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Abstract

Cancer immunotherapy has recently become an essential approach for treating cancer, showing
considerable promise as a substitute for surgery, radiation therapy, and conventional chemotherapy.
It primarily aims to boost the host’s natural defense system to combat cancer malignancies by
utilizing components of immune checkpoint blockades (ICBs), mainly programmed cell death
protein 1 (PD-1) and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), and along with elements
of adoptive cellular therapies (ACTs) like Chimeric Antigen Receptor (CAR) therapy, T Cell Receptor
(TCR) therapy and Tumor-Infiltrating Lymphocyte (TIL) therapy. However, cancer cells tend to
undermine the effectiveness of cancer immunotherapeutic strategies by employing one or more
immune evasion mechanisms. The present review briefly discusses the key mechanisms of cancer
immune evasion and highlights how the CRISPR/Cas9 systems, as gene editing tools, are set to
enhance cancer immunotherapy for treating various challenging cancers. We emphasize that
CRISPR/Cas9 systems can be used to explore and positively alter the genes of the immune system,
boosting the effectiveness of cancer immunotherapy by editing immune checkpoints, TILs, and CAR-
T cells, and disrupting genes facilitating tumors to evade the immune system.

Keywords: cancer immunotherapy; immune invasion; gene editing; tumor infiltration; tumor
microenvironment

1. Introduction

1.1.Background on Cancer Immunotherapy

Cancer immunotherapy has gained significant attention as a safer and more effective alternative
to conventional cancer treatment methods like surgery, radiation, and chemotherapy [1]. Traditional
cancer therapies often fail to eliminate metastatic tumors, increasing the risks of recurrence.
Additionally, they usually cause damage to surrounding tissues and systemic toxicities from
chemotherapy [2,3].

Cancer immunotherapy seeks to stimulate or strengthen the host’s immune system to target and
kill malignant tumors. Two principal strategies drive this approach: immune checkpoint blockade
(ICB) and adoptive cellular therapies (ACTs). ICB employs immune checkpoint inhibitors (ICIs) to
restore T cell activity, primarily by targeting CTLA-4/B7-1/B7-2 and PD-1/PD-L1 on T cells and cancer
cells, key regulators of immune response [4,5]. Conversely, ACTs depend on T cells, either autologous
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or genetically engineered, to enhance their tumor-targeting capabilities. Major ACT strategies include
CAR therapy, TCR therapy, and TIL therapy. Although these strategies show promising results in
treating specific cancer types, many patients remain inadequately treated due to both intrinsic and
acquired tumor resistance. Immunotherapeutic approaches face several limitations, including off-
target effects, toxicities, immunosuppressive barriers, and challenges in standardizing
manufacturing [6].

A significant obstacle to effective immunotherapy is the ability of tumors to evade the immune
system, which diminishes the effectiveness of the treatment [7]. Inmune evasion involves a range of
strategies through which tumors escape targeting and subsequent destruction by the immune system,
even when reactivated by the immunotherapy [8]. One common approach involves minimizing the
expression of antigens on cancer cells. Tumor cells may also suppress the immune system’s response
to tumors by enhancing the expression of immune checkpoint proteins, like PD-L1, within the tumor
microenvironment (TME) [9]. Moreover, tumor cells may further hinder immune cell function by
creating a microenvironment rich in specific metabolites and signaling factors, or by depriving
immune cells of essential nutrients [8]. Consequently, a thorough understanding of tumor immune
evasion mechanisms and strategies to enhance cancer immunotherapy components is necessary.

Emerging gene editing techniques, particularly the CRISPR/Cas9 systems, are well-positioned
to address these challenges. The CRISPR/Cas system is already recognized as a versatile instrument
against immune evasion, primarily due to its diverse applications. This system has been extensively
utilized to study the mechanisms of various cancers [10,11]. CRISPR/Cas9 has also gained traction for
in-depth studies of cancer progression mechanisms and has become an essential tool for enhancing
cell-based immunotherapies. One remarkable aspect of this endonuclease system is its capability to
manipulate and regulate several gene functions by simultaneously targeting multiple loci [12].
Consequently, CRISPR/Cas9-based genetic engineering is considered among the most promising
approaches to treating cancer, viral infections, cardiovascular problems, and immunological and
genetic diseases [13]. Furthermore, the efficient genomic manipulation ability of CRISPR/Cas9 has
enabled the creation of various animal cancer models, a more profound investigation of epigenetic
regulation, and, significantly, the genetic manipulation of immune and cancer cells in cancer
immunotherapy [1].

This paper discusses how CRISPR/Cas9 systems are utilized to explore and modify genes within
the immune system, thereby enhancing the effectiveness of cancer immunotherapy. This is achieved
by editing immune checkpoints, engineering TILs and CAR-T cells, and disrupting genes that
facilitate tumor evasion. We examine key immune evasion mechanisms, CRISPR-mediated screening
of immunomodulatory genes, and immune manipulation strategies. Furthermore, we highlight the
innovative CRISPR-based approaches to overcome immune evasion, the challenges and
considerations in developing CRISPR-based immunotherapy, and future directions and innovations.

1.2. Gene Editing in Modern Medicine

Genetic engineering emerged in the 1970s, resulting in significant advancements in gene editing
technologies. This development enabled unprecedented insights into how single-gene products
contribute to disease mechanisms. Since then, gene editing has been extensively utilized in research,
medical science, and biotechnology [14,15]. The process typically involves producing double-
stranded breaks (DSBs) in DNA using engineered or bacterial nucleases. These breaks can be repaired
via homology-directed repair (HDR), which promotes precise integration when a template is
available, or through non-homologous end joining (NHE]), an imprecise process that often causes
gene disruptions [16-18].

In gene replacement, addition, or inactivation, homologous recombination (HR) is preferred
since it utilizes homologous DNA as a template for repair. However, its low efficiency in mammalian
cells and many model organisms limits its application [19]. Since DSBs are primarily corrected
through HDR, a targeted nuclease strategy was developed to enhance specificity [15]. This method
introduces exogenous DNA aligned with the break site, enabling site-specific repair [15,20].
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Conversely, the NHE] mechanism is often deemed error-prone, typically resulting in deletions
(indels) or insertions at DSB sites, which can potentially cause frameshift mutations and lead to
truncated proteins. NHE] is easier to implement than homologous recombination (HR), as it does not
require a template and relies less on the efficiency of the repair process [23]. As a result, NHE] is
widely used to inactivate one or more genes in cell lines [24].

Genome editing has utilized tools, including Zinc Finger Nucleases (ZFNs) and Transcription
Activator-like Effector Nucleases (TALEN). However, the clustered regularly interspaced short
palindromic repeat (CRISPR) and associated Cas9 (Cas9) nuclease system has outperformed them in
several aspects. Some notable superior properties of the CRISPR/Cas9 system compared to other gene
editing tools include operability, scalability, and flexibility [25-27]. As such, the CRISPR/Cas9 system
is arguably the most advanced gene editing tool in the history of genetic modification. The CRISPR-
Cas system originates from the bacterial adaptive immune system. It was brought to limelight in 2013
when it was initially utilized as an instrument for mammalian genome editing [12,28]. The
CRISPR/Cas9 technology is a robust, programmable instrument for editing eukaryotic genomes. Its
programmable nature enables precise editing of eukaryotic genomes, including pre-transcriptional
genomic sequence modification and transcriptional and epigenetic alterations [15,29].

