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CRISPR/Cas9 potential applications in cancer immunotherapy by gene-editing and 
immune checkpoint signaling pathway inhibition

Abstract 
The mechanisms that drive immune feedback about cancer have been thoroughly explored 
over the years, particularly with a focus on utilizing the therapeutic potential of the immune 
system. Cancer immunotherapy has emerged as a promising treatment strategy for various 
types of cancer. Methods such as CAR T-cell therapy, adoptive T-cell therapy, monoclonal 
antibodies (mAbs), and cancer vaccines have gained significant attention. Nonetheless, 
the full potential of cancer immunotherapy has yet to be realized. While it has remarkable 
attributes, cancer immunotherapies also face challenges, including limited ability to effectively 
target cancer antigens and the variability in patient responses. One aspect of genome-based 
immunotherapy that has evolved due to technological advancements is the development 
of engineered T cells. CRISPR-Cas9 has emerged as a powerful and versatile genome-
editing tool capable of targeting nearly any genomic site due to its exceptional precision. This 
review centers on recent progress in immunotherapeutic strategies for cancer, particularly 
highlighting the application of CRISPR-Cas9 technology as a promising weapon in the fight 
against cancer.
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Introduction

Carcinoma's increase has continually been witnessed despite 
the achievements made for its prognostic methods [1]. Hence, 
numerous research works have been done in this field of cancer 
treatment where surgery, chemotherapy, and radiation therapy are 
still the core methods with which to prolong patients' lives. These 
are very toxic and can show adverse effects, deteriorating the 
quality of life in patients or perhaps sometimes leading to death 
[2]. Very recently, it paved into promising cancer therapy known 
as immunotherapy [3]. Multiple modalities are resourcing to target 
and eradicate cancer cells actively by therapeutic methods such as 
immune checkpoint inhibitors (ICI), CAR T-cell therapy, oncolytic 
virus therapy, and genetically engineered macrophages that are 
currently being developed. However, there are numerous hurdles 
facing tumor immunotherapy hindering the general application of 
the same. Some of these depend on the somatic mutation, where 
resistance to immunotherapy is seen, resulting in undercutting the 
total effectiveness as well [4]. Although oncolytic virus therapy is 
effective against cancer [5], the current techniques for engineering 
adenovirus genomes tend to be inefficient and lengthy and usually 
involve numerous steps. 
    Checkpoint blockade therapy has gained a lot of importance 
with the developments in immunology research, whereas this 
has demonstrated its worth clinically, especially in hematological 
malignancies, with CAR-T cell therapy [6]. CAR-T cell therapy 
does have its advantages despite having some disadvantages like 
insufficient and poor-quality T cell availability from the individual 
and the presence of infection and serious complications with 
donor-derived T cells. Consequently, researchers are focusing on 
strategies to create universal or off-the-shelf CAR-T cells. Safety 
concerns related to allogeneic CAR-T cell transfer stem from the 
presence of endogenous alpha-beta T-cell receptors (TCR) and 
human leukocyte antigen (HLA) molecules on donor T cells.
    The CRISPR/Cas9 system is a genomic editing method that has 
lately attracted attention for developing effective owl phenotypes 
across various domestic animal species [7]. In Cas9, the single-
guide RNA (sgRNA) employs this as a guide to cleave double-
strand fragments of DNA into smaller predetermined loci [8]. 
Initially, Cas9 identifies a protospacer adjacent motif (PAM) site, 
and it is then guided to the DSB by a sgRNA. Consequently, this 
DSB can be repaired by either non-homologous end joining (NHEJ) 
or homologous-directed repair (HDR). While it makes accurate 
sequence corrections using an external repair template, NHEJ is 
generally led by insertions or deletions (InDels), which are often 
used in disrupting genes. There is no doubt about the simplicity, 
accuracy, and straightforward application of CRISPR/Cas9 as 
compared to previous genome-editing methods [9].
    CRISPR/Cas9 technology has tremendous promise for the 
enhancement of immunotherapy against cancer, given its 
tremendously strong efficacy in gene editing. It permits high-
throughput screening in identifying new therapeutic targets and 
biomarkers as well as genes related to treatment resistance [10] in 
immunotherapy. Moreover, effective modification of adenoviral 
genomes is possible through CRISPR technology. It may also bring 
novel immunotherapy approaches for cancer by knocking down 
immune checkpoint genes such as PD-1, PD-L1, and CTLA-4 via 
CRISPR/Cas9 techniques [11]. In addition, CRISPR/is also a way 
of improving the production of CAR-T cell therapies and creating 
allogeneic CAR-T cells without graft-versus-host disease (GVHD) 
by rupturing the TCR beta chains and beta-2-microglobulin (B2M), 
which are important parts of HLA-I molecules [12]. Furthermore, 
the CRISPR/Cas9 technique has been employed in enhancing 
tumor cell phagocytosis using macrophages by hindering signaling 
mechanisms.

