meaningful NK-cell-based
therapies.

A review of the recent developments using the
CRISPR system to augment NK-cell effector
function against tumors regarding NK-cell
immune checkpoints, cytokine therapy, NK-cell
engagers and adoptive infusion of NK cells is
discussed below.

Innovative NK cells engineering with
CRISPR-Cas9

Natural killer (NK) cells represent one of the first
lines of the host immune surveillance. They play
vital antiviral and antitumor roles on stressed or
transformed cells through numerous mechanisms
(e.g. direct cytotoxicity, secretion of cytokines/
chemokines and antibody-dependent cell-
mediated cytotoxicity). Unlike T cells, NK cells lack
antigen-specific recognition capability but play
critical antitumor immunity roles.77 The use of NK-
cell immunotherapy is fascinating and represents
a promising and dynamic strategy for cancer
treatment, the antitumor effects of which require
further improvement. In the past, attempts such
as the use of antibodies, cytokines or gene-editing
have been embarked upon to overcome tumor
immune suppression and enhance tumor
recognition in NK cell immunotherapy.78,79

CRISPR-Cas9 genome-editing system offers
flexibility in editing NK cells ex vivo for adoptive

therapy. Alternatively, this technique allows
tumors to be manipulated in situ to increase their
susceptibility to in vivo NK surveillance.68,80

Recently, NK-cell cancer immunotherapy has
been explored for hematopoietic malignancies.
Like the CAR-T immunotherapy, CAR-engineered
NK cells have shown tumor target specificity and
cytotoxicity.81,82 The current preclinical and
clinical applications and research on engineered
CAR-NK-cell-based immunotherapy targeted for
different cancer types have been discussed.68,83,84

The immunotherapeutic effect of the diverse
engineered CAR molecules on NK cells to redirect
the corresponding specific antigens in a cell-based
approach has also been well discussed.58,84,85

The NK cell is a potent effector cell, and its use
in CAR targeted immunotherapy has numerous
advantages compared to the T cell. For example,
allogeneic NK cells kill target cells antigen-
independently, so they can be used for universal
adoptive transfer, as they do not give rise to graft
versus host diseases commonly seen in allogeneic
T cells (HLA matching). Also, the inability of the
CAR-NK cells to induce cytokine storm also makes
them safer than CAR-T cells, and, finally, the
abundance of sources for generating NK cells such
as human peripheral blood (PBMC), umbilical cord
blood (UCB), induced pluripotent stem cells
(iPSCs), human embryonic stem cells (hESCs) and
NK-92 cell lines helps overcome the trouble of
obtaining the cells in abundance58 (Figure 3).

Combining CRISPR-Cas9 with another gene-
editing approach, Velasquez et al. reported a
CAR-NK-based therapy bispecific T-cell engager
(CD19-ENG) capable of targeting CD22+ B cells
leukaemia as well as also redirecting T cells to kill
malignant CD19+ B cells, hence preventing any
immune escape by the tumor and improving its
antitumor activity. For the first time, this study
showed engineered CAR-NK cells specific for CD22
and augmented CD19 T cell targeting of B-cell
malignancies.86 Such combined cytolytic target
killing of malignant cells opens a new window in
gene editing of cancer immunotherapy with a
significant improvement in current B-cell cell
therapy and related malignancies.

These findings emphasise the enormous
potentials of the CRISPR-Cas9-mediated gene
editing of effector cells for clinical
immunotherapies. Considering the strides already
achieved in effector cell-mediated
immunotherapy, CRISPR-based genetic
manipulation has equipped scientists and
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clinicians with the new treatment tool that can be
used to win the battle against many cancer
malignancies. To attain such a feat, specific
improvements need to be made. First, in the CAR-
NK design, the CAR molecules’ introduction
should be accomplished with the deletion of NK-
cell inhibitory receptors such as NKG2A or TIM-3;
this will confer sustained and intense cytotoxicity
because of the lack of inhibitory signals usually
encountered in the TME. Similarly, a multiplex
TKO or DKO of inhibitory genes in NK cells as
shown for CAR-T cell (TCR, HLA and PD-1/CTLA-4/
PD-L1) should be given great attention.