While bacteria evolved CRISPR as a defense system over maybe millions of years, researchers
now use it to modulate the immune systems of mice against cancer cells. They are exploring genes
linked to tumor immune evasion as potential targets for cancer immunotherapy and disrupting
specific genes to enhance the effectiveness of this therapy.

2. Immune Evasion Mechanisms in Cancer

Immune cells are powerful, and cancer immunotherapy holds great potential to destroy
malignant tumors. However, aberrant cancer cells continue to develop strategies to escape detection,
disrupt immune interaction, and resist destruction. They employ immune evasion strategies to
facilitate uncontrolled growth and spread. This section highlights several primary mechanisms.

2.1. The Heterogeneity of Cancer Cells

One key phenomenon that enables immune evasion by cancer cells is their ability to exhibit
diverse morphological and phenotypic properties, including multiplication rates, gene expression,
morphology, motility, and the potential to metastasize. Within a single tumor, subpopulations may
differ considerably in molecular traits and therapeutic susceptibility. This provides them with a
selective opportunity to develop resistance to cancer immunotherapy [30]. Resistance to
immunotherapy may occur due to tumor cells lacking antigens within a heterogeneous population
before therapeutic interventions [31]. For example, when the CAR-T cell treatment method is used
against acute lymphoblastic leukemia (ALL), some malignant B cells may not show uniform CD19
expression. A specific study by Rabilloud et al. (2021) discovered that individuals with B-cell acute
lymphoblastic leukemia (B-ALL) already possess rare negative subclones of CDThese CD19-negative
cells within the heterogeneous cancer population may relapse, proliferate, and pose significant
challenges even after CAR-T cell treatment. Thus, cellular heterogeneity enables immune escape and
therapeutic resistance [32].

2.2. The Immunosuppressive Nature of the Tumor Microenvironment

Another immune evasion phenomenon of cancer cells involves the cancer cell manipulation of
immunosuppressive cells to foster an immunosuppressive environment. Tumor cells establish this
environment by attracting immunosuppressive cells that actively diminish the function of immune
effector cells. Some notable immunosuppressive cells include myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs), and regulatory T cells (Tregs) [33-35].
Additionally, altering the stromal constituents and extracellular matrix caused by tumor cell
stimulation can physically block immune cell infiltration and negatively affect their functions [36].
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A critical mutual relationship exists between cancer stem cells (CSCs) and the tumor
microenvironment (TME). The TME benefits the CSCs by endowing them with traits that allow them
to remain in a stem-like state. This state confers upon them a survival advantage, self-renewal ability,
and therapeutic resistance [31]. On the other hand, the CSCs reinforce the immunosuppressive nature
of the TME. The CSCs contribute to the presence of essential factors that keep the heterogeneity and
immunosuppressed condition of the TME [37-40]. As such, this complex relationship between TME
and the cancer cells is one of the main reasons cancer cells can develop intractable resistance to
various modes of cancer therapy.

2.3. Cancer Cells” Antigens Loss from Mutation and Alternative Splicing

Many individuals diagnosed with B-ALL malignancies and recruited for CAR-T cell therapy, in
which CD19 serves as the primary target surface antigen, have been observed to lose the CD19 surface
antigen. This phenomenon of antigen loss has also been observed in some malignancies associated
with B-cells [41]. Similarly, some clinical studies have reported antigen loss, particularly among
patients receiving treatment for multiple myeloma (MM). Some patients in the treatment cohorts
showed a reduction in the expression of B-cell maturation antigen (BCMA), the targeted antigen of
the administered CAR-T cell treatment strategy [42,43]. These findings highlight the importance of
antigen loss mechanisms in undermining the effectiveness of immune-based cancer treatment,
particularly in scenarios of tumor relapse after treatment.

Two molecular processes may cause antigen loss in B cell malignancies: alternative splicing and
point mutations. For instance, in CD19-positive ALL, a specific mutation in the CD19 gene resulted
in the production of truncated proteins. These truncated proteins typically result in either a CD19
antigen protein without the transmembrane domain or a completely non-functional CD19 antigen
protein [41,44]. Similarly, the mechanism of alternative splicing can produce either a CD19 lacking
the transmembrane domain or with the transmembrane domain, in which the epitope necessary for
CAR T cell recognition is missing [45-47]. The presence of malignant B cells lacking or expressing
altered antigens allows them to escape CAR-T cell detection and destruction, making them especially
resistant to immunotherapeutic strategies [31].

2.4. Cancer Cells’ Antigens Masking

Another strategic defense mechanism developed by cancer cells to escape targeting and eventual
elimination by the immune system is their ability to use specific molecules to obscure their surface.
A significant case that illustrates this mechanism is the CD19-targeting CAR-T cell treatment strategy
directed against malignancies related to B-ALL. In this context, tumor relapse following CAR-T cell
treatment resulted from the masking of the antigen targeted by the CAR-T cells. Reports indicate
that in B-ALL, leukemic cells unexpectedly expressed the CAR construct, mediated by the viral
transduction during the cytapheresis process [48]. Consequently, the CAR on the leukemic cell
surface bound to its target antigen (CD19), effectively concealing its epitopes. This antigen masking
prevented CAR-T cells from recognizing the leukemic cells as foreign, allowing them to evade
immune detection and survive despite treatment [48,49].

2.5. Immune Checkpoint and Ligand Activation

Immune cells possess specific receptors that interact with certain molecules to regulate immune
responses and prevent autoimmunity through checkpoint signaling. However, tumor cells maneuver
these pathways to limit T-cell activity and evade immune destruction [50]. Key components of the
immune checkpoints, such as PD-1, PD-L1, and CTLA-4, which have become the central targets in
cancer immunotherapy [31].

One immune checkpoint pathway that tumor cells exploit includes the PD-1 and PD-L1
pathways. (PD-1,CD279), is expressed at an elevated level, particularly on activated T-cells, and is
crucial for facilitating immune tolerance [51]. PD-L1 and PD-L2 both bind PD-1, but PD-L1 is more
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extensively studied [52]. In normal tissues, PD-L1 expression is diminished, but tumor tissues can
adeptly escape immune system attacks by increasing the expression of PD-L1 ligands [53]. Cancer
types reported for elevated expression of PD-L1 include breast and squamous cell head and neck
cancer [53].

The relationship between PD-1 and PD-L1 is a well-established mechanism that reduces the
immune activity of activated T cells. Therefore, a logical and increasingly recognized technique in
immune-based cancer treatment is to block this interaction through anti-PD-L1 and anti-PD-1
antibodies [54,55]. Several studies have highlighted how these antibodies target various tumors by
interfering with the PD-1/PD-L1 interactions. For instance, neoadjuvant anti-PD-1 antibodies have
shown considerable success stage III/IV melanoma [56]. Meanwhile, in a phase 1 study of
pembrolizumab as a PD-1 inhibitor, the subjects with advanced-stage non-small-cell lung cancer
patients exhibited a noticeable therapeutic response with minimal side effects [57]. A combined anti-
PD1 and platinum therapy This was demonstrated in two Phase 3 clinical trials, improved the overall
survival in individuals with recurrent or metastatic head and neck squamous cell carcinoma
(HNSCC) in two Phase 3 trials [58,59]. However, some patients demonstrated limited response,
indicating possible involvement of other inhibitory mechanisms.