CRISPR

It was found in the late 1980s that CRISPR is a part of the 
bacterial adaptive immune system, which uses a three-stage RNA-
guided DNA cleavage mechanism-acquisition, transcription, 
and interference-to defend against foreign genetic material [13]. 
Since its discovery, a large number of work has been completed to 
recognize the structure and function of CRISPR/Cas9, which has 
resulted in its usage as a clinical tool for site-specific gene editing 
in humans (Figure 1). When compared to previous genome-
editing techniques that were available at the time, CRISPR's 
simplicity and cost were major factors in its rise to prominence as 
a gene-editing tool in 2012 [14]. The DNA-targeting technique of 
CRISPR, which uses an RNA strand complementary to the target 
DNA to direct the CRISPR protein complex to the exact location 
of interest, is what makes it so user-friendly.
    On the other hand, earlier instruments like transcription 
activator-like effector nucleases (TALENs) and zinc-finger 
nucleases (ZFNs) used specially made proteins to recognize and 
bind target DNA sequences [15]. Since it is much easier to create 
unique CRISPR-guided RNAs than it is to synthesize the proteins 
needed for ZFN or TALEN systems, the use of RNA as a targeting 
mechanism proved revolutionary.
    Like many biomedical breakthroughs, CRISPR has its roots 
in natural biological systems. Variants of CRISPR systems have 
been found in archaea and phages since they were first identified 
as a bacterial defensive mechanism against bacteriophages, which 
are viruses that infect bacteria [16]. Despite its initial purpose 
as a component of the bacterial immune system, scientists soon 
realized and modified CRISPR for its potential in genome editing. 
The two main parts of the system are a protein complex called 
Cas9, which cleaves double-stranded DNA as a nuclease, and a 
guide RNA (gRNA), which guides the editing machinery to the 
desired gene [17] (Figure 2).