A novel approach was suggested to overcome
the immunosuppressive IL-4 cytokine, which
involves the inversion of the cytokine receptor
(ICR) by fusion of the IL-4 receptor exodomain

with the IL-7 receptor endodomain to generate a
4/7 ICR that confer IL-4 immunosuppressive
resistance to the CAR-T cell while improving its
cytotoxicity.87 Such an approach can be extended
to engineered CAR-NK cells with varying potential
ICR endodomain candidates (IL-15, IL-18 and IL-21)
that still need to be fully established.

The targeted integration of the CAR genes at
specific sites of the genome of effector cells is
desirable compared to integration at a random
site. The knock-in of CAR at the a constant locus
of TCR improved T-cell antitumor activity.64

Similarly, the integration of CAR into the TRAC
locus prevented CAR signalling and immune cell
exhaustion. These approaches can be employed by
the CRISPR-Cas9 technique to generate CAR-NK
cells with improved antitumor efficacy.

Figure 3. Overview of CRISPR-Cas9 genome-editing strategies for NK cell immunotherapy. (a) NK cell sources (UCB, umbilical cord blood; hESCs,

hematopoietic embryonic stem cells; iPSCs, induced pluripotent stem cells; NK-92, NK-92 cell line; PBNK, peripheral blood mononuclear cells) and

its manipulation via the multiplex capability of the CRISPR system. (b) Engineered NK cells with augmented antitumor capabilities such as tumor

specificity, cytotoxicity, expansion and tumor infiltration. (c) Engineered NK cells adoptively transferred to confer tumor regression and clearance.
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Furthermore, the use of small inhibitory
molecules such as BX795 (which inhibits TBK1/IKK
complex by acting downstream of RIG-I-like
receptor and TCR) to enhance CRISPR-Cas9
material viral delivery can be explored88; this and
other related non-toxic molecules can significantly
improve the genetic editing of these effector cells
(T and NK cells) for immunotherapy. As previously
stated, NK cells are potent effector cells with
natural cytolytic, antiviral and antitumor
functions. The preferred choice of NK cells as
alternative immunotherapy is partly because of
their lack of TCRs that could cause graft versus
host disease, potentially generating off-the-shelf
cell therapy. Although NK cells have an effector
potential, they are sometimes dysfunctional in the
TME.89 To this end, the CRISPR-Cas9 system allows
for genetic modification of NK cells to
reinvigorate their cytotoxic, antiviral and
antitumor immunity through the following
means.

Optimised innovative CAR molecules

The CRISPR-Cas9 system allows NK cells to be
fortified with CARs that target various tumor
antigens.90–92 Loss of original tumor antigen is a
concern for CAR-based immune cell therapy. NK
cells can be armed with pan-specific CAR
molecules to improve tumor recognition via
multiple ligands, and hence elicit a superior
antitumor response compared to a single ligand
target. As proof of principle, NKG2D ligands,
including (MHC class I chain-related protein A
(MICA) and B (MICB), and human cytomegalovirus
UL16-binding proteins, are poorly expressed in
normal cells but highly expressed in virally
transformed and tumor cells.93 Incorporating full
NKG2D protein on T or NK cells as part of the
CAR design with the potential of multiple tumor
ligand recognition showed an enhanced
antitumor effect against NKG2D ligand-positive
tumors.94,95 Such pan-specific CAR-T or NK cells
can also target NKG2D ligand-positive myeloid-
derived suppressor cells (MDSCs) and regulatory T
cells (Tregs), hence overcoming the
immunosuppressive TME.94

To achieve full activation of CAR-NK, the design
of its intracellular domain should be different
from CAR-T. Since DAP12 has been shown to play
a predominant role in the transduction of
activating signalling in NK cells,96,97 it is crucial to
optimise the intracellular domains with special

consideration for DAP12 combination to enhance
the cytotoxic signals for CAR-NK.

Stimulating activating pathways

NK-cell effector functions could be enhanced and
sustained by activating receptors and cytokines
(e.g. IL-2, IL-15, IL-18 and IL-21).79 IL-2 and 15
have been established as essential for promoting
NK-cell survival.98 Additionally, IL-2 mutant form
‘Super-2’ reverses NK-cell exhaustion and
promotes its proliferation.99 The multiplex
capability of the CRISPR-Cas system can be used to
force express one or more cytokines such as
‘Super-2’, IL-15 or other cytokines in enhancing
NK-cell survival and effector functions. The
augmentation of the in situ expression of tumor-
specific ligands for activating NK cell receptors is
another laudable approach.100,101 It can enhance
NK cell antitumor responses via activating
pathways made possible by the CRISPR-Cas9
system. For example, transcriptional activation of
NKG2D ligands – MICA – has been done
successfully using the CRISPR-Cas9 method.102

