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Abstract

Immunotherapy for colorectal cancer (CRC) is limited to patients with advanced disease who have already undergone first-
line chemotherapy and whose tumors exhibit microsatellite instability. Novel technical strategies are required to enhance
therapeutic options and achieve a more robust immunological response. Therefore, exploring gene analysis and manipulation
at the molecular level can further accelerate the development of advanced technologies to address these challenges. The
emergence of advanced genome editing technology, particularly of clustered, regularly interspaced short palindromic repeats
(CRISPR)-CRISPR-associated protein (Cas) 9, holds promise in expanding the boundaries of cancer immunotherapy. In this
manuscript, we provide a comprehensive review of the applications and perspectives of CRISPR technology in improving
the design, generation, and efficiency of current immunotherapies, focusing on solid tumors such as colorectal cancer, where
these approaches have not been as successful as in hematological conditions.

1 Introduction

Colorectal cancer (CRC) is one of the most frequently diag-
nosed tumors and a significant cause of death among males
and females. In 2021, approximately 140,500 new cases of

Immunotherapy for colorectal cancer (CRC) is cur-
rently limited to patients with advanced disease who

h.ave ur%dergo.ne ﬁrst—li.ne .chem(')t.herapy and have tumors CRC were diagnosed in the USA, with an estimated 52,980
displaying microsatellite instability. deaths [1]. CRC is characterized by the accumulation of
Novel technical strategies are needed to enhance thera- specific mutations in a single cell, providing tumor cells
peutic options and achieve a stronger immunological with advantages in proliferation and metastasis [2]. This
response in CRC treatment. sequential accumulation of oncogenic mutations follows the

adenoma-—carcinoma sequence [3]. While treatment options
such as surgery, chemotherapy, and radiation exist for CRC,
most cases are diagnosed at later stages, resulting in lower
survival rates [4].

There is compelling evidence that acquired mutations
allow tumor cells to evade the immune system and adapt
to their environment, promoting their survival and prevent-
ing elimination [5]. As CRC tumors develop, tissue dam-
age can activate the immune system, releasing chemokines
and cytokines that attract various immune cells. These cells
can either impact tumor development or have no effect [4].
Furthermore, CRC tumors express aberrant proteins with
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CRISPR can be utilized to genetically modify immune
cells, such as chimeric antigen receptor (CAR)-T cells,
tumor infiltrating lymphocytes (TILs), and natural killer
(NK) cells, enhancing their capacity to recognize and
attack cancer cells while maintaining activity within the
immunosuppressive tumor microenvironment.
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between the tumor and the immune system suggest that
immunotherapy holds promise in delaying or eradicating
cancer progression.

Immunotherapy faces challenges in solid tumors due
to difficulties in immune cells effectively infiltrating the
tumor core. Currently, immunotherapy for CRC is limited
to patients with advanced CRC who have undergone first-
line chemotherapy and whose tumors have demonstrated
microsatellite instability [7]. Novel technical strategies are
required to enhance therapeutic options and achieve a more
robust immunological response. The discovery and applica-
tion of clustered, regularly interspaced short palindromic
repeats (CRISPR)-CRISPR-associated (Cas)-based technol-
ogies have revolutionized cancer research. CRISPR—Cas is
currently employed as a complementary tool in the experi-
mental design of more efficient immunotherapies. This
review aims to provide an up-to-date analysis of the role of
immunotherapy in CRC and a comprehensive overview of
the current understanding and potential applications of the
CRISPR-Cas9 method to enhance immunotherapy in CRC.

2 Immunogenicity of Colorectal Cancer

CRC develops through distinct stages, starting from colonic
crypt lesions, and progressing to adenomas and ultimately
cancer. As colorectal cancer progresses from adenomas to
carcinomas, there are shifts in the participation of immune
cells. Genetic and epigenetic alterations in genes such as
adenomatous polyposis coli, Kirsten rat sarcoma viral onco-
gene homolog (KRAS), phosphoinositide 3-kinase (PI3K),
transforming growth factor p (TGF f), the B-catenin path-
way, and others, coupled with interactions with stromal and
immune cells, create a unique tumor microenvironment
(TME) [8].

During the initial stages of carcinogenesis, nascent tumor
cells produce antigens that trigger the recruitment of innate
immune cells, such as dendritic cells (DCs), neutrophils, nat-
ural killer (NK) cells, and macrophages. These cells secrete
cytokines and chemokines, facilitating the recruitment of T
and B lymphocytes. Colorectal tumors exhibit inflamma-
tory infiltration and increased expression of proinflammatory
cytokines such as tumor necrosis factor alpha (TNFa) and
soluble mediators such as prostaglandin E2 (PGE2). These
molecules are overexpressed during inflammation and can
activate signaling pathways such as ERK, nuclear factor
(NF)-xB, signal transducer and activator of transcription 3
(STAT3), and PI3K-AKT in epithelial cells, thereby aug-
menting p-catenin signaling [4, 9].

During tumor initiation, genotoxic compounds produced
by inflammatory cells can induce DNA damage in epithe-
lial cells, contributing to increased mutagenesis required
for tumor initiation. Therefore, inflammatory conditions in
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colon epithelium advantage tumor cells, and it is a key point
in tumor progression.

2.1 Antigen Presenting Cells and Tumor-Infiltrating
Lymphocytes

Antigen-specific activation of T cells is initiated through
the interaction between the T cell receptor (TCR) and tumor
antigens presented by antigen presenting cells (APCs) on
major histocompatibility complex molecules. The optimal
signaling for T cell activation is regulated by inhibitory and
co-stimulatory molecules that modulate signal amplification.
DC:s play a critical role as APCs in recognizing tumor cells,
processing neoantigens, and presenting them to T cells,
thereby eliciting a reactive response against tumor cells and
promoting their elimination. However, in advanced tumors,
antigen presentation and T cell activation are inhibited or
are inefficient [9].