CR ISPR /Ca s9  sys t em appl i c at ion  i n  CA R-T ce l l 
immunotherapy

In the treatment of hematological malignancies, genetically 
altered T cells that intimate CAR-T cells have revealed impressive 
effectiveness. Three essential parts make up a CAR's structure: an 
intracellular signaling domain that contains the CD3ζ chain and 
may or may not contain costimulatory molecules, a transmembrane 
domain, and an extracellular antigen-recognition domain, 
generally a single-chain variable fragment (scFv) procured from 
an antibody (Figure 3). The use of anti-CD19 CAR-T cells to serve 
B-cell malignancies has been one of the most effective uses [18].
    The U.S. Food and Drug Administration (FDA) has endorsed 
Kymriah and Yescarta, two anti-CD19 CAR-T cell therapies, 
for the treatment of pediatric and young adult B lymphoblastic 
leukemia (B-ALL) and adult diffuse large B-cell lymphoma 
(DLBCL), respectively, due to their remarkable clinical 
performance. The FDA endorsed the use of Tecartus in July 2020 
for the treatment of adult patients with MCL. Breyanzi, the fourth 
CAR-T treatment, was also authorized in February 2021 for people 
with relapsed or refractory large B-cell lymphoma. There are now 
several registered clinical experiments underway, and new CAR-T 
structures and applications are being created quickly [19].
    Despite these remarkable therapeutic developments, several 
obstacles prevent many patients from benefiting from T-cell 
therapy. First off, patients, particularly those with severe diseases, 
are unable to fully utilize this immunotherapy due to the time-
consuming and expensive nature of CAR-T cell construction, 
which is individualized [20]. Second, it is frequently challenging 
to get sufficient high-quality T cells from individuals who are 
lymphopenic or in poor health during the production process. Even 
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if enough immune cells are gathered, the manufacturing process 
cannot be successfully finished. Furthermore, there are hazards 
associated with T-cell production. In one instance, the CAR gene 
was inadvertently integrated into a single leukemic B cell, causing 
a B-cell leukemia patient to relapse nine months after acquiring 

CRISPR-based model systems of various types have been used 
to study immunosuppressive factors forced and interference in 
tumor systems. One such interesting method includes heterotopic 
grafting of tumor cells in the exploitation of their malignant 
potential and drug responses: implanters of Cas9-expressing tumor 
cells shuttled by sgRNA libraries to either immunocompetent 
or immunocompromised mice adopt the conditions of active 
or absent immune surveillance [22]. The subsequent treatment 
comprises adoptive T-cell transfer, immune checkpoint blockade 
(ICB), or cancer vaccinations for immunocompetent animals. 
Then, for sgRNA sequencing, tumor cells are isolated from 
immunodeficient, immunocompetent, and immunotherapy-treated 
mouse models. A big leap into the understanding of CRISPR in 
vivo models in comparison to the existing in vitro knowledge 
on immuno-oncological interaction comes from identifying 
genes implicated in the complicated interactions between tumor 

anti-CD19 CAR-T cell therapy [21]. Finally, the clinical effects of 
autologous CAR-T products are diverse and unpredictable due to 
their heterogeneity.

In vivo modeling of tumor cells using CRISPR 

cells, T cells, and, more broadly, the TME [23]. Here, CRISPR-
mediated genetically modified mouse models, closely mimicking 
human carcinogenesis, would allow for the creation of tumors 
implanted orthotopically but within their native immune milieu 

[24]. This method employs the CRISRP library, which uses 
sgRNA expression cassettes, a tissue-specific promoter, and 
sgRNAs directed to genes such as TP53. The pooled library is 
then transduced into GEMMs that express Cas9 so that sgRNA 
can mediate specific gene deletion in a tissue- or cell-type-specific 
manner. Bioluminescence imaging follows treatment with an ICI 
or control to track tumor growth, upon which sgRNA expression 
in tumors is sequenced.
    The effective delivery of perturbation reagents to target cells, 
which might differ substantially between organs, is crucial to the 
effectiveness of CRISPR-GEMMs. Because of this, the present 
uses of CRISPR-GEMMs are mostly restricted to liver, lung, 
and brain tumors [24]. Notwithstanding these drawbacks, organ-
specific tumor models have enormous potential for pinpointing 
immune responses unique to tumors, opening the door for 
developments in precision immuno-oncology [25].

Immune cell modeling with CRISPR in vivo 

A pooled CRISPR sgRNA library is transduced into T cells 
that manifest Cas9 and a transgenic TCR to do in vivo CRISPR 
modeling. Adoptive transfer of these altered T cells into animal 
models follows. Researchers can learn more about T cell responses 
during infection, inflammation, and tumor settings by sequencing 
antigen-specific T cells that were separated from the mice and 
comparing their sgRNA profusion with pre-transferred T cells.
    The functional particularization of effector T cells has been 
investigated using mouse infection models [26]. For example, in 
vivo, metabolic CRISPR screening was made possible by injecting 
Cas9-expressing CD4+ T cells into naïve mice infected with the 
lymphocytic choriomeningitis virus (LCMV). Using this method, 