Enhancing NK cell infiltration

The homing and migratory ability of NK cells to
the disease site, as well as its ability to infiltrate
tumor tissues, is usually indicative of its success
and good prognosis upon adoptive infusion
during NK-cell immunotherapy.103–105

The surface expression of specific chemokine
receptors on NK-cell-targeted towards tumor-
specific ligands using the CRISPR-Cas9 technology
holds much promise. The therapeutic benefits of
the engineered chemokine receptor – CXCR2 on
NK cells – have shown enhanced migratory
potential towards a chemokine gradient CXCR2
ligands,106 indicative of the enhancement of
intratumoral infiltration of NK cells. Additionally,
another separate report showed the increased
migratory ability of NK cells genetically
engineered with the chemokine receptor CCR7
towards its ligands (CCL-19 and CCL-21), offering
tumor infiltration and homing.107,108

Since the TME is a mosaic of different
components, including the stroma, thorough
profiling and optimisation of chemokine receptors
required for maximum tumor penetration will be
required to overcome tumor-associated stroma
impedance. To this end, engineered NK cells
expressing the enzyme heparanase and other
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modifications such as CAR expression hold the
propensity to improve NK-cell tumor infiltration
through the ability to degrade the extracellular
matrix as this has been shown to be successful for
CAR-T cells,109 thus it can significantly improve
NK-cell immunotherapy.

Overcoming NK cell inhibitory pathways

NK-cell activation involves a balance between
activating and inhibitory signals on its surface.110

Strikingly, tumor cells express ligands that prevent
unwanted NK-cell activation as part of their
immune escape mechanism.100,101 Inimical signals
from checkpoint receptors are implicated in
causing tumoral NK-cell exhaustion.89 Besides,
several reports have shown that the blockade of
checkpoint receptors related to NK cells (such as
CD96, NKG2A, PD-1 or TIGIT) significantly
improved its antitumor immunity.111–113 There is a
paucity of information on the role of LAG3 on NK
cells. Recently, LAG3 has been implicated to play
an inhibitory role and is expressed by activated
NK cells.114 Reports have demonstrated that the
inhibitory signals received from LAG3 attenuate
NK cell cytotoxicity, cytokine/chemokine release
and its antitumor function.114,115 Therefore, using
the CRISPR-Cas9 system to genetically disrupt
pathways associated with some of the checkpoint
cell-surface receptors on NK cells might improve
its effector functions.

CRISPR-Cas9 technology to improve immune
checkpoint blockade

The increasing numbers of failed therapies
targeted at cancer have brought about many
novel cancer treatment strategies. In particular,
ICB is one of the most successful cancer
treatment options. The approach was pioneered
with the application of monoclonal ICB
antibodies: anti-PD-1/PDL1 antibodies and anti-
CTLA-4. This was followed with drugs that
explicitly target PD-L1, for example
atezolizumab, durvalumab and avelumab; and
despite their initial promise, unintended
cytotoxicity and some clinical failures raised
significant concerns.116–118 One of the many
ways to overcome this setback is to carefully
elucidate the intrinsic expression of PD-L1 by
cancer cells – which has been implicated as the
most immune evasion mechanism.119 Besides,
since tumor expression of PD-L1 has been

correlated to the efficacy of immune checkpoint
inhibitors across different cancer types.120

Therefore, it is logical and imperative to
identify the mechanisms that regulate PD-L1
expression to augment existing treatment
options to aid the development of novel
strategies. To this end, the CRISPR system can
be employed. As a proof of concept, genome-
wide CRISPR screening has been used to
identify an uncharacterised protein CKLF-like
MARVEL transmembrane domain-containing
protein 6 (CMTM6), which serves as a critical
regulator for the surface expression of PD-L1 –
whose increased expression also correlated with
enhanced tumor cell clearance with ICBs.121

Another closely similar CRISPR genome
screening approach was employed to identify
regulators of PD-L1 expression in H358 lung
adenocarcinoma; the authors identified SMAD4
and uroporphyrinogen decarboxylase (UROD) in
addition to CMTM6 as novel regulators of PD-
L1 expression.122 Another report showed using
the CRISPR-based genome screening technique
to identify another PD-L1 regulator in human
lung cancer cells. A role of the translation
initiation factor EIF5B was identified in lung
adenocarcinomas, whose overexpression,
however, correlates with poor prognosis and is
sufficient to induce PD-L1.122