Late-stage CRC tumors employ various escape mecha-
nisms to evade T cell-mediated responses, including altered
expression of human leukocyte antigen class I (HLA-I).
Downregulation of the phosphatidylserine receptor TIM4
in DCs by tumors inhibits the phagocytosis of tumor anti-
gens, impairing the activation of tumor-specific CD8* T
cells [10, 11]. Mice with reduced expression of HLA-I mol-
ecules exhibit heightened tumor development and increased
expression of immunoinhibitory molecules such as PD-L1
[12, 13]. In the context of liver metastasis, enhanced infiltra-
tion of DCs into tumors sensitized CRC tumors to immune
checkpoint blockade therapy, leading to improved survival
outcomes [14]. These studies suggest that optimal HLA
expression and functioning of DCs can enhance the efficacy
of immunotherapies.

CDS8 T cells play a crucial role in the specific destruction
of tumor cells by releasing their lytic components [15]. Pri-
mary tumors exhibit dense infiltration of tumor-infiltrating
lymphocytes (TILs) [16], and a high density of CD8 T cell
infiltration is associated with improved disease-free and
overall survival, as well as a favorable response to immu-
notherapy [17]. Furthermore, patients with high densities
of memory CD45RO and CD8 T cells experience better
outcomes [17]. The expression of specific chemokines and
adhesion molecules is critical for achieving high densities of
CDS8 T cells within the tumor. Tumors with elevated expres-
sion levels of CX3CL1, CXCL9, and CXCL10 demon-
strate significantly higher densities of CD8 T cells, and the
chemokine stromal cell-derived factor 1 (SDF-1) serves as a
favorable prognostic marker for overall survival in CRC due
to its lymphocyte chemotactic activity [18]. However, tumor
cells often evade the intrinsic anti-tumor activity by down-
regulating T cell activation and recruitment. The migra-
tion of T cells toward the tumor is limited due to reduced
expression of chemoattractant chemokines such as CXCL10
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and CXCL9 [19]. Oncoproteins such as Tribbles homolog
3 (TRIB3) have been identified as inhibitors of CD8* T
cell infiltration in CRC [20]. The ectopic expression of the
oncoprotein TRIB3 inhibits the STAT1-CXCL10 signaling
axis, resulting in reduced tumor-infiltrating T cells in various
CRC mouse models [20]. Genetic ablation of Trib3 or phar-
macological acceleration of TRIB3 degradation increases T
cell recruitment and sensitizes CRCs to immune checkpoint
blockade therapy [20].

2.2 Regulatory T Cell and Tumor-Associated
Macrophages

Within the TME, the interaction among tumor cells, non-
malignant stromal cells, and immune cells creates an immu-
nosuppressive environment that recruits myeloid cells and
regulatory T cells (Tregs). While these cells are essential
for preventing excessive immune responses, they also have
pro-tumorigenic roles.

TILs consist of various cell types, predominantly CD8*
and CD4* T cells, as well as Tregs. The balance between
these populations is crucial for anti-tumor immunity. In
CRC, increased infiltration of Tregs has been associated with
both improved and worsened prognosis and overall survival,
indicating their complex role [21]. Further research has
identified heterogeneous subpopulations of Tregs in CRC
patients, including suppressive and non-suppressive Foxp3™*
cells, which have implications for prognosis [22]. Therefore,
the infiltration of Tregs may vary during the progression
from adenoma to carcinoma.

In colitis-associated colorectal cancer (CAC), inflamma-
tion plays a driving role in neoplasm development, making
Tregs crucial in the early stages to limit immune infiltration.
Several studies have highlighted the therapeutic potential
of Tregs in this context [23-25]. In a study by Delgado-
Ramirez et al. [26], it was found that Tregs could help pre-
vent inflammation and tumor progression. The study demon-
strated that STAT6-deficient (STAT6 /") mice exhibited less
tumor progression during the early stages of the disease due
to increased Tregs infiltration, which helped limit inflam-
mation. Thus, STAT6 deficiency favored Tregs function and
limited CAC in this model compared with wild-type mice. In
another study, Tianzhen He et al. [27] used two-pore channel
(TPC) inhibitors to enhance transmembrane TNF expres-
sion, inducing proliferative expansion of Tregs. In a colitis
mouse model, the use of this inhibitor increased the number
of Tregs and consequently attenuated colon inflammation.
The role of Tregs in the context of CRC is bimodal and par-
ticularly crucial in the first steps of tumorigenesis; therefore,
studying the role of Tregs in CRC is essential to developing
new therapeutics.

Tumor-associated macrophages (TAMs) are highly preva-
lent in the TME. TAMs secrete chemokines and cytokines
that promote tumor development, immunosuppression,
angiogenesis, metastasis, and resistance to therapy [28].
TAMs produce arginase I, which alters T cell function [29],
and recruit Tregs by secreting the chemokine CCL2 [30].
Additionally, TAMs promote angiogenesis and metastasis
by increasing vascular endothelial growth factor (VEGF)
expression [31]. Junhui Yu et al. [32] found that TAMs pro-
duce matrix metalloproteinases 1 (MMP1), which signifi-
cantly facilitate colon cancer cell proliferation by acceler-
ating the cell cycle transition. Consequently, the increased
presence of TAMs in the TME is associated with a poor
prognosis [33].

In solid tumors, the extracellular matrix (ECM) reduces
the efficacy of treatments. This occurs through the formation
of a drug diffusion barrier and limited nutrient and oxygen
influx, which promote stress- and hypoxia-induced path-
ways, thereby reducing the efficacy of radiotherapy and stim-
ulating drug-resistance pathways. Additionally, in the case of
cellular immunotherapy, the tumor ECM forms a barrier that
chemoattracts tumor-reactive cells and traps them, making
them unable to reach the tumor [34]. Furthermore, the TME
supports inappropriate metabolic reprogramming, which
dampens T cell function and impacts the antitumor immune
response and tumor progression. Due to the high nutrient
consumption by tumor cells, immune cells that manage to
infiltrate the tumor do not obtain the necessary nutrients to
carry out their cytotoxic activities [35].