Figure 1. A timeline of significant turning points in the development and use of CRISPR/Cas9 technology is shown in this graphic. The discovery 
of CRISPR sequences in E. coli in 1987 marked the beginning of important developments, such as the identification of CRISPR's function in 
prokaryotic immunity in 2002, its use as a tool for gene editing in 2013, and its initial usage in humans in 2016. Current clinical studies (2023) 
and prime editing (2021) are examples of recent advancements. These developments are divided into four stages in the timeline: discovery, 
structural recognition, application, and clinical testing.
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ETNK1 and PCYT2 were found to be important regulators in 
deciding the fate of T follicular helper (TFH) cells as opposed to 
TH1 cells [27].
    Using animal inflammatory models, it is possible to find genes 
that influence adaptive immune feedback in vivo [28]. In this 
experiment, sgRNA library-transduced CD4+ T cells were injected 
into Rag1-deficient mice that lack lymphocytes and had been 
vaccinated with ovalbumin (OVA) to induce lung inflammation. 
This led to the discovery of MTHFD2 as a metabolic gatekeeper 
that controls T-cell proliferation in the lungs and inflammatory 
reactions [29]. CRISPR/Cas9 has also been exploited to identify 
regulators of enhanced effector functions of CD8+ T cells in mouse 
models with tumors. For in vivo CRISPR screenings, the below 
mice implanted orthotopically with either GL261 glioblastoma 
or E0771-OVA triple-negative breast cancer were used. From 
these screenings, DHX37, PDIA3, and MGAT5 were identified as 
negative regulators of T-cell responses [30].

Evaluating CRISPR/Cas9 knockouts' safety and effectiveness 
in cancer immunotherapy

Immunogenicity is a major obstacle to clinical translation of 
CRISPR-assisted cancer immunotherapy, despite its immense 
potential. The unfortunate death of a patient named Jesse in 1999 
following an injection of an adenovirus with the OTC gene due to 
a strong immunological reaction was a noteworthy incident. This 

event was the first known death in a clinical experiment linked 
to gene therapy [31]. FDA currently released recommendations 
on Investigational New Drug (IND) applications in light of these 
difficulties, stressing the vital necessity of putting safety first when 
combining CRISPR with immunotherapy [32]. The pre-clinical 
and clinical applications of CRISPR are mentioned in the Table 1 
and 2.
    The safety and viability of modifying T cells using CRISPR/
Cas9 have been assessed in various clinical trials. Twelve patients 
with non-small cell lung cancer (NSCLC) got involved in a trial 
conducted by Lu and associates that used PD-1-edited T cells. 
In this study, patients' peripheral blood cells were isolated, and 
CRISPR/Cas9 was used in a lab setting to knock out the PDCD1 
gene. Patients were then given fresh injections of the altered cells. 
Instead of focusing on the treatment's effectiveness, the trial's main 
goal was to evaluate its safety and possible adverse effects.
    Another CRISPR clinical trial in 2022 revealed poor editing 
efficiency, with just a median of 6% of T cells effectively modified, 
along with moderate adverse effects such as fever, rash, and 
exhaustion. Even yet, after two months, 11 patients still had 
detectable levels of modified T cells, albeit at low levels. These 
results imply that the strategy is initially safe, workable, and has 
tolerable side effects [33]. Stadtmauer's research in 2020 showed 
that, upon therapy, altered T cells could effectively infiltrate 
and engraft within tumor areas. With negative reactions falling 
within an acceptable range, this offered more proof of safety [34]. 