Palmer et al. used a CRISPR-based method to
knock out the cytokine inducible SH2-containing
(CISH) gene. In turn, CISH KO resulted in
increased T-cell receptor (TCR) avidity, tumor
cytolysis and neoantigen recognition. However,
the CISH KO led to increased PD1 expression,
whose adoptive transfer synergises with PD1
blockade, with durable tumor regression and
survival benefits in the preclinical animal model.
This research identified a new avenue that
modulates the recognition of neoantigens and
the expression of their activation/exhaustion
markers that dictate the functionality in tumor-
specific T cells.123

These findings and other similar CRISPR-based
approaches can be employed to elucidate
mechanisms governing the immune checkpoint
regulation and identify novel therapeutic targets
for improved immunotherapy. Besides the above
described, the CRISPR genome screens offer many
advantages that when it is applied in vivo, for
example, it is possible to model the complex
interaction and replicate the dynamic TME.
Therefore, in vivo CRISPR-Cas9 genome screens
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now identify regulators of immune evasion by
cancer cells, including immune cell inhibitors.124

However, the in vivo CRISPR genome
screening is somewhat similar to in vitro
approaches in which sgRNA is used to modify
and generate mutant tumor cells, which are
then transplanted via different routes and
allowed to develop. Harvested tumors are then
compared with unmodified tumors from
immune-competent mice to find any genetic
hits that may play a role in the antitumor
response.124

Several other studies have identified genes that
could be targeted to promote tumor
immunotherapy; for example, the loss of Ptpn2
and Adar1 was found to improve antigen
presentation and tumor sensitisation to anti-PD-1
blockade to improve immunotherapy,
respectively.44,125 In a recent study, a novel
CRISPR-Cas9 system was used to knock out the
cyclin-dependent kinase 5 gene (CDK5), leading to
the downregulation of PD-L1 expression on tumor
cells while promoting the population of cytotoxic
effector cells in the TME.126

The role of epigenetic modifiers in antitumor
immune response has been well identified127–129;
CRISPR genome screen using epigenetic sgRNA
has identified genes that confer the efficacy of
anti-PD-1 blockade.130 Additionally, the histone
chaperone Asf1a was reported to sensitise Kras/
p53 tumor cells to anti-PD-1 therapy; and the loss
of Asf1a also induced an inflammatory response,
secretion of the cytokine – GMCSF, which
modulates the polarisation of M1 macrophage
and T-cell activation.131 These reports reveal how
the CRISPR system has been exploited to elucidate
the various molecular mechanisms that govern the
immune evasion of tumor cells. It is evident that
CRISPR offers tremendous usefulness to
identifying novel targets which may be explored
to improve immune checkpoint therapy,
particularly to overcome the recurrent resistance
to immunotherapy.

THE FUTURE PROSPECTS FOR
CRISPR-CAS9

The CRISPR-based technology has shown
enormous potential in its routine clinical
applications. Unlike the other gene-editing tools,
CRISPR offers many advantages, particularly in
terms of its ease of in vivo delivery and the design
of novel therapies for cancers.

Current challenges and future perspectives
for CRISPR technology in immunotherapy

One of the main concerns for the widespread use
of CRISPR technology in adoptive immunotherapy
is the CRISPR material’s delivery vehicle. For
example, viral vectors are usually employed to
deliver gRNA and Cas9 to mammalian cells. There
is a high chance of the immune response
triggered by the delivery vehicle or the Cas9
protein. Viral vectors are sometimes known for
their immunogenicity, and the Cas9 proteins
(considering their microbial origin) could serve as
a potential immunogen, thus limiting their use for
gene therapy.132 Although an increasing number
of CRISPR-Cas9 enzymes have been discovered to
date, it is interesting that only two class 2
enzymes (Cas9 and Cas12a) have gained
popularity for their use in genome editing.

Also, it is necessary to carefully study and
evaluate which of these variants is best suited
to the workflow; for example, the different
variants of the Cas9 enzymes have individual
advantages and disadvantages that should be
considered (Table 2). Further extensive research
will discover more novel Cas protein variants
alongside their unique functionality, which
will open up further possibilities in genome
engineering.

