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Abstract: The recent developments in the study of clustered regularly interspaced short palindromic repeats/associated protein 9 
(CRISPR/Cas9) system have revolutionized the art of genome-editing and its applications for cellular differentiation and immune 
response behavior. This technology has further helped in understanding the mysteries of cancer progression and possible designing of 
novel antitumor immunotherapies. CRISPR/Cas9-based genome-editing is now often used to engineer universal T-cells, equipped with 
recombinant T-cell receptor (TCR) or chimeric antigen receptor (CAR). In addition, this technology is used in cytokine stimulation, 
antibody designing, natural killer (NK) cell transfer, and to overcome immune checkpoints. The innovative potential of CRISPR/Cas9 
in preparing the building blocks of adoptive cell transfer (ACT) immunotherapy has opened a new window of antitumor immunother-
apy and some of them have gained FDA approval. The manipulation of immunogenetic regulators has opened a new interface for 
designing, implementation and interpretation of CRISPR/Cas9-based screening in immuno-oncology. Several cancers like lymphoma, 
melanoma, lung, and liver malignancies have been treated with this strategy, once thought to be impossible. The safe and efficient 
delivery of CRISPR/Cas9 system within the immune cells for the genome-editing strategy is a challenging task which needs to be 
sorted out for efficient immunotherapy. Several targeting approaches like virus-mediated, electroporation, microinjection and nano-
formulation-based methods have been used, but each procedure offers some limitations. Here, we elaborate the recent updates of 
cancer management through immunotherapy in partnership with CRISPR/Cas9 technology. Further, some innovative methods of 
targeting this genome-editing system within the immune system cells for reprogramming them, as a novel strategy of anticancer 
immunotherapy is elaborated. In addition, future prospects and clinical trials are also discussed. 
Keywords: CRISPR/Cas9, tumor microenvironment, immune response, molecular targeted therapy, cancer immunotherapy, 
nanotechnology, clinical study

Introduction
Cancer is well characterized by genomic instability resulting in structural alterations that build up with tumor progression.1,2 

A subpopulation of undifferentiated cancer cells, known as cancer stem cells (CSCs) are found within the tumor bulk. These cells 
are responsible for cancer initiation, recurrence and show therapeutic resistance and these cells have a potential role in immune 
surveillance evasion. Recent literature reveals the deeper interplay between CSCs and immune cells within tumor microenviron-
ment (TME), as surprisingly, some major immune cells have a pivotal role in driving the expansion of CSCs.3 The immune system 
recognizes the cancer and is poised to eliminate it, but sometimes the immune system is held in check by some inhibitory receptors 
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and ligands. Recent advances in molecular targeted therapy as a novel treatment modality have revolutionized cancer management 
strategy and taken it to new heights. Different approaches of immunotherapy like immune checkpoint inhibitors (ICIs) and 
adoptive cell transfer (ACT) have led to satisfying clinical outcomes. However, their efficacies vary and these novel strategies are 
still very expensive and only a subset of cancer patients have benefited from them.4

The immune surveillance function of different adaptive and innate immune cells within the TME are suppressed by 
multiple mechanisms.5,6 A continuous selective pressure exerted by the host immune response in context of cancer, often 
results in tumor variants being skilled in surveillance evasion and enable the tumor cells to survive. Some of the known 
tumor evasion strategies include (a) secretion of immunosuppressive cytokines like vascular endothelial growth factor 
(VEGF), transforming growth factor-β (TGF-β), and interleukin-10 (IL-10) into the TME,7,8 (b) cancer cell enclosing 
down-modulation of antigen processing and presentation pathways,9 (c) suppressive cells’ accumulation within cellular 
microenvironment such as CD4+CD25+FoxP3+ regulatory T cells (Tregs),10,11 (d) shedding of damage, stress or 
transformation markers from cancer cells’ surface, including major histocompatibility complex (MHC) class I protein- 
related sequence A (MICA) and -B (MICB),12 and (e) immune checkpoint ligand upregulation, especially concerning the 
cytotoxic T lymphocyte antigen-4 (CTLA-4) and programmed cell death-1 (PD-1) pathways.13

The complex biology of immune checkpoint is currently the subject of intense study and challenging mysteries have 
to be sorted out in near future. Accordingly, advanced research is going on to understand the applications of clustered 
regularly interspaced short palindromic repeats/associated system 9 (CRISPR/Cas9)-based genetic and epigentic editing 
as precise therapeutics to counter the immune evasion strategies of cancer cells to get rid of this global menace.

CRISPR/Cas9 has emerged as an advanced multipurpose cutting edge genome-editing technology to thoroughly study 
different cancers.14,15 In the past few years this system has been used to focus on the mechanism of cancer progression and the 
advancements in various cell-based therapies. This endonuclease system is also utilized as a programmable strategy to modulate 
several gene functions by instantly targeting multiple genomic loci designed in a single experiment.16 The genome engineering 
which uses CRISPR/Cas9-based strategy is quite trustworthy in curing a wide range of diseases like genetic disorders, 
cardiovascular diseases, neurodegeneration, viral infections, cancer and immunological disorders.17

The targeting of CRISPR/Cas9-based genome editing tools directly to different immune system cells has proved indispensable 
to engineer these cells to identify complex immune mechanism network thoroughly with emphasis on therapeutic applications. 
This genome editing tool is not limited to engineering only T cells, as different non-T immune cells such as hematopoietic stem 
and progenitor cells (HSPC) and B cells have been genetically modified to study disease modeling systems.18 The CRISPR/Cas9- 
based genome editing in CAR-T cells can be used to block alloreactivity to allogenic receptors to improve the efficacy by the 
deletion of immune checkpoint and death receptors.19 It also increases the safety by minimizing the potential for cytokine release 
syndrome. Furthermore, chimeric antigen receptor (CAR) T cells can be engineered with endogenous control over CAR 
expression profiles.20 CRISPR/Cas9 can be employed to model different pre-disease and disease states such as myelodysplastic 
syndrome, clonal hematopoiesis of indeterminate potential (CHIP), and acute megakaryoblastic leukemia (AMKL).21,22 In 
addition, this genome-editing strategy can be used to engineer therapeutic cells for the correlation or disruption of disease-related 
genes, in addition to the introduction of disease-protection genes such as antiviral antibodies in B cells.23

The effective use of CRISPR/Cas9 methodology involves proper targeting, escaping and minimizing some undesirable off- 
target mutations for suitable clinical applications.24 To achieve the complete function of this genome-editing technology, it is very 
crucial to engineer, in parallel, an efficient nanoformulation to deliver this endonuclease system within specific cells or nuclei.

In this review the current updates of crosstalk between TME and immune system cells are described. In addition, 
CRISPR/Cas9 structure, immunomodulation of different immune system cells against different cancers by reprogram-
ming different protein expression and immune checkpoint blockade pathways are discussed. We describe the different 
delivery approaches of CRISPR/Cas9 genome-editing system to different immune system cells in parallel, to study the 
role of engineering these cells as an immunotherapeutic approach to combat cancer progression.

Crosstalk Between TME and Immune System Cells
The tumor microenvironment (TME) and associated immune system cells are multitudinous, mainly including tumor 
associated macrophages (TAMs), T cells, natural killer (NK) cells, dendritic cells (DCs), mast cells, and myeloid derived 
suppressor cells (MDSCs) (Figure 1). All these cells perform a significant role in TME, resistance to infection and other 
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diseases.25 The inflammatory microenvironment plays a significant role in TME, and immune system has both positive 
and negative effects on tumorigenesis. It has been demonstrated by increasing evidence that there is a reciprocal 
interaction between different immune cells and the CSCs. Within the TME, some major immune cells drive CSC 
expansion and concomitantly elicit protumorigenic immune cell activities, thus promoting CSC-specific avoidance of 
immune detection and destruction3 (Figures 2 and 3).