2.3 Natural Killer Cells

Natural killer (NK) cells, an integral part of the innate
immune system, play a vital role in promoting cytotoxic-
ity against tumor cells or infected cells, regardless of MHC
recognition. The activity of NK cells is regulated by both
activator and inhibitory receptors. Activating receptors, such
as natural killer group 2 member D (NKG2D) (NKG2D),
DNM-1, natural cytotoxicity receptors (NCRs), and the
type 2 receptor (KIR) family, are responsible for triggering
NK cell responses [36]. Upon activation, NK cells release
inflammatory cytokines and lytic granules, leading to the
destruction of tumor cells. In the context of CRC, circulating
NK cells serve as a prognostic marker. Immune cell therapy
for CRC aims to enhance tumor cell recognition by NK cells
[37]. Improvements in genetics and cancer immunology have
led to a better understanding of the drivers of immunogenic-
ity in cancer and potential mechanisms for treatment, espe-
cially in cancers that do not respond to current therapies.
Therefore, the role of immunotherapy in treating CRC is
becoming more prominent and needs the development of
new adjuvants and tools.
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3 Current Inmunotherapy Approaches
in Colorectal Cancer

Chimeric antigen receptor (CAR)-T cells consist of geneti-
cally modified receptors that recognize surface antigens
expressed for tumor cells; this recognition is independent of
the MHC receptor, and consequently T cells have a powerful
anti-tumoral activity [38].

CARs have four structure components that confer differ-
ent functions of recognition and specificity to T cells. These
components are: (1) the antigen binding domain, which
confers recognition specificity for the target antigen; (2) the
hinge region, an extracellular structural region that extends
the binding units from the transmembrane domain and pro-
vides flexibility and contribute to the length of the binding
domain; (3) the transmembrane domain, which anchors the
CARs to the T cell membrane and, in addition, influences
the stability and expression level of CARs, can be active in
signaling or synapse formation, and dimerizes with endog-
enous signaling molecules (most transmembrane domains
derive from natural proteins such as CD3¢, CD4, CD8«, or
CD28 [38, 39]); and (4) intracellular signaling domain(s)—
the durability and persistence of CAR-T cells depends on
their co-antitumor stimulatory domains; for this reason, it is
necessary to associate intracellular signaling domains to the
transmembrane domain, allowing for their co-stimulation.
CD28 and 4-1BB (CD137) are the most used co-stimulatory
domains due to their high patient response rate [40, 41].

CAR-T cells are used for the treatment of hematologic
cancers, such as B-cell lymphomas or non-Hodgkin lym-
phoma [39-41]. However, this therapy is still limited in solid
tumors due to the immunosuppressive microenvironment
that can limit proliferation and persistence in tumor sites
[42]. Solid tumors present unique challenges for CAR-T cell
therapy, requiring the T cells to navigate through stromal
barriers and reach the tumor site to exert their tumor-specific
cytotoxic effects. However, even if successful infiltration
occurs, T cells can face dysfunction within the toxic TME.
This hostile environment is characterized by metabolic
disruptions, the presence of soluble inhibitory factors and
cytokines, increased numbers of suppressive immune cells,
and tumor cells that secrete these mediators and express high
levels of ligands for negative immune checkpoint receptors
such as PD-L1.

The use of CAR-T cell therapy in human patients has
been limited in terms of both efficacy and safety. Adverse
effects such as cytokine release syndrome (CRS) and the
ineffectiveness of CAR-T cells upon reaching the tumor
site have been observed. As a result, preclinical trials have
focused on improving the signaling of CAR receptors, pre-
venting the inactivation of CAR-T cells, and evaluating cyto-
toxicity through in vitro and in vivo studies. To improve
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the efficacy of CAR-T cells, the addition of the co-stimu-
latory molecule CD27 improved CAR-T cell proliferation
and anti-tumor activity in a xenografts model of CRC [43].
CRC antigen GUCY2C expressed in CAR-T cells promoted
antigen-dependent T-cell activation. GUCY2C-CAR-T cells
are effective against metastatic tumors in mouse CRC mod-
els, as well as xenograft models of human CRC [44]. Other
target antigens have been explored; CD6 receptors CD166
and CD318 are highly expressed in CRC. CD166-CAR-T
cells have cytotoxic effect in target-positive human CRC cell
lines and cancer stem cells [45], highlighting the need for
identification and characterization of novel cancer-related
ligand receptors for CAR design and evaluation.

Another challenge arises from the absence of appropri-
ate target antigens for CAR-T cells in solid tumors. Numer-
ous research teams have concentrated on pre-clinical inves-
tigations centered on CAR-T cell biology. Their goal is
to create secure therapeutic approaches and confirm their
applicability in treating CRC. Table 1 provides a sum-
mary of the distinct antigens that CAR-T cell therapies in
CRC are aimed at, as well as those identified in preclinical
research. Nevertheless, none of the studies have yielded
conclusive results to date.

For instance, new strategies are necessary for improv-
ing CAR-T cell function in solid tumors by prolonging
their persistence, trafficking, tumor infiltration, and tumor
elimination. CRISPR—Cas9 systems are emerging genetic
editors that enable the introduction of desired genetic modi-
fications into the genome, with or without the need for creat-
ing double-stranded breaks (DSBs). These techniques and
approaches can target genes that inhibit T-cell function, pre-
cisely insert therapeutic genes into specific genomic posi-
tions, and produce consistently secure and effective alloge-
neic universal CAR-T cell products for customized cancer
immunotherapy.