It is pertinent to develop a safe and efficient
delivery system for the generally acceptable
in vivo application of CRISPR-Cas9 because the
insertion of mutagenesis could arise from the
vector itself. Although the AAV-based vectors are
currently the preferred mode of delivery on
somatic cells, they can infect dividing and non-
dividing cells, evoking a slight immune
response.133 One of the significant restrictions of
the AAVs is their limited cargo capacity with
restricted tissue tropism.

Other physical, non-viral methods (such as
microinjection, electroporation) may be used to
overcome these hurdles by introducing Cas9-
encoding plasmids, Cas9-mRNA or a mixture of
Cas9 protein and sgRNA directly into the immune
cells and tissues of animals. For example, the use
of electroporation to directly deliver CRISPR
material to CD4+ T cells, CD34+ stem cells, cancer
cells and embryonic stem cells has been
shown.134,135 Also, the direct delivery of Cas9–
sgRNA ribonucleoproteins (RNPs) to the cell via a
lipid complex or transfection may also be used.
The RNP delivery system offers some advantages
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compared to viral or non-viral approaches because
it is delivered pre-assembled with a fast action
when it complexes with target DNA. Its Cas9
nuclease also has a shorter duration, which may
reduce off-target effects and increase its
efficiency. Other delivery methods, such as
hydrodynamic injections, have been highlighted.
The introduction of Cas9 containing vectors
through the tail vein of adult rodents for
successful mutation and gene correction23 shows
other ways for the direct in vivo delivery of the
CRISPR system for genetic manipulation.

However, the CRISPR-Cas9 system’s off-target
effects are still a major concern, particularly for
CAR-T therapies. One smart way to protect normal
tissues from tumor-specific T cells is by employing
dual receptor circuits termed as the NOT and/or
AND gates. In this approach, one CAR receptor
targeted at tumor antigen and initialises the kill
switch upon encounter with tumor cells can be
engineered onto T cells. In this approach, one
CAR receptor-targeted at tumor antigen that
initiates the kill switch upon encounter with
tumor cells and another inhibitory CAR molecule
that expresses the inhibitory signal (such as CTLA-4
or PD-1) when in contact with antigens on normal
tissue should be engineered onto T cells.136

Similarly, another independent research has
shown that it is possible upon the recognition of
one antigen to drive the transcription of a CAR
specific for a second antigen, allowing for a
more-targeted CAR expression with accompanying
reduced off-target toxicities.137 For this approach,
the CRISPR-Cas9 system can simultaneously express
the ‘NOT and/or AND gates’ CAR receptor,
particularly in overcoming antigens expressed on
both normal and tumor tissues. Although this
approach sounds exciting, there is a need for an
extensive preclinical study to optimise CAR

combination that fits well for maximum tumor
impact.

The CRISPR genome-wide screen’s concern is the
conditional false-positive generated during the
dropout screenings in cancers with aneuploidy.
Also, the excessive DSBs – encountered in gene
regions with multiple copy numbers, including
those of non-expressed genes – can often result in
DNA damage and ultimately apoptosis; therefore,
excluding sgRNAs targeting non-expressed genes
from the libraries will avert this. Lastly, since
conventionally, sgRNAs are designed to target the
5’ exon, false-negative results arising from
initiation points of genes from other exons
implying that the position of sgRNA is critical to
the accuracy of the screening outcomes.138

Other concerns include the risks of neurological
toxicity and cytokine release syndrome whenever
CRISPR-Cas9 is used for any adoptive immunotherapy
transfer (including CAR-T and CAR-NK). It is
imperative to have clinicians who are well trained to
manage any unintended adverse effects that may
ensue. Another approach is to ensure a
comprehensive and thorough study of the safety of
these cell-based therapeutic, particularly at the
preclinical level. This will allow the opportunity to
evaluate the safety and efficacy of these cell-based
therapies before human studies. It will also uncover
unintended safety issues usually revealed in early-
stage clinical trials.