Since CSCs may be derived from reprogramming of oncogenes, the identification of CSC related genes is speculated 
to generate new cancer treatment targets.26 Currently, the novel applications of CRISPR-based genome editing in CSCs 
have offered new ways for cancer treatment. The CSC pluripotency and self-renewal capacity is maintained by Nanog 
gene.27 In addition, Androgen receptors (AR) play a significant role in malignant behavior in different cancers.28 It has 
been observed that ovarian cancer stem cells (OCSCs) present poor prognosis of ovarian tumor. The novel role of 
CRISPR/Cas9 has been helpful to report the interaction of Nanog and AR signaling axis, which may contribute to or 
induce the regulation of OCSC.29 In other CSCs, CRISPR/Cas9 tool has also been used to knockdown the transcription 
factor YB-1 gene. This knockdown leads to inhibition of melanoma stem cells and breast cancer proliferation, promoting 
cell cycle arrest and apoptosis.30 In colorectal cancer (CRC), dysfunctional signaling of Wnt gene leads to the 
development of CSCs.31 CRISPR/Cas9 system has been used to perform Adenomatous Polyposis Coli (APC) truncation 
mutation. Besides this in CRC models, the inhibitors of MEK enhance Wnt response. Thus, it has been demonstrated that 
inhibition of MEK increases Wnt activity that enhances the genetic markers related to stemness and tumor recurrence.32 

This strategy can provide an efficient way to treat CRC. Furthermore, suppressed CSC properties are employed by 
CRISPR/Cas9-based REG4 knockdown in CRC with both KRAS and APC mutations inhibiting Wnt/β-linked protein 
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Figure 1 Tumor microenvironment components. It is a complex ecosystem consisting of heterogenous cells such as tumor cells, apoptotic cells, NK cells, stroma cells, 
Regulatory T cells, exhausted lymphocytes, CD8+ T cells, Dendritic cells, Myeloid cells in a network of dysregulated vasculature and collagen. A pocket of diminished oxygen 
and higher lactate level with acidic pH medium is produced by densely packed cancer cells.
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signaling.33 These novel observations have helped to explore the CSC stemness regulatory mechanisms and provide new 
ways for targeting CSCs as a strategy of cancer treatment.

The TAMs express anti-inflammatory marker genes, such as interleukin-10 (IL-10) and IL-1 receptor-⍺ (IL-1R⍺), and 
contribute to cancer growth. In addition, monocytes are recruited by TAMs towards TME with the help of secreted 
chemotactic factors of CCL-2, −5, −7, −8 and −12. These can be polarized to M2-like phenotype with the stimulation of 
IL-4, −6, −10 −13 and transforming growth factor-β (TGF-β).34,35

DCs are present in almost all tissues and build a communication between innate and adaptive immunity, besides 
playing a significant role in specific immunity.36,37 DCs are important components in different TMEs, regulated 
considerably by IL-10, prostaglandin E2 (PGE2), and vascular endothelial growth factor (VEGF).38 Still, the role of 
DCs at TME is controversial and research is going on to find its significant role in different cancers (Figure 2).

Another type of host immune cells in TME include MDSCs, having two major populations: monocytic and 
granulocytic MDSCs.39 Different growth factors, matrix metalloproteinases (MMPs) and cytokines proliferate MDSCs 
and express different markers on plasma membrane as immune suppressive molecules.40 These cells coordinate with 
other immune system cells and regulate immune response by triggering immune suppression phenotypes.41

T cells are one of the best studied immune system cells that act as perfect killer cells for cancer progression, but still 
they lack the cancer development task due to some properties such as low activity, exhaustion and aging.42 The T cell 
immunity is suppressed by chemokines, cytokines and enzymes from TAMs in TME through different signaling 
pathways (Figure 2).

NK cells play a significant role in TME and perform their killing activity by inflammatory cytokines of interferon-⍺ 
(IFN-⍺), tumor necrosis factor-⍺ (TNF-⍺), IL-12 and other ILs. The proliferation and intrinsic functions of NK cells are 
mainly regulated by secreted cytokines of TGF-β and PGE through paracrine and autocrine ways.43

Mast cells are usually involved in angiogenesis, wound healing, and tissue remodeling.44 These cells also take part in 
tumor cell proliferation and metastasis through the release of mediators involved in remodeling TME.45 The Mast cells 
promote inflammation by the production of proinflammatory markers,46 and can regulate immune response by cytokine 
and chemokine hydrolysis.47 In TME, the level of immune-suppressive factors, inflammatory factors and chemokines 

Figure 2 A diagram illustrating the crosstalk between cancer stem cells and different immune system cells.
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from Mast cells help in the establishment of immunosuppressive and inflammatory conditions.48 A diagrammatic 
illustration of crosstalk between cancer stem cells and different immune system cells at the TME is represented in 
Figure 2.

There is enough evidence that demonstrates how CSCs evade the immune check and surveillance by exerting their 
effects on NK cells, DCs, TAMs, MDSCs, Tregs, and TILs. The interactions between all these immune system cells and 
CSCs provide a significant insight into the mechanisms by which immune surveillance is evaded by the cancer cells 
(Figures 2 and 3). The outcome of crosstalk between CSCs and different immune system cells is summarized in Figure 3.

Different immunotherapeutic modalities have been approved by US Food and Drug Administration (FDA) to treat 
cancer patients. Some major cancer immunotherapeutic strategies include cytokines and monoclonal antibodies admin-
istration and adoptive cell transfer (ACT) of ex vivo “educated” immune system cells. Active immunotherapy includes 
the use of oncolytic viruses, anti-cancer vaccines, and immune checkpoint inhibitors. All these anticancer strategies could 
be highly expensive, produce secondary complications, and not be uniform to all types of cancers. Modern approaches to 
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Figure 3 Outcome of the crosstalk between cancer stem cells and the immune system cells.
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effectively combat the diverse cancers at genetic level include the use of CRISPR/Cas9 genome-editing tools, which can 
directly reprogram different types of CSCs or immune system cells to eradicate the cancer completely.

CRISPR/Cas9 Biology and Mechanism of Action
The CRISPR/Cas system is a well-known defense mechanism found in most prokaryotes against invading bacterio-
phages, plasmids and mobile genetic elements.49,50 The prokaryotes acquire short genome segments from such invaders 
and integrate it within their genetic code, that serves as a molecular memory during any subsequent infection from the 
same infectious elements.51,52 These acquired sequences are then transcribed as a part of CRISPR array to form CRISPR 
RNA (crRNA). The crRNA serves as a guide to Cas endonuclease for any infectious genetic material that matches the 
previous genetic target.53 The endonuclease activity of Cas is also determined by protospacer adjacent motif (PAM), a 2– 
6 bp nucleotide sequence that serves as a double check to distinguish self from the foreign genetic material before its 
degradation.

Among different subtypes of CRISPR/Cas systems, the most common and best studied type is CRISPR/Cas9. This 
endonuclease system has been adopted as a robust, accurate, efficient and programmable method of genome targeting and 
its editing.54 The Streptococcus pyogenes CRISPR/Cas9 complex (SpCas9) reveals a bilobed architecture with target 
recognition (REC) and nuclease (NUC) lobes. These lobes possess a positively charged groove at their interface to 
accommodate single guide RNA (sgRNA): DNA heteroduplex. The NUC lobe contains HNH and RuvC domains, 
whereas the REC lobe binds with sgRNA and DNA heteroduplex14 (Figure 4).