Another highly studied immune inhibitory pathway tumor cells can exploit is (CTLA-4, CD152).
(CTLA-4, CD152) is primarily found on regulatory T cells and is principally recognized for negatively
regulating the activation of T-cells [60]. CTLA-4 has two ligands, B7-1 and B7-2 (CD80 and CD86),
which can also bind to CD28, another receptor found on T cells. While CTL-4 and CD28 can be
expressed by CD8*and CD4* T cells, their regulatory roles in T-cell activation are opposite [61].
Additionally, regarding interaction strength and efficiency, CTLA-4 exhibits better affinity and
avidity for B7-1 and B7-2 compared to CDThis demonstrates that CTLA-4 can compete with CD28
and emphasizes how its regulatory role can negatively impact T-cell activation [62,63]. However, the
specific mechanism through which CTLA-4 interacts with its ligands to decrease T-cell activation is
poorly understood and requires further extensive studies [60].

The CTLA-4/CD28 pathway attracts significant attention in therapeutic strategies, where fusion
proteins and antibodies are among the most viable options [4]. Since the CTLA-4 pathway is crucial
for preventing the immune system from damaging self-tissue, enhancing its regulatory role might be
a promising approach for managing autoimmune diseases. On the other hand, an approach that
blocks or represses the CTLA-4 pathway could be an essential method of encouraging the immune
system to exert its lethal action on tumors [4]. Utilizing anti-CTLA-4 antibodies to trigger the immune
system to interact and efficiently destroy cancer tissues has accelerated recent innovative cancer
therapeutic approaches [31].

Other strategies for immune evasion employed by cancer cells to avoid the attacks and
destruction of the immune components of cancer immunotherapy include inducing T cell exhaustion,
resisting apoptosis, downregulating antigens, switching lineages, trogocytosis-mediated antigen
loss, and apoptosis resistance. These mechanisms are thoroughly reviewed in Figure 1 [31].
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Figure 1. Concise illustration of the tumor immune evasion mechanisms. It has been noted that tumor cells may
employ one or a combination of different immune evasion strategies to undermine the success of various cancer
immunotherapeutic methods, such as TIL and CAR-T cell cancer treatment methods. Some of the key immune
evasion mechanisms discussed in the present paper include (A) the heterogeneity of cancer cells, (B) the
immunosuppressive nature of the TME, (C) cancer cell antigen loss by mutation and alternative splicing, (D)
cancer cell antigen masking, (E) immune checkpoint and ligand activation. Other strategies are only illustrated
in this paper but are concisely discussed in the paper referenced here, [31] including (F) resistance to apoptosis,
(G) induction of T cell exhaustion, (H) downregulation of antigen presentation, (I) lineage switch and
trogocytosis-mediated antigen loss, and (J) tumor-induced immunosuppression [31]. Created with

Biorender.com.

3. The CRISPR/Cas 9 Structure and Mechanisms

3.1. Overview of the CRISPR/Cas 9 Mechanisms: Guide RNA, Cas9 Enzyme, and DNA Targeting

The sequences known as clustered regularly interspaced short palindromic repeats (CRISPRs)
were first identified in 1987 in Escherichia coli and subsequently discovered in various other bacterial
species [64]. Their function was later discovered to be part of the adaptive immune mechanisms of
archaea and bacteria, where they defense against invading genetic elements such as bacteriophages.
It works through RNA-guided cutting of specific DNA [65-67]. The CRISPR Cas system operates
through three sequential stages: acquisition, transcription, and interference [67,68]. Owing to its
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simplicity, precision, and adaptability, the CRISPR/Cas9 has been thoroughly studied for its
structure, functionality, and application as a gene editing tool in practical human clinical settings
since it was first discovered [69].

Interestingly, scientists are more attracted to the type-II CRISPR/ Cas9 system, particularly for
human clinical applications [70]. The CRISPR/ Cas9 relies on Streptococcus pyogenes single Cas
protein (SpCas9), which has a key distinguishing feature of targeting specific DNA sequences,
making it widely used [70]. However, while SpCas9 remains the most utilized variant, other Cas
proteins, such as Cas12, Cas13, and Casl4, have emerged with unique properties, including altered
PAM requirements, RNA-targeting capabilities, and smaller sizes, thereby broadening the genome
editing and engineering platforms [71].

In the type-II system, a specific DNA segment from the invading genetic elements is integrated
into the host (archaea /bacterial) CRISPR locus. This integrated DNA segment is termed a spacer [72].
In the type-II CRISPR/Cas9 system, the locus where the spacer is integrated is transcribed into a long
precursor CRISPR RNA (pre-crRNA), which is subsequently processed into short CRISPR-derived
RNAs (crRNAs). These crRNAs pair with a trans-activating CRISPR RNA (tracrRNA) to form a dual
complex RNA structure that guides the Cas9 protein to a specific target DNA. For simplicity,
tracrRNA and crRNS are often combined into a single guide RNA (sgRNA) for simplicity. Within the
sgRNA is also a spacer region complementary to the target DNA sequence and a scaffold region that
forms a hairpin structure recognized by Cas Once loaded onto Cas9, the sgRNA directs the protein
to the complementary sequence on the target DNA, where the Cas9 protein induces a site-specific
double-strand break (DSB) [73]. The CRISPR/ Cas9 system is mechanistically made up of two
essential elements: a single guide RNA and a Cas9 endonuclease [69].

One striking characteristic of the CRISPR/ Cas9 system is that whenever the need arises to
modify the sequence of a target DNA, a sgRNA that matches the desired DNA sequence to be cleaved
is designed [69]. The sequences of the sgRNA usually follow this arrangement: a twenty-base
sequence at 5' that matches a target DNA sequence via Watson-Cricks base pairing while at 3’,
another approximately twenty-base pair or above, that binds to the Cas 9 protein, which aligns near
the protospacer adjacent motifs (PAM) [74,75]. With these sequence arrangements of the sgRNA, two
other requirements are necessary for forming a functional sgRNA- Cas-9 complex that can effectively
bind and cleave a certain location on the target DNA. First, the exact matching of the first-twenty-
base pair of the sgRNA and that of the specific site of the target DNA. Second, the protospacer
adjacent motifs must be available precisely adjacent to the target DNA sequence [75,76]. Once all
these elements are in place, the binding of the sgRNA to the target DNA with the PAM component
occurs, forming the RNA-DNA-hybrid with the cleavage of the target sequence by the RuvC-like and
HNH components of the Cas 9 endonuclease [77-79]. As highlighted earlier, the DSBs created by
endonucleases are repaired by HDR or the NHE] (Figure 2), with the former being the most sought-
after as it allows precise insertion or correction of DNA sequences. NHE] is an error-prone repair
mechanism that frequently causes indels and genome rearrangement [80].

On the other hand, HDR, also known as high-fidelity repair, repairs the CRISPR-induced DSBs
by utilizing a homologous DNA template, leading to fewer errors compared to NHE] [81]. However,
a crucial limitation of HDR is that it is a cell-cycle-dependent pathway, primarily active during the S
and G2/M phases of the cell cycle. Consequently, scientists are putting significant effort into
modulating the cell cycle to increase its efficiency [82]. The CRISPR/Cas9 system has become
commonly used for gene editing and genome modification. For instance, it can be utilized to repress
or activate the expression of particular genes in CRISPRa (for gene activation) and CRISPRIi (for gene
repression) systems [83]. Several RNA-guided systems have progressed from basic research stages to
various phases of clinical trials [69].
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3.2. The CRISPR/Cas 9 System in Immune System Modulation and Cancer Immunotherapy

The adaptability of the CRISPR/Cas9 system is evident in the increasing studies demonstrating
its application in cancer immunotherapy. This is mostly achieved by immunomodulating the
immune system to improve the success of immune-based cancer treatment methods. We will closely
examine how the CRISPR/Cas9 system has been explored to identify and screen immunomodulatory
genes, target immune checkpoint molecules, target specific immunomodulators in tumor
progression, and manipulate immune cell function, all aimed toward successful cancer
immunotherapy.