CRC can evade detection by the immune system by con-
trolling certain aspects of the immune response through
immune checkpoints (ICP). These control points can either
stimulate or inhibit immune cell activity, which contributes
to self-tolerance or immune reactivity. When T cells are
activated, they express a protein called PD-1, which can
bind to its ligand PDL-1/PDL-2. Tumor cells express these
ligands, which can inhibit tumor cell apoptosis, leading to
the exhaustion of peripheral T effector cells, and convert
T effector cells into Treg cells. This process allows the
tumor cells to evade the normal immune system. [60]. The
CTLA-4 (CD 152) molecule belongs to the B7/CD28 fam-
ily and plays a role in immune suppression by indirectly
inhibiting signals through CD28. CD28 is a co-stimula-
tory receptor expressed on the surface of T cells. When
CD28 interacts with CD80/CD86, T cells produce IL-12
and cytotoxic enzymes, which are essential for immune
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Table 1 The ongoing clinical trials of CAR-T cells in patients with colorectal cancer found in clinicaltrials.gov and pre-clinical results that sup-

port the interventions

Therapy Pre-clinical results Target/intervention Phase Clinical trial
ID
NKG2D CAR-NK cell therapy ~ 50-80% dose-dependent cytotoxicity against colorec- Target: NKG2D I NCT05248048
in patients with refractory tal cancer cell lines (LS-174T, HCT-116) Biological: CAR-T infusion
metCRC Significant reduction in xenograft-tumor volume in CRC and liver metCRC
No severe cytokine release syndrome, but limited patients
lung inflammation in mice [46]
Autologous mesothelin-targeted  Total elimination of MSLN* colorectal cancer cell Target: MSLN, PD-1 | NCT05089266
CAR-T cells secreting PD-1 lines (HCT-116) in vitro and in xenograft-tumor Biological: CAR-T cells in
nanobodies («PD1-MSLN- model CRC patients
CAR T cells) in patients with  Increased T cells and cytokine (IFN-y) levels com-
solid tumors pared with the control group [47]
Treatment with CNA3103 LGRS5-CAR-T cells were cytotoxic and significantly ~ Target: LGRS I/l NCTO05759728
[LGRS5]-targeted, autologous inhibited survival of solid cancer (ovary) cell lines  Biological: dose-escalated
CAR-T cells, for participants expressing high levels of LGRS in vitro using CAR-T cell infusions
with metCRC 3D-spheroid culture assays [48] (2.5 x 107-1.5 x 10° cells)
in metCRC patients
Anti-CEA CAR-T cells to treat ~ Cytotoxic and IFN-y dose response to CEA trans- Target: CEA I NCT05240950
CRC and/or liver metastases fected MC38 cell line (colon carcinoma) Biological: CAR-T in CRC est
Delay of survival by 2 days, or by 3 days when com- III patients
bined with previous lymphodepletion (cyclophos-  Target: CEA I NCT04513431
phamide) in a tumor xenograft murine model Biological: CAR-T in CRC est
Complete eradication of CEA-transduced MC38 111 liver met patients
xenografts. when combined Wlth 1-day prior cyclo- Target: CEA VI NCTO05736731
phosphamide and 4-dose anti-CEA IL-2 immuno- . L .
cytokine post-ACT [49] Biological: CAR—T in ~CRC
and OSR patients with lost
HLA-A*02 expression
Target: CEA /I NCT04348643
Biological: CAR-T in CRC
R/R patients
CAR-T cell immunotherapy in Anti-tumor response of anti-MUC1 CAR-T cells Target: MUCI I/l NCT02617134
MUCI-positive solid tumor against OST (head-and-neck, pancreatic and lung ~ Biological: CAR-T in CRC
carcinomas) [50-52] and OST R/R patients
Loss of mitochondrial membrane potential, ROS gen-
eration, cell death, and impaired growth of colon
tumor xenografts (COLO-205) upon treatment with
MUCI-dimerization inhibitor [53]
IM96 CAR-T cells therapy in Not disclosed Target: IM96 I NCTO05287165
patients with advanced diges- Biological: CAR-T in patients
tive system neoplasms with advanced solid tumors
(including CRC)
CAR-T therapy in GUCY2C- Antigen-dependent cytokine production, killing of Target: GUCY2C I NCT04652219
positive digestive tract tumors human GUCY2C-expressing cancer cells in vitro Biological: CAR-T in patients
and long-term protection against lung metastases in ~ with advanced solid tumors
a syngeneic mouse model (including CRC)
Killing of human colorectal cancer cells endog-
enously expressing GUCY?2C, tumor elimination,
and durable survival in a human xenograft model in
immunodeficient mice [44]
Clinical research of CAR T cells EpCAM CAR-T cells were shown to elicit lytic Target: EpCAM I/ NCT03013712

targeting EpCAM-positive
Cancer

cytotoxicity to target cells in an EpCAM-dependent
manner

Adoptive transfer of EpCAM CAR-T cells signifi-
cantly delayed tumor growth and formation against
human colon cancers, without signs of severe
adverse effects [54]

Biological: CAR-T cell immu-
notherapy against colon
cancer and OST
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Table 1 (Continued)
Therapy Pre-clinical results Target/intervention Phase Clinical trial
ID
Autologous CAR-T/TCR-T cell ~ Overexpression of c-MET is correlated with poor Target: c-MET I/l NCT03638206
immunotherapy for malignan- survival in CRC patients [55] Biological: anti-c-MET
cies CAR-T cells for CRC and
OST
EGFR CAR-T cells for patients ~ CRC patients overexpressing EGFR showed poor Target: EGFR I/l NCTO03152435
with metCRC prognosis including tumor-node-metastasis T3 [56] Biological: EGFR CAR-T
Affinity-tuned EGFR CAR-T cells exhibited robust cells against metCRC
anti-tumor efficacy (including colon cancer cell Target: EGFR I NCTO03542799
lines and mouse xenografts) but spared normal cells Biological: EGFR CAR-T
expressing physiologic EGFR levels [57] cells overexpressing IL-12
against metCRC
Treatment of relapsed and/ CD133 CAR-T cells exhibited enhanced cytotoxic- Target: CD133 I/l NCT02541370

or chemotherapy refractory
advanced malignancies by

CART-133 colorectal cancer cell lines

ity, IFN-y, and granzyme B production against
CD133+ (HT29), but not against CD133 (SW480)