Cas9 endonuclease forms a complex with either CRISPR RNA (crRNA) and trans-activating crRNA (tracrRNA). 
However, crRNA and tracrRNA can be engineered to form a single RNA complex called single-guide RNA (sgRNA) 
that forms a complex with Cas9 enzyme, that targets a complementary genetic sequence for cleavage. A short ~20-bp 
nucleotide sequence present in crRNA recognizes the target sequence. In addition, a short sequence (5´-NGG-3´) known 
as protospacer adjacent motif (PAM) is required very near to downstream of the target sequence for Cas9-mediated 
cleavage.55 Directly upstream of the PAM, between third nucleotide, the cleavage of phosphodiester bond of target DNA 
takes place that results in blunt-end double-stranded break (DSB) (Figure 5).54

In eukaryotes, DSB repair mechanisms involve either homology directed repair (HDR) or nonhomologous end- 
joining (NHEJ).56 The HDR is a more precise editing mechanism as compared to NHEJ repair pathway. The HDR repair 
strategy requires a homologous DNA sequence as a repair template. HDR mechanism can be used to knock-in some 
exogenous donor sequences within a target DNA. However, NHEJ pathway is error-prone, it requires no template and the 
ligation of two nascently cleaved DNA strands often occurs with addition of deletion of adjacent nucleotides. This 
usually results in insertion-deletion (indel) mutations, that result in frame shift mutation, resulting in knock-out of genes 
(Figure 5).

Cas nucleases have been recently modified in different ways to broaden their action at target locations. Some of the 
modifications include fusion of adapter proteins, such as transcriptional activators/repressors, deaminases, and reverse 
transcriptase.56 With these modifications, CRISPR/Cas system has opened a new setup in genome-editing technology, 
disease management and therapeutic strategies.

Recently new Cas9 variants have been engineered with mutations in RuvC or HNH domains, and one such Cas9 
variant exhibits only nickase activity.57 Furthermore, such Cas9 variants can be further fused with reverse transcriptase 
for prime editing and deaminases and these variants result in adenine/cytidine base editing.56 A completely inactive form 
of Cas9, dead Cas9 (dCas9) can be engineered by introducing mutations in both nuclease domains. This variant of Cas9 
(dCas9) can be fused with other effector proteins such as transcriptional repressors or activators to achieve programmable 
RNA guided epigenetic regulations.58

Role of CRISPR/Cas9 in Reprogramming Immune System Behavior and Its 
Novel Targeting Approaches Within Immune System Cells
Precise CRISPR/Cas9-based genetic and epigenetic manipulation of immune system cells for anticancer response is now 
considered as a revolutionary move in immunotherapeutic approach to combat cancer progression. The CRISPR/Cas9- 
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Figure 4 Three-dimensional structure of Streptococcus pyogenes Cas9-sgRNA-DNA ternary complex shown by (a) Cas9, (b) sgRNA, (c) Cas9-sgRNA complex, (d) target 
DNA, (e) Cas9-sgRNA-target DNA complex (CRISPR/Cas9) ribbon representation, and (f) CRISPR/Cas9 space-filling model representation, acquired from protein data 
bank (PDB) https://www.rcsb.org, PDB ID: 4OO8 and edited by UCSF Chimera.
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based immune system reprogramming comprises locus-specific host immunity enhancement, tumor immunogenicity 
improvement and tumor immunoevasion suppression. The CRISPR/Cas9-based technology is used in adoptive T cells 
and NK cell transfer, cytokine stimulation, antibody design and overcoming immune checkpoints. In addition, this 
genome-editing system is used in autologous T cells and NK cells to express different novel antigen designs and chimeric 
antigen receptors (CARs) targeted at specific antigens for solid and hematological cancers (Figure 6).

A precise and efficient delivery of CRISPR/Cas9 system as ribonucleoproteins (RNPs) or plasmids within target cells 
or tissues is challenging and needs to be sorted out in the near future. Some of the challenges include fast degradation or 
denaturation of RNPs during their formulation and delivery steps, large size of Cas9, highly negative charge of sgRNA 
and toxic effects of plasmids. The existing delivery strategies of CRISPR/Cas9 can be mainly divided into physical, viral 
and nanomaterial based nanoformulation approaches (Figure 7). Viral vectors are used to perform transduction of cells 
with different viruses to deliver DNA encoding gRNA and Cas9 protein. The most frequently used viral vectors include 
lentiviruses, adeno-associated viruses (AAVs) and adenoviruses (ADVs). These viral vector delivery approaches for 
CRISPR/Cas9 can also have oncogenic potential and immunity complications in humans.59 AAVs have been commonly 
exploited for CRISPR gene delivery in vivo.60 However, AAV vectors can package up to 4.7 kbp only. Thus only smaller 
CRISPR/Cas9 systems such as S. aureus Cas9 (SaCas9) (3.16kb)61 or C. jejuni Cas9 (CjCas9) (2.95kb)62 can be used for 
proper packaging with its sgRNA into a single AAV vector.

Due to different modification flexibility options which limit the use of viral delivery approaches, non-viral delivery of 
CRISPR/Cas9 through different nanomaterial/nanoformulations is preferred for clinical applications.63,64 Non-viral 
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delivery approach for Cas9 mRNA has been a significant alternative to bypass many challenges associated with viral 
delivery.65,66 However, these systems also face some limitations as continuous expression of Cas9 protein and lower 
transfection efficiency, limit the use of these platforms.67

Recently different nanoformulations have been engineered to deliver this endonuclease system within target sites.14 

These nanoformulations include cationic lipid nanoparticles (NPs) and lipoplexes,68 zeolitic imidazole frameworks,69 

DNA clews70 and gold NPs71 (Figure 7). However, it is a challenging task to control the size, stability, loading capacity, 
and uniformity of these resulting nanoformulations.72

Role of CRISPR/Cas9 in Engineering T Cells and Its Delivery Approaches
T cells are significantly involved in fighting against pathogenic microbes and cancer cells. The T cells are highly active in 
producing effector molecules like proinflammatory cytokines, IL-2, IFN- γ and TNF-⍺. In addition, cancer cells exploit 
T cell inhibitory receptors like programmed cell death protein-1 (PD-1) by expressing their cognate ligand, ie, 
programmed cell death protein ligand-1 (PD-L1).73,74 Thus cancer cells apply different tactics and inhibitory mechanisms 
to diminish T cell effector functions that impairs the tumor elimination.

To overcome this, several immunotherapy approaches have been devised to optimize T cell effector functions with the 
help of CRISPR/Cas9-based genome-editing strategy (Figure 8). One strategy includes the employment of reprogrammed 
tumor infiltrating lymphocytes (TILs) for the treatment of solid tumors.75 Another approach makes use of genetically 
engineered T cells. In this approach, T cell antigen specificity is redirected and targeted to cells that have defined subset 
of antigen/s.76,77 This can be accomplished by integration of a traditional T cell receptor (TCR),78,79 or a CAR.80 The 
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Figure 6 CRISPR/Cas9-mediated reprogramming of immune system behavior in different immune system cells.
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CAR T cells are furnished with a receptor that comprises a variable region of high affinity monoclonal antibody (mAb) 
specific for a defined tumor antigen, eg, CD19. It is fused with a signaling domain of CD3ζ and one or more signaling 
domains from a costimulatory receptor for maximum T cell effector functions.81,82

The recent advances in CRISPR/Cas9 genome-editing technology have been successfully used to modify T cell 
lines,83 primary murine and human T cells.84,85 The CRISPR/Cas9 system has also been used to employ T cell effector 
functions,86,87 inactivate inhibitory receptor expression88 or to redirect T cell antigen specificity by targeting TCRs or 
CARs to the endogenous TCR-⍺ chain (TRAC) locus.78,79

This gene-editing tool box has also been used for knocking in genes,83 silencing genes84 and for induced activation of 
genes in T cells89 (Figure 8). The CRISPR/Cas9-based genome editing strategy has also been used in T cells to prevent 
HIV infection,90 stabilization of regulatory T cell phenotype,91 and redirecting T cell antigen specificity.79 In addition, 
this genome-editing strategy is used for TCR signaling, regulation of T cell effector molecule production and investigat-
ing pathogenic cytokine receptor expression by T cells.92

CRISPR/Cas9 system has been used to genetically alter human T cells; as on March 1st, 2020, 21 clinical trials were 
registered for using this gene-editing technique. Out of these trials, 48% used CRISPR/Cas9 strategy.93–95 Different 
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cancers like non-small cell lung cancer (NSCLC) and esophageal squamous cell carcinoma (ESCC) express immune 
checkpoint PD-1 ligands (PD-L1) that bind with PD-1 receptors present on host T cells. This circuit inhibits cytokine 
production and proliferation, thus enabling immunoevasion (Figure 8).96,97 The use of anti-PD-1 and anti-PD-L1 mAbs 
have been successful in different cancers like liver cancer,98 lung cancer,99 melanoma,100 and Hodgkin’s lymphoma.101 