3.2.1. The CRISPR/Cas 9 Systems: A Tool for the Identification and Screening of
Immunomodulatory Genes

Identifying and screening genes directly or indirectly relevant for improving the effectiveness of
immune cells in dealing with tumors or changing the TME is essential for the success of cancer
immunotherapy. Several vital studies employ the CRISPR/Cas9 system to screen and identify
immunomodulatory genes (Figure 3) [84].

Researchers developed a CRISPR/Cas9 immunomodulatory gene-screening tool based on
sgRNA library to identify novel immunotherapy targets. The study’s significant findings corroborate
the functions of well-known escape molecules such as CD47 and PD-LAdditionally, it reveals that
interfering with the IFN-y signaling pathway may help surpass resistance to cancer immunotherapy,
and elements of the IFN-y signaling pathway, particularly protein tyrosine phosphatase 2 (Ptpn2),
might represent a novel, promising target [85]. A subsequent study by different researchers utilized
an in vivo CRISPR/Cas9 system to screen CD8+ T cells and discovered that enhancing the capability
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of the CD8+ T cells to fight breast cancer cells could be significantly improved by CRISPR-mediated
repression of the DEAH-Box Helicase 37 (DHX37) gene [86]. Another study aimed to identify
potential gain-of-function targets for CD8+ T cells in CAR-T cell engineering. This study utilizes the
CRISPR activation screening technique using dead guide RNA (dgRNA). It reveals that CAR-T cells’
cytotoxicity and in vivo efficiency could be significantly improved by overexpression or specific
knock-in of the PRODH2 in various cancer types. Furthermore, in addition to potentially influencing
metabolic pathways, the increased expression of PRODH2 can significantly enhance CAR-T cells’
mitochondrial and immune functions, as revealed by metabolomic and transcriptomic analysis [87].

Conversely, another study focused on screening for genomic loss-of-function utilizing the
CRISPR/Cas9 system. It investigated the function of the death receptor signaling of FADD and
TRAILR2 in CAR-T cell therapy against CD19-positive tumor cells. The study supported the
significant influences of these signals on CAR T cells’ capacity to manage CD19-positive tumor cells.
It provided the foundation for scientists to optimize the therapeutic potential of CAR-Ts [88]. A
striking outcome of a specific CRISPR/Cas9 screening study led to concurrent discoveries. The
MS4A1 gene unequivocally encodes the target of rituximab, CDThe interferon regulatory factor 8
(IRF8) may impact the antibody-mediated cytotoxicity and phagocytosis of CD20 [89]. These findings
emphasized that CRISPR/Cas9 screening techniques may serve as essential instruments in identifying
significant genes that could be pivotal targets in cancer immunotherapy.

A. Single cell type CRISPR B. Two-Cell Type CRISPR C. Transplantation-Based D. Autochthonous Direct In \
Screen Screen Indirect In Vivo CRISPR Vivo CRISPR Screen
Screen
= — o =Ve%e)
.if\\\'- ‘ \\ -J‘/\ i‘\l ANeY
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Figure 3. CRISPR screening approaches used to identify genes involved in cancer and immunotherapy: A.
Single-cell Type CRISPR Screening is used to identify genes that regulate immune-related pathways in cancer
cells. The sgRNA library is introduced into cancer cells through lentiviral infection, resulting in a mutagenized
cell population. Cells are selected based on phenotypic changes using flow cytometry. The sgRNAs present in
selected cells are identified using next-generation sequencing (NGS). B. Two-cell type CRISPR Screening
investigates essential genes involved in immune cell-mediated cancer killing. Mutagenized cells are co-cultured
with tumor-targeting immune cells. Resistant cells are analyzed using high-throughput sequencing. C.
Transplantation-based indirect in vivo Screening is used to study tumor progression and immune interactions
in a living organism (in vivo) by transplanting genetically modified cancer cells into mouse models. The mice
are exposed to different immune pressures. Resulting tumors are analyzed using high-throughput sequencing.

D. Autochthonous Direct In Vivo CRISPR Screening is used to study natural tumor development and immune
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interactions. CRISPR screening method directly induces genetic mutations within a living organism (in vivo) at
the target organ site. Mutated cells become cancerous. Target organs are exposed to different immune pressures.

Orthotopic tumors are analyzed using high-throughput sequencing. Created with Biorender.com.

3.2.2. The CRISPR/Cas 9 System and Immune System Manipulation in Cancer Immunotherapy

The promising applications of the CRISPR/Cas9 system have been extended to manipulating the
genes of immune cells for the precise targeting of cancer cells. Based on the CRISPR knockout,
selective properties have been endowed on human immune cells to maneuver through the complex
tumor microenvironment (TME). This was clearly illustrated by [84] how the CRISPR/Cas9 system
can enhance the overall therapeutic effectiveness of engineered T-cell receptors in CAR-T cell
therapy. The CRISPR/Cas9 platforms facilitate the massive and efficient manufacture of therapeutic
modified T cells and enable the manufacture of tailored modified T cells suitable for application in
complex clinical treatments. Additionally, the CRISPR/Cas9 systems can facilitate the genetic
manipulation of T cells in laboratory settings and endow the cells with unique properties to identify
and fight cancer cells without the necessary interventions of HLA [84].

Meanwhile, the CRISPR/Cas9 technology has been successfully applied to disrupt the activity of
PD-1 to enhance the ability of a particular CAR-T cell directed against EGFRVIII of glial cell tumors
[90]. Interestingly, the genetic modification of CAR-T cells greatly improved their ability to destroy
cancer cells in vitro and the efficient production of pro-inflammatory cytokines. In CAR-T cell
therapy, the positive outcomes of the genetically modified CAR-T cells were evident in their ability
to prolong survival and enhance cancer control in an animal model. These results highlighted the
potential of the CRISPR/Cas9 system to endow the manipulated CAR-T cells in CAR-T cell therapy
to surmount the PD-L-mediated immunosuppression, which in turn enhances CAR-T’s effectiveness
in the treatment of glial cell tumors [91].

4. CRISPR-Based Approaches to Overcome Immune Evasion

Cancer immunotherapy has indicated a high level of efficacy across various cancer types [92].
However, challenges such as off-target toxicity, an immunosuppressive TME, T-cell exhaustion, and
poor T-cell quality hinder cancer immunotherapy from reaching its full potential [93]. CRISPR
genome editing has enabled high-throughput identification of immune evasion mechanisms and has
enabled the development of strategies to counter them (Table 1). In addition to uncovering
immunomodulatory genes, it has also aided in enhancing T-cell activity, suppressing inhibitory
receptor expression, and redirecting T-cell antigen specificity by editing chimeric antigen receptors
(CARs) or T-cell receptors (TCRs) at the endogenous TCR-a chain (TRAC) locus [94]. This section
summarizes key CRISPR strategies for overcoming immune evasion, with insights from preclinical
and clinical studies.