Figure 2. CRISPR complex development setup. A guide RNA (gRNA) directed at the desired gene binds to Cas9 in the CRISPR/Cas9 system to 
form the CRISPR complex. The CRISPR complex is formed when the gRNA containing the desired gene binds to Cas9. A loop area in the gRNA 
makes Cas9 binding easier. After then, the CRISPR complex looks for a loop region in the target gene that makes Cas9 binding easier. Next, 
the CRISPR complex targets double strand breaks in the target gene. If a donor template is available, gene knock-in may take place following 
breakage. If not, a repair mechanism will occur in the DNA sequence, eventually resulting in a gene that is not functioning.
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Similarly, in later phase I trials, Wang and colleagues [36] gave 
PD-1 gene-edited mesothelin-specific CAR T cells to patients 
with solid tumors, and Lacey and Fraietta [35] implanted edited 
T cells into patients with advanced NSCLC. The findings of these 
investigations were all in agreement: Gene editing in immune cells 
using CRISPR/Cas9 is safe, practical, and well-tolerated in clinical 
settings.

Immune checkpoint signaling pathway inhibition 

By using the immune system to target and knock out cancerous 
tumor cells, immunotherapy has revolutionized the treatment of 
cancer within the last ten years [37]. The immune system generally 
omits to knock out tumor cells in vivo, even though tumor cells 
might be immunogenic and the occupancy of CD8+ tumor-
infiltrating lymphocytes is usually linked to good prognoses in 
a variety of solid tumors [38]. T cell exhaustion brought on by 
extended antigen exposure and the presence of immunosuppressive 
substances in the TME are thought to be the causes of this 
paradox, in which tumor-reactive T cells coexist with tumor cells 
[37].
    Exhausted tumor-infiltrating T lymphocytes have been shown 
to express higher levels of inhibitory receptors, including CTLA-
4, CD152, PD-1, CD279, LAG3, IM-3, HAVCR2, CD244, CD160, 
TIGIT, and several others, according to gene expression analyses 
and phenotypic studies in both humans and mice [39]. These 
immune checkpoint markers have attracted a lot of consideration 
in cancer research lately because of their crucial functions in 

controlling anti-tumor immunity.
    CD28 is an essential co-stimulatory protein that enhances TCR 
signaling and activates T lymphocytes by binding to CD80 (B7-1) 
or CD86 (B7-2) in response to antigen identification by the TCR/
CD3 complex [40]. But only CD4+ and CD8+ T cells express 
CTLA-4, a homolog of CD28, which binds to the same ligands 
as CD28 to mediate inhibitory signals [41]. By increasing ligand 
availability to CD28, blocking CTLA-4 with mAbs or other 
genetic techniques improves T cell activation. To increase the 
immune system's capacity to combat tumor cells, ipilimumab, a 
recombinant human IgG1 monoclonal antibody that targets CTLA-
4, was created [42]. When compared against the gp100 vaccination 
alone, clinical trials showed that ipilimumab, either alone or in 
conjunction with the gp100 peptide vaccine, remarkably enhanced 
comprehensive survival in patients with metastatic melanoma 
[42]. Consequently, in March 2011, the FDA in the United States 
authorized ipilimumab for the treatment of metastatic melanoma. 
Since then, anti-CTLA-4 treatments have been broadly studied for 
different malignancies, such as prostate, breast, and NSCLC [43].
To disrupt CTLA-4, CRISPR/Cas9 technology has been used 
in addition to monoclonal antibody treatments. CRISPR/Cas9 
was used by Shi et al. (2017) and Zhang et al. (2019) to eliminate 
CTLA-4 from CTLs. According to their research, CTLA-4 
deletion increased TNF-α and IFN-γ secretion in comparison 
to control groups, which improved anti-tumor efficacy [44, 45]. 
T cell activity is mostly controlled by the PD-1/PD-L1 immune 
checkpoint axis, especially when T cell receptors (TCRs) interact 
with MHC-peptide complexes that are presented by antigen-