However, some severe toxicity issues have also been reported in this inhibitor therapy.102

The genetic disruption of T cell PD-1 expression is perceived as an alternative and potentially safer immunother-
apeutic opportunity. The safety of PD-1 knockout T cell reinfusion was observed in 12 patients suffering from metastatic 
NSCLC and 17 patients with advanced ESCC, respectively.93,94 In both these trials, adoptive cell transfer (ACT) was 
performed, whereby peripheral blood mononuclear cells (PBMCs) were collected, followed by CRISPR/Cas9-mediated 
knockout of PD-1 (PDCD1 gene) ex vivo. After selection and expansion of the edited PMBCs, these engineered cells 
were reinfused back to the patients. The regimen was well tolerated with no severe events observed. Approximately 18% 
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of NSCLC and 35% of ESCC patients exhibited stable disease. In addition, it was demonstrated that co-transfection of 
sgRNA plasmid DNA (pDNA) and Cas9 through electroporation in 12 enrolled patients resulted in low median editing 
efficiency of 5.81%.94

The whole genome sequencing by Cas-OFFinder for 2086 targeted sites, exhibited no off-target events.103 This 
illustrates the greatest success of CRISPR/Cas9 in clinical applications. From both trials, it was found that only minor 
adverse effects occurred including fever, fatigue, skin rash, and joint pain during the treatment strategy. This supports the 
use of CRISPR/Cas9-based ACT for clinical use. However, in both trials, beyond therapeutic efficacy, the interest was 
more focused on role of CRISPR/Cas9 in editing efficacy, better expansion of tumor-reactive T cells, superior antigen 
specificity and clear understanding of T cell subtypes undergoing the gene editing process, required for improved patient 
response. All these observations support that CRISPR/Cas9-mediated immunotherapy has a greater future ahead. The 
role of CRISPR/Cas9 in mediating gene therapy for the enhancement of different functions of TCR and CAR T-cells is 
further summarized in Table 1.

A proper selection of delivery protocol and the form of CRISPR/Cas9, either as mRNA or plasmid for targeting 
within T cells or other immune system cells significantly affects the genome-editing strategy. In some experiments 
following the gene knockout (KO), Cas9 and gRNA have been delivered as plasmids and mRNA, with separate delivery 
of gRNAs or as RNPs. The incorporation of Cas9 and gRNA together as plasmids for the delivery approach face some 
limitation as higher amount of plasmids create some toxicity effects.119 It occurs mostly due to pathogen-associated 
molecular patterns’ recognition within the plasmid DNA.120,121 Furthermore, delivery of plasmids poses the complication 
of random DNA integration within the cellular genome.122

To avoid cytotoxicity, mRNA is directly targeted which can be modified by methylation at 5ʹ end and addition of poly 
A tail on 3ʹ end, to similarize the endogenous mRNA.123 This approach was used in human T cells, although the gRNA 
delivery was performed by transfection.124,125 Besides gRNA and Cas9, HDR template is also required as CRISPR/Cas9 
tool for transportation within the cells. HDR templates can be provided as circular plasmids, ssDNA, dsDNA or AAV- 
incorporated DNA molecules.126 All three template types have been used effectively to make some changes within T cell 
genome.

Some transfection techniques which are suitable to other cells have not been proven to be equally applicable for 
T cells. For example, microinjection, involving a microscopic needle as a transportation strategy directly within the 
nucleus is highly efficient but challenging and laborious, and is restricted to generation of transgenic animals.127,128

Nucleofection and electroporation allow efficient delivery of different nucleic acids to T cells. Electrical current is 
used in both of these methods to form pores in plasma membrane to permit the cargo entry by diffusion and movement 
along the electrical field.129 In contrast to electroporation, nucleofection involves a combination of electrical pulse 
specific to cell-types and reagents as delivery agents directly within the nucleus.130 Cas9 mRNA and gRNA have been 
efficiently delivered within T cells by electroporation.80 However, optimized protocol has been established in 2018 by 
Akiko Seki and Sascha Rutz for the delivery of CRISPR/Cas9 as RNPs by nucleofection to the primary T cells.131 Since 
then, due to its simplicity and effectiveness, this delivery approach has been most frequently used to deliver CRISPR/ 
Cas9 cargo to T cells.132

Recently, it was suggested that this approach can be further improved by encapsulating Cas9 RNPs into poly- 
L-glutamic acid (PLGA) NPs.133 Furthermore, the cellular uptake mechanism of micropinocytosis, based on transduction 
by osmocytosis and propanebetaine (iTOP), was recently demonstrated to deliver RNPs to human cells including primary 
T cells.134,135 This strategy could also be used to deliver CRISPR/Cas9 genome-editing tools to T cells.

Furthermore, gold nanoparticles (AuNPs) have been used quite efficiently as delivery agents in different types of cells 
including T cells. AuNPs have been used to deliver CRISPR/Cas9 components within T cells albeit with poor 
efficiency.136 In contrast, T cells are resistant to lipofection, a method involving delivery of liposomes and other lipid 
nanoparticles (LNPs) encapsulating genome editing contents to the target cells.137

Role of CRISPR/Cas9 in Engineering NK Cells and Its Delivery Approaches
NK cells are well-known cytotoxic lymphocytes, recognizing and eliminating transformed cells and orchestrating 
adaptive anticancer immunity.138,139 However, in TME, the NK cells usually get exhausted and some strategies such 
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Table 1 Role of CRISPR/Cas9-mediated gene therapy to enhance the functions of TCR and CAR T-cells

Cell 
Type

Manipulation Cancer Type Gene Protein Advantage Disadvantage Summary References

CAR 
T-cell

Cytokine 
production

Glioblastoma DGKA/DGKZ DGK Creates more 
persistent and 

cytotoxic CAR T-cell

A potential risk of CAR 
T-cell exhaustion/ 

limited knock-in efficacy

Cytokines are pivotal in promoting 
CAR T-cell activation and function

[104]

Universal CAR 

T-cells

Acute Lymphoblastic 

Leukemia

B2M TCRαβ Creates convenient, 

cheap, and rapid 

allogeneic CAR T-cells

HLA-I elimination could 

increase reactions from 

NK cells and lower the 
efficacy of therapy

Knocking out endogenous TCR chains 

reduces the likelihood of GVHD

[105]

TRAC/TRBC

Immune 
checkpoint 

blockade

Squamous Cell 
Carcinoma

TGFBR2 TGF-β Creates more active 
and robust CAR T-cells

A potential risk of 
autoimmunity and off- 

target effects

Singular or concurrent knockout of 
immune checkpoint inhibitors 

diminishes CAR T-cell exhaustion and 

increases cytotoxicity and proliferation

[106]

Chronic Myelogenous 
Leukemia

LAG-3 LAG-3 [107]

Acute Lymphoblastic 
Leukemia

Fas CD94 [108]

CTLA-4 CTLA-4 [109]

Hepatocellular 

Carcinoma

PDCD1 PD-1 [110]

TCR 

T-cell

Cytokine 

production

Melanoma IFNG IFN-γ Creates more active 

and robust TCR T-cells

A potential risk of TCR 

T-cell exhaustion/ 

limited knock-in efficacy

Cytokines are pivotal in promoting 

CAR T-cell activation and function

[111]

Breast Cancer Dhx37 DHX37 [112]

Colon Carcinoma Nr2f6 NR2F6 [113]

Gata3 GATA3 [114]

Universal TCR 
T-cells

Acute Lymphoblastic 
Leukemia

TRAC/TRBC TCRαβ Creates convenient, 
cheap, and rapid 

allogeneic TCR T-cells

HLA-I elimination could 
increase reactions from 

NK cells and lower the 
efficacy of therapy

Knocking out endogenous TCR chains 
reduces the likelihood of GVHD

[105]