4.1. Editing Immune Checkpoints

A major barrier to effective cancer immunotherapy is immune evasion, often driven by T-cell
exhaustion. In both human and mouse models, exhausted T cells express high levels of inhibitory
receptors such as PD-1 (CD279), CTLA-4 (CD152), LAG3, TIM-3 (HAVCR2), 2B4 (CD244), CD160,
and TIGIT, which impair their activation and antitumor function [95]. CRISPR/Cas9-based genome
editing offers a powerful strategy to counteract this suppression by disrupting immune checkpoint
pathways and enhancing T-cell responses [96]. For instance, CRISPR-mediated deletion of the PD-1
gene in primary T cells has been shown to boost their activation and cytotoxic potential. In cytotoxic
T lymphocytes (CTLs), PD-1 knockdown not only improves effector function but also suppresses
regulatory T cells (Tregs), further amplifying the immune response.

This strategy has shown particular promise in infection-related cancers, such as Epstein-Barr
virus-associated gastric carcinoma (EBVaGC). In these tumors, LMP2A-expressing T cells exhibit
elevated levels of PD-L1 (CD274) and PD-L2 (CD273). LMP2A-derived peptides can sensitize
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peripheral blood lymphocytes, triggering a CTL response against EBVaGC cells [97]. A recent study
demonstrated that CRISPR/Cas9-mediated PD-1 knockout in LMP2A-specific T cells significantly
enhanced their cytotoxicity. When administered in vivo, these edited T cells improved survival in
tumor-bearing mice and exhibited potent antitumor effects, especially when combined with low-dose
radiotherapy, highlighting their therapeutic potential in adoptive T-cell therapy for EBVaGC [98]. In
addition to surface checkpoints, several intracellular regulators within effector immune cells serve as
potential therapeutic targets. One example is the orphan nuclear receptor NR2F6, which functions as
an intracellular immune checkpoint by repressing transcription of key cytokines such as TNFa, IL-2,
and IFNYy, molecules critical for tumor rejection [99]. CRISPR-based knockout of NR2F6 has been
proposed as a novel strategy to enhance T-cell-mediated immunity [100].

CRISPR screening has also identified protein tyrosine phosphatase 1B (PTP1B) as a negative
regulator of T-cell function. PTP1B interferes with JAK/STAT signaling by dephosphorylating JAK2
and TYK2, thereby limiting T-cell activation, proliferation, and cytotoxicity. Deleting PTP1B boosts
STATS5 signaling, promotes antigen-driven CD8+ T-cell expansion, and inhibits solid tumor growth.
Notably, PTP1B inhibition has been shown to enhance the efficacy of both natural and adoptively
transferred T cells including CAR T cells and improve responses to PD-1 blockade [101]. Another
relevant immune checkpoint is TIGIT, commonly expressed on antitumor T cells such as CD103*
tissue-resident memory (Trm) cells. TIGIT suppresses immune responses by inhibiting the
costimulatory receptor CDIt acts synergistically with PD-1, recruiting the phosphatase Shp2, which
deactivates CD28 and CD226 signaling pathways, further dampening T-cell function. Dual blockade
of PD-L1 and TIGIT disrupts this suppressive network, restoring costimulatory signaling and
enhancing antitumor T-cell activity [102]. Together, these studies demonstrate that CRISPR/Cas9 can
be leveraged not only to target classical surface checkpoints but also to uncover and modulate
intracellular regulators. This dual targeting strategy has the potential to significantly enhance the
effectiveness of cancer immunotherapy by overcoming multiple layers of immune evasion.

Table 1. Immunotherapy Sensitizing Target Identified by CRISPR/Cas9 Screening.

Significa Target function Target CRISPR/Cas  Therapeutic Referen
nt target 9 delivery implication ce
vector
DDR1 DDR1 is CRC cells Lentiviral Blocking DDR1 [103]
identified as a vector promoted CD8+ T
collagen cell infiltration and
receptor increased the
involved in sensitivity of
colorectal microsatellite stable
cancer (CRC) (MSS) CRC mouse
liver metastasis models to PD-1
and the related inhibition
stromal
response
CDC7 A SCLC cell line Lentiviral Knocking down [104]
serine/threonin vector CDC7 expression in
e kinase chemotherapy-
essential for resistant SCLC cells
DNA resulted in a lower
replication, also IC50 and enhanced

implicated in
small-cell lung
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cancer (SCLQC) the effectiveness of
resistance chemotherapy

TRIM34 It promotes HCC cell line Lentiviral Targeted [105]
resistance to Huh?7 vector knockdown of
ferroptosis by TRIM34 in HCC
inhibiting the cells enhanced their
degradation of response to anti-PD-

GPX4 mRNA, 1 therapy
contributing to

the progression

of

Hepatocellular

carcinoma

(HCCO)

TUBB3 TUBBS3, a Lung cancer Lentiviral Inhibiting TUBB3 [106]
member of the  cell lines vector makeS cells resistant
tubulin family ~ (CMT167cells to anti-PD-1
that encodes and C57BL/6) immunotherapy
BIII-tubulin, more vulnerable to
was first T cell-mediated
recognized as a destruction by
marker for reducing the
neurons. expression of PD-L1
Increased
expression of
TUBB3 is
associated with
tumor
progression

PTPN2 Ptpn2 encodesa Malignant CuS- The knockdown of [107]
protein tyrosine melanoma cell ~RNP@PEI PTPN2 significantly
phosphatase line (A375 nanoparticles  boosted CD8+ T cell
involved in cells) infiltration and
regulating cytokine production
various within the tumor
intracellular microenvironment,
processes, leading to a stronger
including IFNy immune response
signaling, and increased tumor
which it sensitivity to
inhibits by immunotherapy
dephosphorylat
ing STAT1 and
JAK1

GDF15 Recognized asa Glioblastoma angiopep-2- Deletion of GDF15 [108]
crucial element  cells decorated, in glioblastoma cells

glutathione alleviated
(GSH)- immunosuppression
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in immune responsive in the TME, thereby
evasion nanoparticles  enhancing the

[ANPSS(Cas9 antitumor efficacy of
/sgGDF15)] ICB therapy.

ADAM?2 A cancer testis  Lewis Lung Lentiviral Blocking ADAM?2 [109]
antigen whose  Carcinoma vector may improve cancer
expression (LLC) cell lines immunotherapy in
suppresses T tumors that rely on
cell immune it for immune
response by evasion
reducing IFNy
and TNFa
signaling.

HDAC7 HDAC7isa Multiple lentiviral Silencing HDAC?7 [110]

and crucial Myeloma cell vector increases BCMA

genes transcriptional  lines expression, while

involved  corepressor, inhibiting Sec61

in the and Sec61 is a improves the

Sec61 translocon. antimyeloma

pathway  Both have been effectiveness of a
demonstrated BCMA-targeted
to reduce the antibody-drug
expression of conjugate
BCMA, a key
immunotherap
y target in
multiple
myeloma

COX2 Produces an Model of Lentiviral Targeting the [111]
immunosuppre KRAS-mutant  vector COX2/PGE2
ssive molecule  lung signaling pathway
prostaglandin adenocarcinom enhances the
E2 (PGE2) a response of KRAS-

mutant lung tumors
to anti-PD1 therapy
and delays tumor
relapse following
KRAS inhibition

SP20H Upregulates the Ovarian cancer Lentiviral Deleting the SP20H  [112]
expression of cells vector gene in tumors
B7-H3 (a inhibits tumor
receptor that growth, increases

suppresses T
cells activation)
in tumor cells

the ratio of
CD8+/CD4+ T cells,
and decreases M2
macrophage
infiltration in
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SP20H-deficient
tumors.