Biological: anti-CD133-CAR
vector-transduced T cells
against leukemias, CRC and

Initial phase I results in OST, showed that hepatocel- OST
lular carcinoma patients with lower tumor burden
or who maintain an early stage of tumor have a
favorable clinical response even with repeated

CART-133 monotherapy

Biliary tract obstruction must be discarded to avoid

serious off-target toxicity [58]

High CD133 expression is correlated with poor
prognosis in CRC est II patients after radical resec-

tion [59]

ACT a Adoptive Cell Transfer therapy, CART-133 CAR-T cells against CD133, CEA carcinoembryonic antigen, CD133 cluster of differentia-
tion 133, c-MET mesenchymal-epithelial transition factor, CRC est II: colorectal cancer stage II, CRC est III: colorectal cancer stage III, EGFR
epidermal growth factor receptor, EpCAM epithelial cell adhesion molecule, GUCY2C guanylyl cyclase 2C, IL-12 interleukin 12, HLA human
leukocyte antigen, /M96 IM96 antigen LGRS leucine-rich repeat-containing G protein-coupled receptor 5, metCRC metastatic colorectal cancer,
MUCI Mucin 1, NKG2D natural killer group 2 member D, OST others solid tumors, R/R relapsed/refractory

function. However, CTLA-4 has a higher affinity for CD80/
CD86 and can outcompete CD28, leading to a decrease in
the effector activity of T cells. Tregs cells recruited by the
tumor also contribute to the inhibition of cytotoxic T cells
by blocking their immune checkpoints, which results in the
T cells’ exhaustion [60, 61].

Cancer cells depend on immune checkpoints to evade
the immune response and persist. Targeted therapies such
as immune checkpoint inhibitors (ICIs) have been devel-
oped to inhibit these pathways. The first immune check-
point antibody to be approved by the Food and Drug
Administration (FDA) was anti-CTLA-4 ipilimumab [62].
Later, anti-PD-1 inhibitors such as nivolumab, pembroli-
zumab, and cemiplimab, and anti-PD-L1 inhibitors such
as atezolizumab, avelumab, and durvalumab were devel-
oped [60, 63—65]. Currently, new immune checkpoints are
being investigated as possible therapeutic targets, includ-
ing LAG-3, TIM-3, A2aR, CD73, NKG2A, and PVRIG/
PVRL2 [60, 61].

There is a wide interest in combining CAR-T cell adop-
tive transfer with checkpoint blockade alternatives, such
as the administration of monoclonal antibodies against

A\ Adis

PD-1 and CTLA-4, especially in solid tumors, where
CAR-T cells have not been as effective as in the treatment
of hematological malignancies. Particularly, the lack of
neoantigens, a deficient cell infiltration and the immuno-
suppressive microenvironment are obstacles to overcome
in CRC [66]. It has been shown that PD-1 blockade can
rescue CAR-T cells from exhaustion [67, 68]. However,
the success of this approach will be influenced by the Treg/
Teff balance, as it has been shown that administration of
PD-1 antibodies also stimulate suppression by PD1% Tregs
counteracting CD8% cytotoxic T-cells in a murine colon
cancer model [69, 70].

CRC is divided into two groups on the basis of the
mutation pattern: deficient MMR/microsatellite instabil-
ity-high (AMMR-MSI-H) and mismatch repair-proficient/
microsatellite stable tumors (pMMR-MSI-L) [62]. Many
clinical trials have confirmed that ICIs, particularly PD-1/
PD-L1 inhibitors, may be more beneficial for treating
dMMR-MSI-H CRC. Consequently, the FDA has author-
ized immune checkpoint therapy as a treatment for IMMR-
MSI-H CRC mainly in advanced stages to improve patient
survival.
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Numerous studies have indicated the potential of ICIs
in treating patients with AMMR/MSI-H [71]. In particu-
lar, a meta-analysis of 14 studies comprising 1129 subjects
examining the use of PD-1/PD-L1 inhibitors in patients with
metastatic colorectal cancer (mCRC) showed encouraging
clinical benefits, including improved progression-free sur-
vival [72]. This may be due to the fact that MSI tumors are
more immunogenic, characterized by a high infiltration of
cytotoxic T lymphocytes and T helper 1 (Th1) cells, which
produce interferon (IFN)-y. Given that these tumors express
high levels of PD-1/PD-L1 and/or CD80/CTLA-4, block-
ing these immune checkpoints using ICIs can elicit a robust
immune response [73].

Despite the potential of ICIs in treating CRC, some
patients may not respond well to the treatment, and others
may develop resistance to it. Additionally, ICIs have been
shown to cause inflammatory side effects in CRC treatment,
and they do not significantly improve overall survival rates.
Furthermore, there are still patients who do not benefit
from targeted PD-1/PD-L1 antibodies [74]. Fortunately, the
CRISPR-Cas9 system offers a potent and efficient method
for editing PD-1 genes in various immune cells to turn off
immune checkpoints.