B2M

Immune 
checkpoint 

blockade

Melanoma/ Renal Cell 
Carcinoma

PD-1 PD-1 Creates more active 
and robust TCR T-cells

A potential risk of 
autoimmunity and off- 

target effects

Singular or concurrent knockout of 
immune checkpoint inhibitors 

diminishes TCR T-cell exhaustion and 

increases cytotoxicity and proliferation

[115]

Bladder Cancer CTLA-4 CTLA-4 [116]

Chronic Myelogenous 

Leukemia

LAG-3 LAG-3 [117]

Ovarian Cancer TGFBR2 TGF-β [118]
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as checkpoint blockade are under investigation to overcome this exhaustion, to boost their anticancer potential.140 

CRISPR/Cas9-mediated genome-editing can significantly modulate different pathways that facilitate NK cell exhaustion 
and can arm these lymphocytes with novel CARs to specifically target the cancer cells. However, the challenge of 
CRISPR/Cas9 delivery within NK cells remains a major bottleneck for its therapeutic purpose.139

A recent novel study demonstrated that CRISPR/Cas9 mediates knockout (KO) of key inhibitory signaling molecules 
[(eg, programmed cell death 1 (PDCD1) and A disintegrin and metalloprotease 17 (ADAM17)], to improve the 
functionalities of peripheral blood (PB)-NK cells. This approach significantly modified 90% of PB-NK cells with 
enhanced cytokine production and anticancer cytotoxicity approach in immune suppressive TME.141 Furthermore, the 
researchers expanded these NK cells without the loss of activity to clinically relevant number. This novel approach led to 
the clinical translatability of engineered NK cells with CRISPR/Cas9 genome editing tools.141

NK cells play a significant antiviral and antitumor role through numerous mechanisms like direct cytotoxicity, antibody- 
dependent cell-mediated cytotoxicity (ADCC) and chemokine/cytokine secretion. NK cells lack antigen-specificity recognition 
capability unlike T cells but perform critical anticancer immune roles.142 The use of NK cell immunotherapy represents 
a fascinating and dynamic strategy for cancer treatment. After the target recognition, NK cells release perforin and granzyme 
that eradicate the target cells. The elimination of target cells also occurs through IFN- γ, TNF-⍺, Fas ligand (FasL) and tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL), that activate the DNA fragmentation and ultimately the apoptosis of 
target cancer cells142 (Figure 9). Due to less severe side effects, NK cells have emerged as safer and cost effective as compared to 
CAR T cells for cancer immunotherapy.143,144
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Figure 9 CRISPR/Cas9-based genome-engineering of NK cells to enhance its immunotherapy efficacy against cancer cells. Genome engineering improves the cytotoxicity, 
reduces sensitivity to TME, increases in vivo proliferation and persistence through autocrine cytokines’ stimulation.
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The anticancer effect of NK cells requires further improvement in some conditions, like their exhaustion during tumor 
progression. The decreased anticancer effector function of NK cells also occurs due to its differentiation to type 1 innate 
lymphoid cells (ILC1), which possess decreased anticancer potential.145,146 Some previous strategies to enhance NK cell 
immunotherapy include the use of cytokines, antibodies, or gene-editing and these approaches were used to overcome 
immune suppression.147,148

CRISPR/Cas9 genome-editing strategy offers a flexible system in editing the NK cells ex vivo for adoptive therapy. 
This technique has helped a lot to manipulate the tumors in situ to enhance their susceptibility for NK surveillance.138,139 

NK cell tumor immunotherapy has been explored for hematopoietic malignancies recently. Like CAR-T immunotherapy, 
CAR-engineered NK cells possess tumor target specificity and cytotoxicity.149,150 The ongoing preclinical and clinical 
applications on engineered CAR-NK cell-based immunotherapy against different cancers have been explored.144,151

CAR-NK-based bispecific T-cell engager (CD19-ENG) has been produced by combining CRISPR/Cas9 with some 
other gene-editing strategy to produce cells capable of targeting CD22+ B-cells leukemia as well as redirecting T cells to 
eradicate malignant CD19+ B cells. This strategy improves the anticancer activity and helps to prevent any immune 
escape by the tumor. This study has shown that CD22 specific engineered CAR-NK cells augmented CD19 T cell 
targeting of B-cell malignancies.152 This combined cytolytic target killing of cancer cells opens a new window in gene 
editing with substantial improvement in current B-cell therapy and other cancers.

To improve the anticancer efficacy of NK cells, multiple pathways are implicated. Some pathways are enhanced while 
at the same time other pathways need to be suppressed. CRISPR/Cas9 gene editing system is very well suited for these 
requirements. The anticancer potential of NK cells is enhanced in several ways like arming with CARS, enhancing 
activating pathways, improving NK cell infiltration and targeting inhibitory pathways (Figure 9).

Arming with CARs
NK cells can be armed with CARs via CRISPR/Cas9 genome-editing approach to improve their specific recognition of 
cancer cell surface markers. CARs consist of single chain variable fragment (ScFv) that is specific to a cancer antigen. 
This domain is attached to an intracellular signaling domain that transduces activation signal upon the recognition of 
antigen. Some NK cells have been engineered with CARs which act both by in vitro and in vivo targeting of the cancer 
antigen.153,154 In parallel, for the improvement of tumor recognition, NK cells can be armed with Pan-specific CAR-like 
molecules representing an alternative strategy (Figure 10).

Tumor evasion usually occurs by losing the original tumor antigens from cancer cells, thus multiple-ligand recogni-
tion mode by NK cells seems to be a superior strategy, leading to enhanced antitumor responses. For example, most 
normal cells express, very poorly or not at all, human NKG2D ligands like MHC class I chain-related proteins A and 
B (MICA and MICB), and six UL16-binding proteins (ULBPs). In contrast, virus-infected cells and cancer cells express 
these ligands excessively.155 As compared to conventional single CARs, the tumor recognition is improved by more than 
a single cancer marker. Thus the fusion of full-length NKG2D polypeptide with CD3f exhibits potent efficacy against 
NKG2D ligand-positive cancer cells when it is expressed on NK cells or T cells.156,157 In addition, this strategy 
antagonizes the immunosuppressive TME by targeting NKG2D ligand-positive Tregs and MDSCs in tumors.156 The 
intracellular domains of NK cell CARs may differ from the intracellular domain of T cells and only DAP12 signaling 
domain alone shows improved activating effects when compared with CD3f.158,159 However, when used in combination 
with B4,160 CD3f, DAP10,161 and 4–1BB demonstrated superior triggering capacity compared with CD3f alone. It is 
fascinating that only DAP12 showed CD3f-independent and CD3f-comparable activation effects. It suggests that DAP12 
may be playing a predominant role in activating the NK cell signaling (Figure 10).