KEAP1/ KEAP1 Non-Small Cell Lentiviral [113]

NREF2 regulates the Lung vector
degradation of  Carcinoma Cell
NRE2.

Lgals2? 4 T1 cell lines pCDH/Lentiv ~ Using an inhibitory ~ [114]

iral vector antibody to block
Galectin-2 Lgals2 effectively
(Lgals2), a p- suppresses tumor
galactoside- growth and
binding lectin, reactivates the
modulates the immune system.
immune The study findings
response by suggest that Lgals2
regulating may serve as a
inflammation potential target for
and immune immunotherapy.
cell
interactions.

Lgals? Lgals2, a - HEK?293 cell Lentiviral The overexpression  [115]
galactoside- lines vector of Gal-2 reduced
binding lectin, the proliferation of
modulates the human colon
immune epithelial cells and
response by diminished H202-
regulating induced STAT3
inflammation phosphorylation.
and immune The study
cell highlighted the
interactions. suppressive

function of Gal-2 in
colon tumor
proliferation and its
potential as a
therapeutic target in
cancer therapy.

TPST?2 TPST2 is an Human breast  Lentiviral [116]
enzyme cell lines vector
primarily (MDA-MB-231 Reducing TPST2 in
known for and MDA- MB- cancer cells
catalyzing the 468) and mouse increased the
sulfation of colon cancer effectiveness of anti-
tyrosine cell line PD1 antibodies in
residues in (MC38),

proteins. This
post-
transcriptional

syngeneic tumor
models by
enhancing tumor-
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modification is infiltrating
essential for lymphocytes. The
many cellular novel role of TPST2
processes, is proposed as an
including cell inhibitor of cancer
signaling and immunotherapy and
cell adhesion. one of the targets of
immune checkpoint
cancer
immunotherapy.
ATXNS3 ATXN3 LLC1/B16 cells Lentiviral The specific [117]
functions as a vector disruption of
deubiquitinase ATXNG resulted in a
for various PD- significant decrease
L1 transcription in PD-L1
factors in transcription,
tumor cells. ultimately
enhancing the
immune system’s
antitumor effect by
working
synergistically with
checkpoint blockade
therapy. The study
emphasizes the
importance of
identifying ATXN3
for its positive
regulation of CD274
gene transcription
and its potential as a
target to enhance
the effectiveness of
cancer
immunotherapy.
Ptpn Ptpn2 regulates  B1-F10 cells PX333 The disruption of [118]
2/PD-L1  intracellular PTPN2 and PD-L1
process reinvigorates the
including IFNy immune system by
signaling while halting the immune
PD-Llisa checkpoint effect.
ligand that Additionally, the
interacts with JAK/STAT pathway
program cell is reactivated
receptors in following the
immune deletion of PTPN2,
checkpoint which promotes the
mechanism vulnerability of
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tumor cells to CD*T
cells.

PRODH2 Anenzyme that HEK293FT, Lentiviral The specific [119]
plays an E0771, and vector overexpression or
important role ~ MCF7 cells. knock-in of
in proline PRODH?2 improved
metabolism. the CAR-T based

killing and the in
vivo effectiveness in
various cancer
models.

DHX37 Plays a key role Murine breast ~ Lentiviral Infiltration and [120]
in RNA cancer cells vector degranulation
metabolism, assays highlighted
particularly in RNA helicase Dhx37
the regulation as a critical factor.
of gene Knockout of Dhx37
expression enhanced the

efficacy of antigen-
specific CD8 T cells
in fighting triple-
negative breast
cancer in vivo.

Cop1 Known for its 4 T1 cells Lentiviral Disruption of Cop1  [121]
role in vector inhibits cancer cells’
recruiting M2- immune escape and
type enhances the
macrophages. effectiveness of ICB.

Asfla ASFlisa Lung cancer pXPR-GFP- Inhibition of Asfla [122]
histone H3-H4  cell lines Blast vector sensitizes tumor
chaperone cells to anti-PD-1
conserved from therapy.
yeast to human
cells

KM2D KM2D encodes E0771, B16F10 AAV vector The loss of KM2D [123]
a histone H3K4 MAI1L, LLC, increases tumor cell
methyltransfera and MB49 cells sensitivity to ICB by

se, one of the
genes mutated
in cancer
patients.

boosting tumor
immunogenicity.

4.2. Engineering CAR-T Cells and Tumor-Infiltrating Lymphocytes (TILs)

Adoptive cell therapy (ACT) is a promising immunotherapeutic strategy that involves isolating

a patient’s immune cells, genetically modifying, and expanding them ex vivo to enhance their
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antitumor activity and reinfusing them into the patient. ACT aims to overcome immune suppression,
including poor T-cell function, inadequate T-cell production, and weak memory T-cell development.
The main types of ACT include tumor-infiltrating lymphocyte (TIL) therapy, T-cell receptor (TCR)-
based therapy, and chimeric antigen receptor (CAR)-T cell therapy. Other evolving forms of ACT
involve engineered macrophages, B cells, dendritic cells, and natural killer (NK) cells [124].

While it is not yet endorsed as a first-line treatment for cancers, the CAR-T cancer therapy
method has revolutionized the management of certain aggressive lymphomas and multiple
myelomas that have relapsed or are challenging to treat [125]. CAR-T cells combat tumors by
releasing cytotoxic molecules (perforins and granzymes) and pro-inflammatory cytokines (e.g., IFN-
v, IL-2), which modify the TME and encourage apoptosis and necrosis in tumor cells [124].

CAR-T therapy has progressed through multiple generations, each built upon the previous one
to improve its safety and efficacy, and several CAR-T therapies have gained FDA approval, and many
are currently undergoing clinical trials [124,126-129]. Despite these advances, CAR-T therapy faces
limitations. High manufacturing costs, lengthy production timelines, and difficulty in generating
high-quality T cells from critically ill patients hinder broader application. Furthermore, disease
relapse and variability in autologous CAR-T products contribute to inconsistent outcomes [95,130].

To address these challenges, CRISPR/Cas9 gene editing has emerged as a transformative tool to
improve CAR-T safety, efficacy, and scalability. Disruption of co-inhibitory genes like PD-1 and
CTLA-4 using CRISPR has been shown to enhance CAR-T cell persistence and antitumor function
[131]. Researchers are also integrating CAR-T with chemotherapy, radiotherapy, and ICIs to
overcome the TME’s suppressive effects, although these combinations have yet to fully resolve
current limitations [132].

CRISPR screens have identified TGF-f and CD?7 as critical regulators of CAR-T efficacy in solid
and hematologic cancers. TGF-(, secreted by stromal and tumor-associated cells, initiates signaling
via TGFBR2, which induces T-cell exhaustion by upregulating immune checkpoints (e.g., PD-1, TIM-
3, CTLA-4, LAG3) and promoting Treg-like phenotypes through FOXP3 expression [133]. In a study
by Tang et al. (2020), CRISPR-mediated TGFBR2 knockout in CAR-T cells restored their function.
Dual knockout of PDCD1 (PD-1) and TGFBR2 further improved T-cell proliferation and resistance to
TME suppression in xenograft models, highlighting the value of multiplexed gene editing to enhance
CAR-T efficacy [133] In T-cell malignancies, targeting CD7 poses a unique challenge since both
malignant and healthy T cells express this marker, risking fratricide. To address this, researchers
developed UCARTY?, an “off-the-shelf” CAR-T product engineered using CRISPR/Cas9 to knock out
both CD7 and TRAC (T-cell receptor alpha chain). UCART?7 showed strong antitumor activity against
T-ALL while avoiding graft-versus-host disease in preclinical models [134].