4 CRISPR-Cas System as a Gene Editing Tool
and Expanded Alternatives

CRISPR-Cas based technologies have had a profound
impact on genome editing in eukaryotic organisms due
to their simplicity and programmability [75]. CRISPR is
the only known adaptive immune system that prokaryotes
have developed against foreign genetic elements such as
viruses and noxious plasmids and consists of basically two
elements:

e Effector protein(s): These are known as CRISPR-associ-
ated (Cas) nucleases and are activated only upon binding
to a guide RNA and hybridization to the target DNA. A
specific protospacer adjacent motif (PAM), which is a
sequence located 3’ to the guide RNA-binding site, is
also required for Cas nucleases to bind and cut the target
DNA at a specific position, usually at two base pairs (bp)
upstream the PAM, within the guide RNA binding site.
Each Cas protein has a specific PAM requirement. So
far, six types of CRISPR systems have been discovered
depending on their architecture and number of effector
proteins. Type II systems, such as CRISPR-Cas9, are
the most widely used as gene editors, as they consist of
a single nuclease effector, facilitating the experimental
setup.

e Guide RNA: It is a duplex RNA molecule that combines
a CRISPR RNA (crRNA ) or spacer, which is a short

sequence complementary to the target DNA, and a trans-
activating CRISPR RNA (tracrRNA), which is responsi-
ble to transactivate the nuclease domains of the Cas pro-
tein. Currently, both short molecules are combined into
a single molecule known as single guide RNA (sgRNA)
without losing any activity for genome editing.

In the case of CRISPR-Cas9 [from Streptococcus
pyogenes (SpCas9)], to program the system, only a short
21-necleotide (nt) guide RNA and the presence of a PAM
sequence (NGG for SpCas9, occurring once every 42 bp
in the human genome adjacent to its 3’ end are necessary
[75]. Genome editing is a powerful tool for investigating
the genetic foundations of physiological and metabolic
processes in any organism. It is important to note, that the
CRISPR—Cas9 system generates double-strand breaks at the
target gene, and only when the DNA repair mechanisms are
recruited, random insertions or deletions (indels) leading
to gene inactivation are introduced due to the error-prone
nature of the non-homologous end-joining (NHEJ) pathway.

CRISPR—Cas-based technologies for genome and epig-
enome editing are shown in Fig. 1. The CRISPR-Cas9 gene
editing mechanism enables the introduction of specific muta-
tions by incorporating a DNA repair template to leverage
the homologous-directed repair (HDR) pathway, which may
vary in efficiency (Fig. 1A). CRISPR-associated Prevotella
and Francisella 1 (Cpfl) is an endonuclease of the class 2
CRISPR family. Cpfl (also known as Cas12a) serves a dual
role as a nuclease, operating both as an endoribonuclease to
process crRNA and as an endodeoxyribonuclease for cleav-
ing target sequences and creating double-stranded breaks
with sticky ends, facilitating HDR (Fig. 1B). CRISPR—Cas9-
based genome editing allows the introduction of point muta-
tions in the DNA without generating double-strand breaks
(DSBs), e.g., cytidine (C—T) and adenine (A—G) deami-
nases for precise single-base mutations (Fig. 1C) [76]. More
complex edition can also be accomplished via prime edit-
ing, where a Cas9 nickase is combined with a specialized
guide RNA that contains the desired edit in its sequence,
which will be inserted at the target gene location by a cou-
pled reverse transcriptase (Fig. 1D). Epigenome editing by
associating dead Cas9 (dCas9; a mutated version without
nuclease activity, but with intact DNA recognition and bind-
ing ability) with DNA methlyltransferase [e.g., DNA meth-
yltransferase 3a (DNMT3)] and demethylase domains [e.g.,
Tet methylcytosine dioxygenase 1 (TET1)] has been used
recently in lymphocytes and other cells (Fig. 1E) [77-79].
Casl3, an alternative RNA-targeting CRISPR-associated
nuclease, has been harnessed to liberate a fluorophore from
an RNA-bound quencher upon activation triggered by the
specific binding of crRNA to tumor-associated microR-
NAs. Consequently, it proves to be a valuable diagnostic
tool (Fig. 1F) [80]. These techniques and approaches can
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Fig.1 CRISPR-Cas based technologies for genome and epigenome
editing. A Genome editors: “Classic” Cas9/sgRNA gene knock-outs
are initiated by a double-strand break at the binding region of the
sgRNA. B Cpfl is a double-strand nickase, making intercalated DNA
breaks, which can be used for more efficient gene knock-ins through
homologous DNA repair. C Base editors combine a Cas9 nickase
with a cytosine or adenine deaminase to catalyze C to T or A to G
conversions respectively, at the opposing strand to the sgRNA bind-
ing region. D In prime-editing, nCas9 is combined with a reverse
transcriptase that uses a derived single guide RNA (sgRNA) [prime
editing guide RNA (pegRNA)] encoding a desired edit to directly
perform genome editing at the target DNA site. E Epigenome editors:
DNA sequence is not altered by these tools; instead, gene transcrip-

be readily employed to focus on inhibitory controllers of
T-cell activity, guide therapeutic genetic material to precise
genomic positions, and produce consistently secure and
effective allogeneic universal CAR T-cell treatments for
customized cancer immunotherapy as needed.