Enhancing Activation Pathways
The NK cell response could be initiated and prolonged by some activating receptors and activating cytokines like IL-2, 
IL-15, IL-18 and IL-21.148 NK cells derived from cord blood have been transduced to express IL-15 and these cells 
exhibited enhanced survival in xenograft Raji lymphoma murine model.162 In addition, the mutant form of IL-2 called 
Super-2, binds, with high affinity, to IL-2Rb, reverses the exhaustion state and promotes NK cells’ continuous 
proliferation without inducing the Treg cells’ expansion.163 In addition to the gene-editing of NK cells for adoptive 
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transfer therapy, boosting the in situ tumor-derived ligand/s for NK cell-stimulating receptors. This exemplifies a novel 
strategy for enhancing the activating pathways and amplifying anticancer response of these cells. This novel approach is 
achieved by CRISPR/Cas9-based transcriptional activation. A good example is the expression of NKG2D ligand, MICA, 
that has been transcriptionally stimulated effectively by CRISPR/Cas9.164

Improving NK Cell Infiltration
Upon adoptive infusion, the success of cell based immunotherapy depends upon efficient NK cell migration and homing to disease 
sites. CRISPR/Cas9-based gene technology is highly applicable to enhance the expression of tumor specific chemokine receptors 
on NK cells. Patients with renal cell carcinoma (RCC) have been observed to have enhanced expression of CXCR2 ligands and it 
correlates with intra-tumoral infiltration of NK cell subpopulation.165 Thus, genetic manipulation of human NK cells to express 
CXCR2 has been reported with enhanced ability to migrate specifically along a chemokine gradient of recombinant CXCR2 
ligands in vitro and in RCC mouse model.165 This demonstrates that for the improved infiltration of NK cells within cancerous 
mass, CXCR2 symbolizes a significant chemokine receptor that can be overexpressed on these cells. Furthermore, the immune 
cell infiltration has also been promoted by CCL-19-CCR7 axis.166

A significant migratory ability and improved tumor homing of NK cells were observed by engineering these cells 
with chemokine receptor CCR7 for its ligand CCL-19 and CCL-21.167,168 However, tumor tissue stroma displays an 
inhibitory action against such chemokine-driven NK cell infiltration. A forced expression of heparinase in addition to 
specific CAR has been shown to render CAR T cells with enhanced capability to degrade the extra cellular matrix 
(ECM).169 This approach of forced heparinase expression is also applicable for NK cell infiltration within primary tumors 
in addition to recruitment for metastatic sites.170

Targeting Inhibitory Pathways
It has been observed that at cancerous sites, NK cell functional exhaustion occurs via the detrimental modulation of 
checkpoint receptor signaling.140 The blockade of some checkpoint receptors like CD96, NKG2A or T cell 
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immunoreceptor with Ig and ITIM domains (TIGIT) were reported to boost NK anticancer immunity.171–173 In addition, 
emerging immunosuppressive pathways contribute to the hypofunctional status of cancer-associated NK cells. Any 
genetic disruption of such pathways might enhance the effector functions of NK cells for adoptive therapy. The CRISPR/ 
Cas9-based targeting of cytokine inducible SH2-containing protein (Cish) gene has been found to enhance the cytotoxic 
potential of primary human NK cells towards Daudi B lymphoma cells.174

NK cells are well-known to resist the ordinary transfection, thus making the Cas9 delivery difficult. However, 
transduction via integrating (retroviruses and lentiviruses) and non-integrating (adenoviruses and AAVs) are applicable 
strategies.175,176 The ex vivo CRISPR/Cas9-mediated genome editing in lymphocytes has been widely reported. The 
in vivo genome-editing by this endonuclease system is still a challenging task. In addition to viral delivery, nanoformula-
tion based delivery systems are gaining fast recognition, as such formulations possess good modification flexibility.

Electroporation of human NK cells has been presented as an efficient CRISPR/Cas9-mediated genome-editing system 
by a Lonza 4D nucleofector system.174,177 The human NK cell electroporation with Cas9 RNPs in P3 Primary Cell 
Nucleofector solution was performed by using pulse-code “EN-138” which resulted in proportional indel rates up to 
30%. This led to 60% reduction in transforming growth factor β receptor 2 (Tgfβr2) mRNA expression level and 
rendered NK cells more resistant to TGF-β in vitro.177 However, electroporation leads to poor survival of NK cells. This 
limitation was overcome to some extent by using optimized buffers and pulse codes, as pulse-code “CM-137” with 
mannitol supplemented phosphate buffer was found optimal with more than 80% NK cell viability uptake of large FITC- 
dextran molecules that mimic Cas9 complex with 45–80% indel rates in primary human NK cells.174 Interestingly, this 
approach led to no effect, partial effect or total loss of protein tyrosine phosphatase receptor type c (Ptprc) gene. The 
Cas9 RNP electroporation of NK cells represents a promising approach for some genetic modifications for adoptive 
immunotherapy.

Role of CRISPR/Cas9 in Engineering Macrophages and Its Delivery 
Approaches
Although CRISPR/Cas9-based genome editing has revolutionized the ability to manipulate immune system responses, 
cell-type specific blockades hamper the genetic approaches to study some cells. Macrophages are significant innate 
immune cells that act in homeostasis, tissue development, repair as well as during microbial infections. These cells are 
difficult to genetically manipulate due to sensitive circuits that sense foreign nucleic acids. However, primary bone 
marrow derived macrophages (BMMs) have been successfully manipulated by CRISPR/Cas9 system.178 However, low 
transfection and transduction efficacies in these cells result in little editing efficiency. In addition, millions of cells are 
required for proper biochemical and screening approaches. Furthermore, short life-span of macrophages limits proper 
selection of individual mutant clones, such as knockout of a second gene or protein over-expression. Due to these 
limitations, various studies are based on immortalized macrophage cell lines. However these cell lines do not reiterate 
important metabolic and inflammatory pathways of primary cells.179

It has been reported that some cell surface protein interactions between cancer cells and macrophages prevent 
phagocytosis. One good example is the interaction between CD47, an overexpressed cancer cell surface protein and 
macrophage signal regulatory protein-⍺ (SIRP-⍺).180 The interaction between CD47 and SIRP-⍺ is sufficient to bypass 
phagocytosis. Interaction of CD47 with SIRP-⍺ promotes its phosphorylation on the cytoplasmic tail,181 resulting in 
binding and activation of Src homology phosphatase-1 (SHP-1) and SHP-2.182 This results in blockade of phagocytosis 
by blocking the accumulation of myosin-IIA at phagocytic synapse. Thus, blocking the signaling between CD47 and 
SIRP-α is supposed to be a promising therapeutic target183 (Figure 11).

Recently, anti-CD47 mAbs were designed to block the interaction between CD47 and SIRP-α. This blocking strategy 
has shown novel efficacy in preclinical studies for different human cancers both in vitro and in animal xenotransplanta-
tion models.184,185 In different tumor models, an engineered antibody variant of SIRP-⍺, CV1, has been used as an 
adjuvant to facilitate macrophage-mediated phagocytosis with low toxicity and enhanced cancer mass penetration. 
However, a large antigen sink for the employment of Ab-based approach was observed due to overexpression of 
CD47. This strategy reduces the bioavailability with enhanced toxicity potential to normal cells.186 Targeting SIRP-α 
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with anti-SIRP-α Abs is an alternative approach to block CD47 that significantly enhances the killing of cancer cells by 
phagocytosis in vitro (Figure 11).

Nevertheless, the penetration of Abs within the cancerous mass remains a major challenge for therapeutic efficacy. 
Thus SIRP-α-targeting Abs require an easy tumor penetration potential to interact and block the tumor infiltrating 
macrophages (TIMs) for performing feasible therapeutic contact.187,188 Recently Arg-coated Au NPs have been used for 
the delivery of CRISPR/Cas9 system within macrophages to knockout SIRP-α expression. This approach demonstrated 
almost 90% delivery efficiency along with approximately 30% gene editing efficiency, providing a novel approach of 
cancer immunotherapy.189

Tumor-associated macrophages (TAMs) are indispensable components of TME that play a role in orchestrating 
extracellular matrix remodeling, angiogenesis, cancer cell proliferation, immunosuppression and metastasis. TAMs also 
play a role in resisting chemotherapeutic agents and checkpoint blockade immunotherapy.190 Recently, CRISPR/Cas9 
system was delivered by engineering Cas9 association with cationic arginine-coated AuNPs (ArgAuNPs) to HeLa 
cells.189 This strategy was used to transport the endonuclease to generate SIRP-α knockout macrophages. The nano-
formulation efficiently co-delivers Cas9 and sgRNA to knock out the “don’t eat me signal” in macrophages, preventing 
the phagocytosis of cancer cells. The treated macrophages presented 4-fold increased innate phagocytic capability 
achieved by turning off this signal. The elimination of cancer cells in this way makes this strategy a promising tool to 
generate weaponized macrophages for cancer immunotherapy191 (Figure 11).