While CAR-T has had remarkable success in hematologic cancers, its effectiveness against solid
tumors remains limited. As a result, attention has shifted toward tumor-infiltrating lymphocyte (TIL)
therapy, particularly for solid tumors. TILs are T cells naturally residing within tumor tissue,
including both CD4* and CD8* a3 T cells [135,136]. Unlike CAR-T therapy, which sources T cells from
peripheral blood, TIL therapy harnesses immune cells already primed within the tumor
microenvironment. TIL therapy typically involves expanding TILs ex vivo, administering non-
myeloablative lymphodepleting chemotherapy (NMA-LD) to enhance their engraftment, and
supporting their survival with recombinant human IL-2 [137,138].

The FDA recently approved Amtagvi, a TIL-based therapy, for adult patients with metastatic
melanoma previously treated with PD-1 blockers and/or BRAF-targeted therapy [139,140]. While
effective in melanoma, TIL therapy still faces challenges in other solid tumors due to a more
suppressive TME and potential adverse effects like immunosuppression, infection, and organ toxicity
[141].

CRISPR offers powerful strategies to enhance TIL therapy. A CRISPR screen identified SOCS1,
a suppressor of cytokine signaling, as a key intracellular brake in T cells. Knockout of SOCS1
increased IFN-y production, improved cytokine responsiveness, and enhanced the antitumor efficacy
of TILs [142]. Additionally, non-viral CRISPR/Cas9 methods have been used to generate PD-1-
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deficient TILs, enhancing their cytotoxicity across multiple tumor types [143]. These findings
demonstrate the significant promise of genetic editing in advancing TIL-based ACT and underscore
the need for further exploration to optimize these therapies for clinical use (Figure 4).
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Figure 4. A schematic of CRISPR/Cas9 technology applications in CAR-T cells and TILs to improve long-term

persistence and antitumor activity. Created with Biorender.com.

4.3. Disrupting Tumor-Intrinsic Immune Evasion Genes

The immunophenotype of the TME significantly influences the response to immune checkpoint
inhibitors (IClIs), underscoring the need for detailed profiling of immune signatures and the discovery
of new therapeutic targets to enhance immunotherapy outcomes. CRISPR-based functional screens
targeting immune-related genes have become powerful tools for identifying such targets. For
instance, in triple-negative breast cancer (TNBC), CRISPR screens revealed Lgals2, a key immune
evasion regulator [144], SLC7A5, a neutral amino acid transporter essential for citrulline uptake and
arginine biosynthesis [145], and DYRK1B, a dual-specificity kinase that supports cell survival and
proliferation [146]. Another gene, Copl, an E3 ubiquitin ligase, was shown to regulate M2 tumor-
associated macrophages (TAMs) and response to anti-PD-1 therapy by targeting the oncogene C/ebpd
for degradation [147]. These findings open new avenues for modulating both cancer cell survival and
the immunosuppressive microenvironment.

Targeting immunosuppressive components of the TME, particularly TAMs, also holds promise.
TAMs, commonly associated with poor prognosis, can be modulated using CRISPR. For example,
CD47, a “don’t eat me” signal frequently overexpressed in tumors, interacts with SIRPa on
macrophages to prevent phagocytosis. Lin et al. (2022) disrupted CD47 in tumor cells via CRISPR
and combined this with IL-12 expression, an immunostimulatory cytokine produced by macrophages
and dendritic cells. Engineered tumor cells secreted IL-12, reprogramming TAMs in situ and shifting
them toward a pro-inflammatory (M1) phenotype. This dual approach significantly enhanced anti-
tumor immune responses and reduced tumor growth [148].

Further supporting this strategy, PGAMS5, a mitochondrial phosphatase linked to M2-TAM
infiltration, was recently identified as another tumor-intrinsic regulator. CRISPR/Cas9-mediated
disruption of PGAMS5 in tumor cells reduced M2-TAM recruitment, slowed tumor progression, and
strengthened immune responses [149]. These studies highlight the therapeutic potential of targeting
tumor-intrinsic genes to reshape the TME and improve immunotherapy efficacy.
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5. Challenges and Considerations in CRISPR-Based Immunotherapy
Development

5.1. Safety and Off-Target Effects

While CRISPR/Cas9 offers transformative potential in cancer immunotherapy, several
challenges must be addressed to ensure its safe and effective application [125]. A major concern is the
risk of off-target effects, which can introduce unintended mutations and adverse consequences [150].
Researchers are working to enhance precision through refined delivery systems, most notably, by
using CRISPR as a ribonucleoprotein (RNP) complex, which reduces integration risks and improves
editing efficiency [151]. Another concern is the uncertainty surrounding long-term effects. For
instance, in animal models of tyrosinemia type 1, CRISPR-mediated deletion of the Hpd gene
corrected the metabolic disorder but unexpectedly increased hepatocellular carcinoma incidence,
emphasizing the need for long-term safety assessments in cancer-prone contexts [152].

To improve gene-editing efficiency and minimize vector size, compact CRISPR systems like
Cas14 (Cas12f) have been explored [153]. Despite their smaller size, these nucleases initially suffered
from low efficiency [154]. However, an engineered variant, eCas12f1, demonstrated potent anticancer
activity by effectively targeting PLK1, a gene critical for cell cycle progression, significantly reducing
colony formation in breast cancer cells [155].

5.2. Delivery Challenges

Delivery remains a key challenge in CRISPR therapeutics. Viral and plasmid vectors can trigger
immune responses, increase off-target effects, and pose safety concerns due to persistent Cas9
expression [156,157]. However, they sometimes require high doses of RNA therapeutics, leading to
inflammation and toxicity. Ongoing research is focused on improving LNP formulations to enhance
safety [125].

Another promising delivery method involves extracellular vesicles (EVs), which are naturally
compatible with the body and can cross biological barriers, such as the blood-brain barrier. EVs
efficiently deliver CRISPR/Cas9 components to tumor cells and immune cells, including in hard-to-
reach cancers like glioblastoma [151].

Combining CRISPR with immunotherapy and chemotherapy offers exciting therapeutic
potential. For example, a pH-sensitive nanoparticle system using PEI-PLGA was developed to co-
deliver CRISPR plasmids and paclitaxel. This system not only knocked down PD-L1 expression via
Cas9 targeting of Cdk5 but also enhanced immune activation and tumor suppression by inducing
immunogenic cell death and shifting macrophage populations [158].

The use of a rigorous guide RNA (gRNA) design process coupled with electroporation to deliver
the ribonucleoprotein (RNP) complex is an emerging strategy to minimize the downstream effects of
CRISPR-Cas-based gene editing. Electroporation, a method that involves applying an electrical field
to cells to facilitate the delivery of genetic material, is often used in CRISPR-based systems to
introduce RNP complexes directly into cells, avoiding the potential risks associated with using viral
or plasmid vectors. However, one challenge of electroporation is that it can induce cell damage and
death. Despite this, a study by Chamberlain et al. (2022) demonstrated that electroporation could still
produce clinically relevant numbers of engineered tumor-infiltrating lymphocytes (TILs) that were
ready for infusion [143].