Figure 3. CRISPR/Cas9-Based Engineering of Universal CAR-T Cells. In this figure, the endogenous TCR locus and MHC-I molecules are 
knocked out in order to construct universal CAR-T cells using the CRISPR/Cas9 technology. By preventing immune rejection and graft-versus-
host disease (GVHD), these changes make it possible to produce allogeneic CAR-T cells for more extensive therapeutic uses.
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presenting cells (APCs) [46]. While its ligands, PD-L1, and PD-
L2, are expressed on tumor cells and APCs, PD-1 is known to be 
expressed on a diversity of stimulated immune cells, such as T 
cells, monocytes, and dendritic cells [47]. The immune system's 
potential to fight malignancies is restricted by the interplay 
between PD-1 and PD-L1, which inhibits T cell activation 
and leads to T cell exhaustion [47]. Anti-PD-1 antibodies like 
nivolumab and pembrolizumab have shown impressive anti-
tumor effects in cancers like melanoma, NSCLC, head and neck 
squamous cell carcinoma, and metastatic urothelial carcinoma 
[48]. Blocking this pathway with mAbs has been shown to restore 
T cell function.
    Disrupting inhibitory genes in the PD-1/PD-L1 pathway 
has become a viable tactic as an alternative to antibody-based 
treatments. Peripheral blood T cells, CAR-T cells, and antigen-
specif ic CTLs are among the T cell subsets whose PD-1 
expression has been knocked out by recent developments using 
CRISPR/Cas9 technology [49]. Su et al. (2017) demonstrated 
that using electroporation to deliver plasmids encoding the 
CRISPR/Cas9 system could effectively knock out PD-1 in T cells 
without compromising their viability in vitro. Additionally, this 
modification enhanced T cell anti-tumor activity and cytokine 

secretion, particularly IFN-γ [50].
    The safety and viability of PD-1 knockdown in therapeutic 
contexts are being investigated in clinical trials. For example, 
CRISPR/Cas9-modified T cells without PD-1 were safe but had 
little therapeutic efficacy in a completed clinical trial including 
patients with NSCLC [51]. While studies into the use of PD-1 
knockout T cells for muscle-invasive bladder cancer, castration-
resistant prostate cancer, and renal cell carcinoma were registered 
but subsequently withdrawn, additional trials assessing their use 
for advanced esophageal cancer (NCT03081715) have also been 
finished.
    Targeting PD-L1 in tumor cells can enhance immunotherapy 
results in addition to T cells. For instance, Tu et al. created novel 
nanoparticles that were sensitive to mild acidity and included 
paclitaxel (PTX) and CRISPR/Cas9-Cdk5 plasmids. While the 
CRISPR/Cas9-Cdk5 system decreased PD-L1 expression on tumor 
cells, boosting anti-tumor immune responses, the PTX component 
caused immunogenic cell death and decreased the suppressive 
immune cell population [52]. A photosensitive CRISPR/Cas9 
system was also developed by Zhao et al. (2020) to eliminate PD-
L1. This technique effectively targeted PD-L1 in bulk cancer cells 
and cancer stem-like cells when activated by light, providing a new 

Table 1. CRISPR’s potential applications. 

Cancer type Target genes CRISPR method References

Breast cancer FASN Knockdown [62]

Breast cancer PARP1 Genome screening of novel pathways [63]

Prostate cancer ERβ Genome screening of novel pathways [64]

Prostate cancer TP53 sgRNA and Cas9-fused adenine base editor [65]

Bladder cancer CTLA-4 Evaluate gene phenotypes via knockdown [66]

Colon cancer PKC sgRNA and Cas9-fused adenine base editor [67]

Colorectal KRAS, BRAF Genome screening of novel pathways [68]

Intestinal tumors Colorectal cancer driver genes Evaluate gene phenotypes via knockdown [69]

Glioblastoma TERT sgRNA and Cas9-fused adenine base editor [70]

Lung metastases Genes on non-metastatic cancer cell line Evaluate gene phenotypes via knockdown [71]

Melanoma Novel gene involved in PD-1 resistance Evaluate gene phenotypes via knockdown [72]

Table 2. CRISPR in clinical practice. 