Figure 11 Different approaches of enhancing macrophage immunotherapy by CRISPR/Cas9-mediated genome editing. Some major enhancements include, (a) SIRP-⍺-CD47 
blockade, (b) bispecific T cell engagers, (c) enhanced cytokine secretion, (d) secretion of antibodies, (e) Tie2-driven cytokine secretion, and (f) Tumor mediated antibody- 
dependent phagocytosis of opsonized tumor cells.
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Cationic lipid-assisted NPs (CLAN) made from poly(ethylene glycol)-block-poly(lactide-co-glycolide) (PEG- 
b-PLGA) were synthesized to encapsulate macrophage-specific promoter driven Cas9 expression plasmids (pM 330 
and pM458). The CRISPR/Cas9 plasmids were targeted to macrophages by these NPs. These cells and their precursor 
monocytes were able to express Cas9 specifically both in vivo and in vitro. After further encoding a gRNA targeting 
Ntn1 (sgNtn1) into the plasmid, the resultant CLANpM330/sgNtn1 efficiently disrupted the Ntn1 gene in targeted 
macrophages and their precursor monocytes, and led to reduced netrin-1 expression.192

A macrophage specific direct CRISPR/Cas9 RNP delivery was performed into mice through tail-vein injection. The 
nanocomposite was fabricated by ArgNPs with Cas9 protein engineered to incorporate 20-glutamate (Cas9E20). The 
Cas9E20 and ArgNPs along with specified sgRNAs were complexed as a single nanoformulation. The systemic injection 
of this nanoformulation provided more than 8% phosphatase and tensin homolog (PTEN) gene editing in macrophages of 
spleen and liver, respectively.193 This approach thus illustrates a potential selective immunotherapeutic strategy for the 
treatment of macrophage-related diseases.191,194

Role of CRISPR/Cas9 in Engineering Dendritic Cells and Its Delivery 
Approaches
Dendritic cells (DCs) play a significant role in regulating innate and adaptive immunity by acting as sentinels for 
invaders and initiating innate immune response as counteract. As APCs, DCs initiate antigen-specific adaptive immune 
response.195,196 DCs perform pathogen clearance, cancer cell killing, and tolerance to dietary antigens or microbiome 
bacteria. DCs thus help in shaping host-microbiome and host-pathogen interactions and the etiology of autoimmune 
disorders. Thus, these cells are thought to be chief targets to develop new techniques of immunotherapies.197

It is a challenging task to efficiently manipulate genetically human DCs, although gene repression approaches by 
RNAi have been reported.198 Mice models have been generally used to study DC biology, but humans and mice differ in 
both adoptive and innate immunity.199 To address all such limitations, a CRISPR/Cas9 strategy was used to construct 
a targeted knockout (KO) directly in human monocyte-derived DCs (moDCs) with a median efficiency of >94% across 
>300 genes. This method was utilized to perform a genetic screen in moDCs, recognizing the possibilities by which DCs 
tune their response to human microbiome lipopolysaccharides (LPs). Furthermore, the donor specific response to LPs 
underlined the significance of evaluating immune phenotypes in donor-derived cells. In addition, the identification of 
candidate genes that control this specificity to pinpoint the determinants of inter-individual variations in immunity has 
been revealed.200

The treatment of end-stage organ failure due to some cancerous mass can be performed by tissue transplantation. 
However, immune rejection is a major challenge and T cells perform a major task in this direction. As professional APCs, 
the blocking of co-stimulatory signaling molecule CD40 in DCs inhibits the activation of T cells and promotes transplant 
tolerance. In this scenario, Cas9 mRNA (mCas9) and gRNA targeting CD40 was synthesized and encapsulated into poly 
(ethylene glycol)-block-poly(lactide-co-glycolide) (PEG-block-PLGA)-based cationic lipid assisted NPs (CLANmCas9/ 
gCD40). This nanoformulation efficiently delivered mCas9/gCD40 within DCs to disrupt CD40 at the genomic level, 
both in vivo and in vitro. The intravenous injection of this nanoformulation into acute mouse skin transplant model, 
CLANmCas9/gCD40 significantly mediated the gene disruption of CD40 and inhibited T cell activation. This approach 
led to prolonged graft survival by reducing its damage. This methodology could be a promising approach to reprogram 
DCs with CRISPR/Cas9 system to subside transplant rejection.201

Role of CRISPR/Cas9 in Engineering B Cells and Its Delivery Approaches
B cells and their downstream effector cells (plasma cells) are central to humoral immune system as these are the only 
cells that secrete antibodies.202 These antigen-specific antibodies assist to protect the host from infection through 
neutralization and opsonization of toxins and pathogens.203 Besides playing a critical role in development and main-
tenance of immunological memory, B cells also present exogenous antigens to T cells on MHC class II.204

CRISPR/Cas9 genome editing system could be used as a novel approach to modulate B cell functions. CRISPR/Cas9 
has been used previously to enhance or modulate some functions of B cells. The survival and differentiation of B cells 
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were demonstrated to be efficiently affected by the CRISPR/Cas9 system.178 This genome-editing system could edit the 
immunoglobulin genes of hybridoma or B cells under in vitro conditions, thereby altering the kind of immunoglobulin 
synthesis by these cells.205,206

It is very significant to devise a proper delivery system of this genome editing system to B cells. CRISPR/Cas9 system can be 
efficiently transported to B cells to study its effects on the expression of specific molecules, survival and cellular differentiation.178 

This genome editing system has been used to edit the immunoglobulin genes of B cells or hybridoma cells in vitro, and was used to 
change the type of antibody produced by these cells.205,206 Several researchers have developed different nanoformulations to 
deliver CRISPR/Cas9 into cells.207 Still, there is a lack of proper delivery system for CRISPR/Cas9 to B cells in vivo. B cells could 
take-up almost 30% AuNPs in 24 h post injection.208 This study supported the concept that such nanocarriers could be used as 
transporters for CRISPR/Cas9 system to immune system organs and may be taken-up by B cells in vivo. However, previous 
reports demonstrated that surface properties of NPs like size, PEG-ylation and charge, could affect the uptake efficiency of 
immune system cells.209 Several types of nanoformulations have been used to deliver CRISPR/Cas9 system within B cells under 
in vivo conditions.207 In this regard, a self-assembled DNA nanoclew carrying Cas9/gRNA ribonucleoprotein complex was 
delivered under in vivo conditions for tumor gene editing.70

Site-specific engineering of primary human B cells was performed by using CRISPR/Cas9 system through chemically 
modified sgRNA and purified Cas9 protein. It was demonstrated that Cas9 protein, AAVS1-targeting sgRNA, and AAV6 
as a DNA donor for homologous recognition to introduce a DNA sequence encoding splice acceptor-EGFP into the 
AAVS1 locus of B cells. This system achieved a genetic and protein KO of CD19 at a pace of >70%. This novel 
approach for genetically engineering B cells opened a window for different applications in basic research, antibody 
designing and production and cellular therapeutics.210

Clinical Trials Based on CRISPR/Cas9 to Modulate Immune System
In order to portray the potential of genome-editing by CRISPR/Cas9 in different immune system cells, different clinical 
trials have been carried out over the past decade. The clinical settings involving CRISPR/Cas9 genome-editing platforms 
were set to assess the maladies such as AIDS, β-thalassemia, hemophilia B, sickle cell anemia, and other different 
malignancies.211 In 2009, CCR5 gene was knocked out by using zinc finger nucleases (ZFN). During 2016–2017, the first 
CRISPR was registered for human trials (NCT02793856). Similar trials soon followed this, keeping the significance of 
CRISPR/Cas9 genome-editing strategy in protocol. This strategy was more time-efficient, cost-effective, and simple as 
compared to ZFNs or transcription activator-like effector nucleases (TALENs).212