5 CRISPR-Cas system and Its Applications
in Colorectal Cancer Research

CRISPR-Cas9 has emerged as a powerful tool for eluci-
dating the exact functions of mutations that underlie the
development of CRC. It is employed to investigate the
natural course of CRC progression and to elucidate the
sequence of mutations that contribute to tumorigenesis.
This versatile system facilitates efficient genome edit-
ing, enabling the simultaneous insertion and deletion of
multiple genes. Through genome-wide CRISPR-Cas9
knockout screens, certain gene knockouts were found
to have either favorable or unfavorable effects when
KRAS activation was present, thus revealing particular
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yltransferase 3a (DNMT3a) to induce DNA demethylation or meth-
ylation, leading to the activation or inhibition of gene transcription,
respectively. F Molecular diagnostic tools: Cas13 exhibit sequence-
independent RNA degradation upon activation with crRNA-specific
RNA binding. This activity can be harnessed to split and activate a
fluorochrome-RNA-quencher fusion, to detect tumor-secreted miR-
NAs. Cas9 CRISPR-associated protein 9, dCas9 “dead” Cas9,
nCas9 Cas9 nickase, Casl2a CRISPR-associated protein 12a, Casl3
CRISPR-associated protein 13, Cpfl CRISPR-associated Prevotella
and Francisella 1, crRNA CRISPR RNA, DNMT3a DNA methyltrans-
ferase 3a, miRNA microRNA, pegRNA prime editing guide RNA,
sgRNA single guide RNA, TETI Tet methylcytosine dioxygenase 1

metabolic vulnerabilities. These findings underscore the
potential of targeting cancer metabolism in human mutant
KRAS tumors for therapeutic purposes [81, 82]. When
the mutation in the p-catenin pathway was corrected
using CRISPR-Cas9 in HCT-116 cell line human colon
carcinoma, it resulted in the recovery of Wnt phospho-
rylation, a decrease in p-catenin nuclear translocation,
and survivin and c-myc expression. This led to a decrease
in cell growth and impaired tumor formation in mouse
xenografts [83]. Drost et al. [84] employ CRISPR—Cas9
technology to precisely modify four of the frequently
mutated genes associated with CRC (APC, P53 or TP53,
KRAS, and SMAD4) within cultured human intestinal
stem cells. After systematically introducing mutations for
APC, P53, KRAS, and eventually SMAD4 through spe-
cific gRNAs, these cells were transplanted into recipient
mice, and they were effectively transformed into tumors
exhibiting histology resembling adenocarcinoma lead-
ing to the identification of essential driver mutations
[84]. Similar works have since confirmed the validity of
CRISPR-Cas9 technology for in vivo genome editing and
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organoid transplantation of colon tumors in mice without
predisposing mutations [82]. In addition, CRISPR-Cas9
technology has been fruitful for detecting other driver
mutations in genes such as Acvrib, Acvr2a, and Arid2
[85], and the MUCS5AC-CD44 axis [86].

Current cancer treatments have not effectively addressed
the inadequate therapeutic outcomes, and while immuno-
therapy has shown promise, the adverse effects limit its
clinical implementation. Therefore, there is a need to explore
molecular-level gene analysis and manipulation to enhance
the advancement of cutting-edge technologies and over-
come these limitations. CRISPR—Cas9 can enhance current
immunotherapies, such as CAR-T, CAR-NK, and TCR-T cell
therapies.

6 The Application of the CRISPR-Cas9
System in the Inmune Cell Engineering
for Colorectal Cancer

As mentioned before, with limited clinical data, CAR-T cell
therapy for CRC is in its initial phase. This therapy faces
significant challenges, including high toxicity, a tendency for
relapses, and difficulties in effectively infiltrating the tumor
microenvironment.

An expected complication of this therapy is T-cell exhaus-
tion. It is characterized by a complex phenotype involving
a gradual decline in effector functions and a diminished
memory T-cell response, contributing to poor persistence
and limiting the durability of CAR-T cells. This exhaustion
state is marked by heightened expression of various inhibi-
tory receptors, such as PD-L1 and CTLA-4 [87]. Hence,
employing CRISPR—Cas9 gene editing to target inhibitory
coreceptors such as PD-1 and CTLA-4 in CAR-T cells could
potentially enhance their resistance to suppression by can-
cer cells and Tregs. Several CRISPR approaches have been
developed to target different tumor antigens. Pre-clinical
and clinical evidence where CRISPR—Cas9 has been used
to enhance adoptive cell transfer, mainly CAR-T and tumor-
infiltrating lymphocyte (TILs) therapy are shown in Table 2.

In vitro experiments employing the CRISPR-Cas9
technique to disable the PD-1 gene in CAR-T cells show-
cased increased cytokine production and heightened cyto-
toxicity of CAR-T cells when targeting PD-L1-expressing
cancer cells [95]. Furthermore, in a breast cancer model
based on xenografts, this approach exhibited a superior
synergistic response compared with the use of a PD-1
blocking antibody [95]. However, a phase I study was
conducted in 2018 utilizing CAR-T cells targeting meso-
thelin in CRC and other solid tumors. In this study, the
patients were administered mesothelin-directed CAR-T
cells with a knockdown in PD-1 using CRISPR-Cas9.

However, CAR-T cells’ expansion and long-term presence
with PD-1 disruption did not show significant improve-
ment beyond 2 weeks [93].

Knocking out CTLA-4 through CRISPR-Cas9 tech-
nology has demonstrated its ability to enhance cytotoxic
lymphocytes’ anti-tumor activity. By boosting cell activa-
tion through the elimination of CTLA-4, which competes
with CD28 ligand binding, and by elevating the secretion
of TNF-a and IFN-y, significant outcomes were achieved:
reduced tumor size and extended survival of mice in a
xenograft colon cancer model [96]. Cytokine-induced SH2
protein (CISH) is an intracellular immune checkpoint and
plays a crucial role in negatively regulating T-cell signal-
ing and function. Inhibiting CISH in CD8 T-cells led to a
significant enhancement in their capacity to induce tumor
regression when administered to mice with tumors [97].
In a current clinical trial, the researchers have developed
a CRISPR-Cas9-based strategy that enables precise and
efficient genetic engineering in primary human T-cells.
In this protocol, the gene responsible for the intracellular
checkpoint target CISH is inhibited in lymphocytes obtained
from patients with colorectal and gastrointestinal metastatic
cancers. These modified lymphocytes, selected for their anti-
tumor activity, are then used to evaluate the safety and effec-
tiveness of genetically engineered T-cell therapy for solid
tumors [98].