The CRISPR system has revolutionised and
championed novel ways of managing haematologic
malignancies via CAR-T and CAR-NK. There remain
many obstacles to broaden its application on solid
tumors. The possibilities that can be achieved with
the CRISPR system are endless. With the current
advances made in immune cell gene editing, T and
NK cell engineering, as well as optimised cell
manufacturing protocols, have the potential to

Table 2. Variants of the Cas9 (type II) enzyme of the CRISPR system

Variant Attributes Reaction Advantages

CRISPR-Cas9 WT Cas9, sgRNA Induces double-strand break at the

target site

Highly versatile, stable, easy

accessibility and effective

CRISPRa dCas9, presence of activator

peptide, sgRNA

Increase transcription Has low toxicity

CRISPRi dCas9, has a repressor peptide,

sgRNA

Capable of blocking transcription

elongation or knockdown of

transcripts

Can be inducible, reversible,

possesses low off-target effects

CRISPR-Cas9Nickase Mutant Cas9 H840A or D10A,

sgRNA

Induces a single-strand break Convenient, highly robust, efficient,

flexible, precise, can be scalable
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broaden T and NK cell-based therapies to other cell
types such as hematopoietic stem cells, induced
pluripotent stem cells, including macrophages –
which recently entered immunotherapy for treating
solid tumors139,140 – to foster the development of
new cell-based therapies that are beyond oncology
into other areas such as organ transplantation,
infectious diseases and autoimmunity.

Overcoming challenges of immune
suppression

To optimise immunotherapy regimes for complete
tumor regression, the stimulation of robust
antitumor response is required. However,
overcoming the plethora of immunosuppressive
mechanisms, particularly within the TME, remains
a challenge. The use of CRISPR-Cas9 to develop
highly effective tumor-infiltrating lymphocytes
capable of penetrating the microenvironment
and overcome the suppressive effects of
immunosuppressive agents (such as cytokines and
growth factors) synthesised by the tumor or
stromal cells is desirable.

Transforming growth factor-beta (TGF-b)
represents one of the pleiotropic
immunosuppressive cytokines shown to inhibit T-
cell proliferation, activation and differentiation141;
similarly, its suppressive role on NK cells has also
been well described.142,143 In addition, its elevated
serum level is often associated as a poor prognosis
marker in several malignancies.144 TGF-b has since
been shown to exert immunosuppressive activity
on cytotoxic lymphocytes by suppressing the
expression of cytolytic products such as granzyme
A and B, perforin, IFN-c and FasL.

Therefore, approaches focused on using the
CRISPR system to impair TGF-b signalling on
immune effector cells will significantly enhance
their antitumor capabilities.145 Additionally,
coadministration of anti-TGFbR2 monoclonal
antibody together with small molecule drugs that
disrupt TGF-b-mediated Smad 3 and 4 signalling is
desirous.146 By controlling the signalling axis of
the various immune checkpoints with mAb or
gene knockout using the CRISPR system, offers a
vital strategy to overcome the immune-
suppressive environment. Since Treg produces a
high amount of TGF,147,148 approaches such as
endogenous knockout of TGF-b receptor II
(TGFBR2) with CRISPR/Cas9 have been shown to
significantly improve the efficacy of CAR-T cells
and diminish the conversion of Treg;149 hence,

approaches that disrupt the suppressive effect of
these regulatory cells including MDSCs will offer
unprecedented success.

The presence of other cytokines, including IL-10,
sialomucins and prostaglandin E2, which have been
shown to protect tumor cells against T-cell
cytotoxicity, should be investigated. Finally,
knocking out diacylglycerol kinase (DGKf) – an
enzyme that converts diacylglycerol to
phosphatidic acid – with CRISPR/Cas9 enhances CD3
signalling bolstering TCR signalling and T-cell
functions.150 Similarly, knockout of DGKf has been
shown to improve cytokine production,
degranulation and effector function of NK cells.151

In addition to overcoming the immunosuppressive
agents associated with the TME, the CRISPR/Cas9
system has also been used as a novel strategy to
study the TME and device new treatment options in
transgenic mice, offering the direct capability to
induce specific genetic modifications in any working
genetic background.152 Therefore, employing the
CRISPR system’s multiplex advantages will offer the
opportunity to create highly effective, next-
generation T- and NK-cell CARs to improve
immunotherapy.