Name/Trial Status Disease Reference

Lovotibeglogene autotemcel Currently evaluated in clinical trials SCD, Thalassemia, TDT [73]

CLIMB THAL-111, CLIMB SCD-111 Currently evaluated in clinical trials SCD, TDT [74]

Voretigene neparvovec 2017 FDA approved Retinal dystrophy [75]

Onasemnogene abeparvovec 2019 FDA approved SMA (Pediatric Patients, < 2 y/o) [76]
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way to improve cancer immunotherapy [53].

CRISPR‐Cas challenges and possible solutions 

The CRISPR-Cas system has the potential to revolutionize gene 
therapy, but before it can be used in clinical settings, several 
technological issues and moral dilemmas need to be resolved. The 
effective and accurate delivery of the CRISPR apparatus is one 
of the most significant challenges in gene editing. Many delivery 
systems have been created, each with special advantages and 
disadvantages [54]. 
    For applications requiring prolonged CRISPR activity, viral 
vectors are often employed to deliver the CRISPR components at 
the DNA level. This strategy offers high transduction efficiency 
and enables precise control via promoter regulation, utilizing 
the host cell's transcriptional machinery. However, different 
viral systems present distinct limitations. Adeno-associated 
viruses (AAVs), for instance, can only accommodate payloads of 
approximately 4.5-5 kilobases, barely sufficient to include spCas9 
and sgRNA, which together measure around 4.2 kilobases. While 
lentiviruses and adenoviruses can carry larger genetic cargo, they 
present other risks, such as unintended genomic integration and 
the induction of strong immune responses, which pose significant 
safety concerns [55].
    Physical delivery methods, such as microinjection, 
electroporation, and hydrodynamic delivery, bypass the need 
for intermediary carriers. However, their efficiency in delivering 
CRISPR components in vivo is limited, often resulting in 
suboptimal targeting of cells [56]. Among non-viral delivery 
approaches, lipid nanoparticles have emerged as a promising option 
due to their long-term stability and compatibility with the immune 
system. Recent advancements have introduced additional non-viral 
systems for CRISPR delivery, including lipoplexes, polyplexes, 
cell-penetrating peptides, DNA nanoclews, and methods like 
induced transduction via osmocytosis and propanebetaine. Gold 
nanoparticles have also been explored, offering unique properties 
for gene editing studies [57].
    In addition to the aforementioned challenges, CRISPR-related 
concerns also include the risk of runaway immune responses and 
spatiotemporal dysfunctions, which can lead to off-target effects 
and reduced productivity. To address these issues, researchers have 
developed engineered or split Cas enzymes that provide better 
control over the in vivo activity of the CRISPR-Cas system [58].
    However, beyond these technical challenges, ethical 
considerations remain paramount. While the urgent need for more 
effective and tolerable therapies to combat the growing burden of 
malignancies is clear, the widespread use of CRISPR technology 
mustn't precede the resolution of the ethical dilemmas it raises. 
Failure to carefully address these concerns could lead to disastrous 
consequences [59]. Ethical issues such as the unintentional or 
intentional editing of tumor suppressor proteins like P53, as 
well as alterations to human somatic or germline cells, highlight 
the gravity of these debates [60]. Furthermore, irresponsible 
applications of CRISPR, like the case of CRISPR-modified twins 
in China, must be avoided to prevent a repeat of the setbacks 
experienced with other technologies, such as vaccines. Ensuring 
responsible and ethical use of CRISPR is essential for its continued 
development and safe application [61].

Conclusion

Thus, CRISPR/Cas9 happens to be the latest and most advanced 
genome editing technology that is efficacious in preclinical studies 
against cancers and many diseases. The phase-1 and phase-2 
clinical trials are set to widen their applications. Without a doubt, 
CRISPR/Cas9 has bright prospects as probably the most exciting 

and game-changing innovation in immuno-oncology and beyond. 
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