Adoptive T cell therapy (ATC) for cancer management has been a major motivation of recent genome-editing trials. 
In 2016, the first Phase I clinical trial involving CRISPR was performed in Chinese PLA General Hospital. In this clinical 
setting, PD-1-KO primary T cells were used on stage IV metastatic NSCLC patients (NCT02793856).94 They opted to 
use CRISPR/Cas9 to disrupt cytokine-induced SH2 (CISH) in TILs collected from gastrointestinal tract tumor sites 
registered as (NCT04089891) and (NCT04426669). CISH protein suppresses cytokine signalling which is induced in 
CD8+ T cells upon TCR stimulation and prevents anticancer function of T cells.213 Almost 250 clinical settings have been 
registered for CAR T cells, some of which have been dedicated to use genome-editing strategy.214

The safe and effective CRISPR/Cas9-engineered universal CD19/CD22 CAR T cells were used in six patients suffering from 
relapsed/refractory acute lymphoblastic leukemia. No graft vs host disease (GVHD), chromosomal translocation and genotoxicity 
were reported.215 In T-cell malignancies, the expression of CD7 can be abrogated by the gene editing strategy. T-cell tumors 
excessively express this marker and functional UCART7 has been designed to eliminate T-ALL in vivo/in vitro, avoiding the risk 
of GVHD.216 This tactic has become the foundation of current clinical settings in subjects with lymphoma or T-cell leukemia 
(NCT03690011). The current clinical settings also include the investigation of immune checkpoint inhibitors (ICI). Disruption of 
PD-1 by CRISPR/Cas9 is being carried out to generate mesothelin-directed CAR T cells ((NCT03747965) and UCARTs 
(NCT03545815). Furthermore, a recent trial is examining endogenous hematopoietic progenitor kinase 1 (HPK1) efficacy in 
CD19 CAR T cells. This protein negatively regulates the activation of TCR signal, thus it can be a novel immunotherapy target.217 

There are so many clinical settings for using CAR T cells, however, no registered CRISPR/Cas9 transduced CAR-NK cell clinical 
trials have been registered. Some more clinical trials using CRISPR/Cas9 genome-editing technology for ACT as a treatment 
strategy for different cancers are listed in Table 2.
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Challenges, Limitations and Future Prospects of CRISPR/Cas9 in 
Modulating Immune System
Even though encouraging advancement has been achieved in cancer immunotherapy, in depth knowledge of tumor 
immunology with advanced cancer immunotherapeutics is still highly in demand. With the expansion of CRISPR/Cas9- 
mediated genome-editing technology, researchers have to exploit this cutting edge strategy to further probe the molecular 
basis of cancer progression and application in reprogramming different immune system cells. This advanced genome- 
editing approach may further unravel the mysteries of immune checkpoints and profoundly address the resistance 
mechanisms involved in cancer immunotherapy in the near future. On the clinical side, CRISPR/Cas9 genome-editing 
approach will certainly help to engineer further advancement in CAR or TCR T cells. Some new innovative therapeutic 
immune checkpoints other than PD-1 and CTLA-4 may be disclosed by CRISPR/Cas9-based screening approaches. 
CRISPR/Cas9-based diamond-cut genome-editing strategy can also make a significant revolution in therapeutic anti-
bodies’ production. CRISPR/Cas9-mediated genetic manipulation can boost immunogenic or antigen-presenting activ-
ities within cancerous mass or surrounding immune cells with efficacious cancer vaccines.

In complex eukaryotic cells, the off-target effects of CRISPR/Cas9 genome-editing are a major concern, thus limiting 
their therapeutic applications.218 The off-target effects can be significantly reduced by using well-optimized and 
engineered CRISPR/Cas9 system. In addition, CRISPR/Cas9 presents some immunogenic toxicity issues within eukar-
yotic organisms including humans, as some studies have shown that human subjects possessed pre-existing antibodies 
against Cas9 protein.219

Currently, CRISPR/Cas9 system is delivered through viral, physical, and nanomaterial-based strategies. Each method 
presents some advantages besides having other limitations. Thus, choosing an appropriate delivery vehicle targeting the 
right site with maximum packaging load, and precise delivery are quite challenging and need to be sorted out in the near 
future.220 Despite the great promise and prospects of applying CRISPR/Cas9 genome-editing technology, special caution 

Table 2 Clinical trials using CRISPR/Cas9 genome-editing technology for ACT as a treatment strategy for different cancers

Target Gene/Purpose Cell Type Cancer Type Phase Clinical Trial Number

PDCDI-KO Primary T cells Metastatic non-small cell lung cancer I NCF02793856

PDCDI-KO Primary T cells Stage IV invasive bladder cancer I NCF02863913

PDCDI-KO Primary T cells Metastatic renal cell carcinoma I NCT02867332

PDCDI-KO Primary T cells Hormone refractory prostate Cancer I NCF02867345

PDCDI-KO Ant-EBV Multiple neoplasms I/II NCF03044743

PDCDI-KO Primary T cells Esophageal cancer I NCF03081715

CISH-KO TILs Metastatic gastrointestinal cancers I/II NCT03538613

CISH-KO TILs Metastatic gastrointestinal epithelial cancer I/II NCT04089891

TRAC, CD52-KO CD19/20 or CD19/22 UCART B cell lymphoma/leukemia I/II NCF03398967

TRAC, TRBC, B2M-KO CD19 UCART B cell lymphoma/leukemia I/II NCF03166878

CD7-KO CD7-CAR T cells T-cell malignancies I NCT03690011

PDCDI-KO Anti-mesothelin UCART Multiple mesothelin positive solid tumors I NCF03747965

TRAC, PDCDI-KO Anti-mesothelin UCART Multiple mesothelin positive solid tumors I NCF03545815

TRAC-KO CD19-UCART (CDX110) B cell lymphoma/leukemia I NCF04035434

HPKI -KO CD19-CAR T cells B cell lymphoma/leukemia I NCF04037566

TRAC, TRBC, PDCDI-KO NYCE T cells Multiple malignancies I NCF03399448
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needs to be taken before fully addressing the safety protocols and ethical issues in related clinical trials.221 Taken 
together, CRISPR/Cas9-based genome-editing strategy is believed to transform cancer immunotherapy towards more 
practical and authorized treatment modalities in cancer clinics.

Conclusion
Recent innovations in CRISPR/Cas9-based genome-editing strategy in different immune system cells have led to the 
emergence of new promising applications in cancer therapeutics. The stimulation of different immune system cells 
against varied cancers is totally focussed on destroying them with minimal harmful effects on non-cancerous healthy 
cells. Recently good progress has been made by precise immunosurveillance and destruction of cancer cells by CRISPR/ 
Cas9-engineered immune cells within the TME, but the task is still challenging and needs to be sorted out in the near 
future. By using CRISPR/Cas9 system to simultaneously knock out endogenous TCR, MHC-I and different immune 
checkpoints to construct universal and TCR T cells researchers have been able to advance tumor immunotherapy. This 
genome-editing system has presented enormous potential to enhance NK cell immunotherapy by arming these cells with 
CAR constructs, activation pathways, filtration into tumors and by antagonizing inhibitory pathways. Among all immune 
system cells, NK cells and T cells have shown the most promising results to improve their anticancer activity by using 
CRISPP/Cas9 genome-editing tools. However, the delivery approaches of CRISPR/Cas9 genome-editing tools to 
different immune system cells are in parallel challenging as there are many hurdles to be overcome to set the clinical 
translation of this genome-editing system. Some viral and nanomaterial-based carriers have been designed to introduce 
CRISPR/Cas9 system within different immune system cells. Besides the targeting approach challenges, the off-target 
effects of CRISPR/Cas9 are also considered as major limitations of this genome-editing tool, however, some off-target 
effects have been sorted out by using engineered Cas9 variants. Some other issues related to Cas9 protein include some 
immunogenic toxicity in eukaryotic organisms. Furthermore, human-health related ethical concerns need to be addressed 
before accepting the cancer immunotherapy as a routine clinical cancer treatment approach. Nevertheless, with the 
cooperative employment of biochemistry, biotechnology and nanotechnology, CRISPR/Cas9 will offer an innovative 
strategy to boost immune surveillance to combat different cancers in the near future.
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