The numerous immunosuppressive factors found
at the tumor site must be overcome to successfully
apply CAR-T and CAR-NK in solid tumors.
Combination strategies such as immune
checkpoint and CAR molecules have been
reported to yield positive results in this regard.153

Another approach is to incorporate additional
transgenes so that CAR-T cells can secrete PD-1
blocking scFv or anti-PD-L1 antibodies at the
tumor site simultaneously, enabling the full
antitumor function of these tumor-infiltrating
super CAR-T cells and other intratumoral T cells.
In a similar vein, synthetic Notch ‘synNotch’
receptors have been implicated in driving both
PD-1 and CTLA-4 inhibitors production.154 Hence,
the inclusion of fusion receptors such as
interleukin (IL)-4–IL-7 chimeric cytokine receptors
has the propensity to shift the inhibitory signals
from IL-4 to IL-7 signalling – leading to
proliferation and memory differentiation of T cells
at the tumor site.155 To achieve all the above-
described innovative immunotherapy approaches,
the CRISPR-Cas9 technology will be of immense
benefit since its multiplex ability allows for the
simultaneous knock-in and knockout of genes
in vitro and in vivo. The future of personalised
and highly sophisticated immune therapies may
lie in fully exploiting this technology.
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Besides identifying the mechanisms that
regulate PD-L1 expression, other approaches
contributing to immune evasion and acquired
resistance to ICB, such as low MHC class I
expression,156,157 hold many potential. In a recent
study, the genome-wide CRISPR screen was
applied in K562 tumor cells (known for their low
MHC-I expression) and cancer cell lines in which
an evolutionarily conserved polycomb repressive
complex 2 (PRC2) protein was identified and
implicated in the transcriptional regulation of
MHC-I antigen processing pathway (MHC-I APP),
which highlights the tight epigenetic control of
MHC-I expression in these tumor cells. This
approach can explore the mechanisms that
facilitate increased MHC-I levels for antigen
presentation-licensing cytotoxic lymphocytes to
kill tumor cells.127 Other immune exhaustion
markers such as CD39 and TOX, as well as those
recently been identified (e.g. TIGIT, TIM-3, CTLA-4)
and their respective ligands in tumors, can be
screened to identify their regulation and how
their expression pattern can be modulated to
improve tumor-infiltrating lymphocytes activation
in combination with ICB therapies.

Another major challenge for cancer
immunotherapies is tumor relapse brought about
by pre-existing heterogeneity or downregulation
of target antigens reported in CD19+ B-cell-
derived malignancies such as acute lymphoblastic
leukaemia.158–160 To deal with this tumor escape
arising from a single-antigen target, a pan-cancer
antigen can be employed. It involves approaches
such as the integration of multiple autonomous
CARs using a single vector (e.g. bicistronic
CAR),161 coadministration of separately
transduced CAR-T cells,162 integration of two CARs
to a single molecule (tandem CAR)163 and co-
transduction of multi-CAR vector on T cells are
currently being tested.

Since T and NK cells are prone to exhaustion at
tumor sites, switching their receptor extracellular
domain using the CRISPR-Cas9 system can salvage
this phenomenon. For example, fusing the
extracellular PD-1 domain to an intracellular CD28
domain led to activated CAR-T being less
susceptible to exhaustion with an enhanced
in vivo antitumor activity.164 CRISPR-Cas9
technology was also used to completely overcome
the suppressive signalling from PD-1 through its
deletion in CAR-T before its infusion.165 Other
CRISPR-Cas9 system-mediated clinical trial targeted
towards melanoma, synovial sarcoma or MM is

underway. TCR mispairing is also restricted by
deleting endogenous TCR and PD-1 with a vector
encoding the NY-ESO-1-specific HLA-A2.166

Other laudable approaches include using CAR-T
cells capable of secreting cytokines such as IL-
12,167 or those with herpesvirus entry mediator,168

and nanoparticles with adenosine receptor
antagonists169 or a IL-15 super-agonist170 have all
been shown to have potential to revolutionise the
next-generation CAR molecules. Finally, synNotch
receptors can deliver cytokines and bispecific
antibodies to the tumors.154 These innovative
approaches offer the avenue to modulate the
local TME while augmenting CAR-based therapies
devoid of host systemic effects.

Although we are still far from harnessing the
full potential of CRISPR-based technology, giant
strides have been made in genomic research, gene
editing and immune cell therapy. Many scientists
can now manipulate biological samples (both
in vitro and in vivo) to gain more insights, test
hypotheses and answer fundamental scientific
questions through the CRISPR technique.
Clinicians are also expected to have more robust
diagnostic and treatment options, as the much
talked about personalised and precision medicine
has been brought to the limelight through
CRISPR-based technology. Since CRISPR-Cas9 has
somewhat become the golden standard
technology in genetic and biomolecular
engineering, it is evident that unlocking the full
capability of this technology for cancer research
and therapy will improve lives.
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