5.3. Ethical Considerations and Regulatory Landscape

CRISPR/Cas technology is advancing at a pace that outstrips existing regulations, raising
concerns about its vast yet controversial potential. In light of this, it is crucial to establish appropriate
laws and develop ethical guidelines to effectively evaluate both the benefits and risks of this
technology [159]. A key ethical concern surrounding CRISPR gene editing is the use of germline cells
and embryo editing, which could have unforeseen consequences for future generations. These
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changes may lead to long-lasting effects, given the uncertainties regarding unintended outcomes
beyond the intended edits [160].

Given the uncertainties surrounding CRISPR, several regulatory bodies, including the WHO,
UNESCO, and the Declaration on the Human Genome and Human Rights, are working to establish
guidelines. While policies vary by country, legally binding agreements such as the “Oviedo
Convention” (Convention on Human Rights and Biomedicine) and regulatory agencies like the UK’s
HFEA and the U.S. FDA play significant roles in shaping these regulations. The U.S. National
Academy of Sciences (NAS) and National Academy of Medicine (NAM) have also emphasized the
significance of engaging with the public in discussions regarding the possible advantages and
negative consequences that may result from the editing of the human genome[161].

During a meeting held in the United Kingdom in 2015, it was argued that clinical research should
be restricted due to fears of misuse. Despite bioethical constraints, the UK’s Authority for Human
Embryology and Fertilization approved CRISPR experiments on embryos, sparking significant
controversy. This approval raised concerns, particularly regarding the potential for creating
genetically modified humans resistant to HIV [162].

One major risk associated with CRISPR is the possibility of unintended or off-target effects, as
the single guide RNA used by CRISPR does not require an exact match for Cas9 to induce a double-
stranded break. Given the complexity of the human genome, this increases the likelihood of
unintended genetic modifications, which could potentially lead to new genetic disorders, including
cancer. Moreover, our incomplete understanding of human genes means that modifying one gene
could unintentionally disrupt essential biological functions. Some of these unintended effects might
not become apparent until future generations, adding complexity to ethical considerations. These
risks have sparked global debates and led to regulatory actions, as the scientific community strives
to balance CRISPR’s promise for medical advancements with ethical responsibility [163].

6. Future Directions and Innovations

CRISPR/Cas9 system has revolutionized genetic engineering and various treatment approaches,
especially in immunotherapy [164]. Although CRISPR-Cas9 holds immense therapeutic potential,
concerns regarding off-target effects and immunogenicity persist demanding safe and precise
CRISPR-based therapeutics [165-168]. Prospective developments in CRISPR/Cas9 system involve
exploring alternative delivery strategies to mitigate immunogenic responses the engineering of Cas9
variants with improved specificity in genome editing, and optimized guide RNA configurations
[169-173]. Additionally, the risk of unintended genomic alterations can be minimized through DNA
base editing and prime editing—precision gene editing techniques capable of making precise
nucleotide changes without inducing DSBs. These techniques hold exponential promise as an
instrument of therapy for controlling disease-causing mutations in the human genome in a
programmable manner [165,166,171,174]. CRISPRi/CRISPRa can implement transcriptional
regulation, engineer cellular metabolism, and elucidate genotype-phenotype mapping across smaller
targeted libraries to genome-wide libraries [175]. Among the numerous advancements in CRISPR
technology, CRISPRi, and CRISPRa are particularly significant for their ability to fine-tune gene
expression by selectively repressing or activating immune-related genes; these tools hold significant
potential for immune modulation, offering enhanced therapeutic strategies against different diseases,
including cancer [175-177]. CRISPR/Cas9 system has the potential to design single treatment options
to disrupt multiple mechanisms utilized by tumors to avoid targeting by the immune system. This
approach of finding intervention within a single therapeutic framework promises to improve
outcomes of immunotherapy, specifically where tumors resist conventional single-target therapies
[69,178]. Moreover, the CRISPR/Cas9 system can help unlock immune responses that are typically
suppressed in certain patients by targeting specific genetic alterations within tumor cells [179,180],
which will be helpful in designing resilient cancer therapies that counteract specific immune evasion
strategies [181]. The ability to modify genes in specific patient populations enables personalized
therapeutic strategies, and tailored treatments according to tumor characteristics and an individual’s
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unique genetic makeup [84,181]. The CRISPR-Cas9 system offers unique precision in manipulating
genes involved in drug metabolism, drug resistance, and individualized therapeutic effects, opening
new avenues for patient-specific therapies [165,174,179] and advancing pharmacogenomics and
personalized drug therapy [165,174]. CRISPR/Cas9 system can provide a more stronger immune cells
action against tumors through the modification or disruption of immune checkpoints, notably, PD-1,
in T cells [182-184]. Similarly, the concurrent use of CRISPR/Cas9 system with cytokine therapies has
been reported to provide synergistic effects i.e. a substantial reduction in adverse side effects and
enhanced anti-tumor immunity [183] CRISPR/Cas technology has been recently exploited for the
development of recombinant viral vector vaccines and live attenuated vaccines for human diseases
such as certain viral infections. A novel vaccine candidate has been developed by researchers through
the insertion of various viral parts within the appropriate compartments of a phage nanoparticle.
This innovative nano vaccine design platform holds promise for the efficient deployment of phage-
based vaccinations against a wide range of viral diseases [185,186]. Aside from its significant
synergistic role in cancer treatment, immunotherapy, and personalized treatment options based on
individualized genetic makeup, the CRISPR/Cas9 technology also holds promise for the treatment of
addiction and familial or hereditary disorders [167,168]. Genetic influences involved in drug
absorption, distribution, and metabolism have been identified as promising targets for CRISPR-based
treatments in the context of addiction. The simultaneous harnessing of CRISPR/Cas9 systems with
epigenetic mechanisms has been reported as a recent advancement that may allow the creation of
novel therapeutics and addiction treatments. For example, anxiety and alcoholism can be alleviated
and disruptive epigenetic modifications can be reversed through the use CRISPR gene modification
[167]. Anxiety disorders (AD), major depressive disorders (MDD), autistic spectrum disorders (ASD),
attention deficit hyperactivity disorders (ADHD), and schizophrenia (SP) are among the most
significant hereditary disorders [26,27,168,187]. Several genes have been identified as faulty that have
been linked to these conditions, including ZNRD1, TRIM26, SYNEI1, ITIH3, TCF4, DPR1, NT5C2,
CACNB?2, PPP1R11, CACNA1C, TENM4, CNNM2, ANK3, CSMD1, and AS3MT. These genes are
mainly expressed in synaptic transmission, cellular mechanism, neuronal activity, and immune
regulation, and play a pivotal role in the development of the above-mentioned disorders [188]. These
genetic alterations in the affected subjects present potential targets for CRISPR/Cas9-based treatments
for these disorders [26,168].

7. Conclusion

CRISPR/Cas9 genome editing has led to various groundbreaking biomedical research
discoveries. As demonstrated by the studies highlighted in this review, its application in cancer
immunotherapy has proven to be an effective strategy in enhancing treatment efficacy and mitigating
the challenges of conventional ICB and ACT. However, before CRISPR/cas9 modified
immunotherapy can be established as a novel therapeutic strategy in oncology, extensive preclinical
and clinical trials are needed to give a deeper insight into its safety, efficacy, and long-term effects
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