Epithelial cell adhesion molecule glycoprotein (EpCAM)
is a cell surface marker that is commonly overexpressed in
various types of carcinomas, such as colorectal, gastric,
pancreatic, and endometrial cancers [99]. In an effort to
enhance the effectiveness of CAR T cells against tumors
overexpressing EpCAM, the in vitro performance of CAR
T cells specific to both EpCAM and intercellular adhesion
molecule-1 (ICAM-1) was validated through CRISPR—Cas9
editing of cell lines [100]. Due to the heterogenous expres-
sion of antigens in solid tumors, to replicate the heteroge-
neity observed in EpCAM expression, EpCAM knockout
tumor cell lines were mixed with wild-type cell lines at
specific ratios. EpCAM and ICAM-1 CAR T cells facilitate
cytotoxicity against heterogenous tumor cell lines in vitro
[100]. In addition, Tag-72, an oncofetal mucin overex-
pressed by colon adenocarcinomas has been used to generate
CAR-T cells specific for TAG-72 (CART72) as a treatment
for patients with CRC and liver metastases. However, the
rapid clearance of subsequent CART72 infusions in most
patients limited their efficacy [101]. Using CRISPR—Cas9
technology, a new and improved version of CART72 cells
was developed. These modified CAR-T cells lacked diacylg-
lycerol (DAG) kinase a and { (DGKa{), resulting in elevated
intracellular levels of DAG. This increase in DAG enhanced
the metabolic activity of the cells. When these modified
CAR-T cells were administered in a xenograft model, they
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Table 2 List of clinical trials where CRISPR-Cas9 has been used to enhance adoptive cell transfer, mainly CAR-T and TILs therapy. Source:

clinicaltrials.org

Therapy

Pre-clinical/clinical results

Interventions Phase  Clinical trial ID

Metastatic gastrointestinal can-
cers treated with TILs in which
the gene encoding the intracel-
lular immune checkpoint CISH
is inhibited by CRISPR-Cas9

CRISPR-Cas9-engineered TILs/
CAR-TILs to treat advanced
solid tumors (including CRC)

Mesothelin-CAR-T cells in
which PD-1 gene is knocked
out by CRISPR-Cas9 against
mesothelin-positive multiple
solid tumors (including CRC)

CRISPR-targeted CISH-deficient NK cells
exhibit improved expansion, TNFa produc-
tion, cytotoxic activity against multiple
tumor cell lines, in vivo persistence, and
increased tumor inhibition in xenograft
models [88]

Ablation of CISH by CRISPR/Cas9 in T cells
increases TCR sensitivity and cytokine
stimulation

CISH-deficient CAR-T cells exhibit longer
survival, higher cytokine secretion, and
anti-tumor activity with decreased PD-1
expression [89]

CRISPR/Cas9 edited PD1-deficient TILs can
be efficiently upscaled for ACT workflow
and show no off-target gene editing [90]

Enhanced anti-EBV™ gastric-tumor activity
of PD-1-disrupted cytotoxic lymphocytes
by CRISPR-Cas9, which can lead to tumor
eradication when combined with radiother-
apy in a xenograft mouse model [91]

CAR-T cells with decreased HPK1 expres-
sion show enhanced anti-tumor effects and
do not induce higher grade CRS [92]

Phase I study in solid tumor patients (at least
one with CRC) shows that infusions were
well tolerated with no observed on-target/
off-tumor toxicity, autoimmune activity
(only two patients with grade 1 CRS) [93]

CAR-T cells expanded with a peak at day
7-14, but were undetectable beyond 1
month

Genetic inactivation of PD-1 in CAR-T cells
by CRISPR is feasible and safe [94]

Drug: cyclophosphamide /I NCT04426669
Drug: fludarabine
Biological: tumor-infiltrating

lymphocytes (TIL)

Drug: aldesleukin

Biological: TILs and CAR-TILs I NCT04842812
targeting HER2, mesothelin,

PSCA, MUC1, LeY, GPC3,

AXL, EGFR, claudin18.2/6,

RORI1, GDII1, or B7-H3

(CD276), engineered with

CRISPR-Cas9 technique to

knockdown PD-1 and/or HPK1

Biological: mesothelin-directed I NCT03747965
CAR-T cells are infused one (ended)
day after the completion of drug
regime
Drug: conditioning regime of
paclitaxel and cyclo-phospha-
mide

Pre-clinical/clinical evidence and treatment interventions (biological only or combined with chemotherapy) are shown

ACT adoptive cell transfer therapy, AXL AXL receptor tyrosine kinase, B7-H3 (CD276) cluster of differentiation 276, CAR chimeric antigen
receptor, CISH cytokine-inducible SH2-containing protein, CRC colorectal cancer, CRS cytokine release syndrome, EGFR epidermal growth
factor receptor, GDI! GDP dissociation inhibitor 1, GPC3 glypican-3, HER2 human epidermal growth factor receptor 2, HPKI hematopoietic
progenitor kinase 1, LeY Lewis Y antigen, MUCI mucin 1, PD-1 programmed cell death protein 1, PSCA prostate stem cell antigen, RORI

RORI receptor tyrosine kinase, TIL tumor-infiltrating lymphocyte

effectively eliminated the tumors and enhanced the killing
of tumor cells by CD8 T cells [102]. Carcinoembryonic
antigen (CEA) is a crucial biomarker for diagnosing and
predicting the prognosis of CRC, and it is highly expressed
in more than 98% of CRC tissue samples. The anti-tumor
activity of CAR-T cells targeting CEA (CEA-CAR-T cells)
has shown remarkable efficacy both in laboratory studies and
animal models [103]. The identification of molecules associ-
ated with exhaustion is crucial for enhancing the efficacy of
CEA-CARTT cells. Cbl-I is a E3-ubiquitin ligase upregulated
in exhausted (PD1*tTim3%) CD8" TILs. Cbl-I deletion via
CRISPR-Cas9 restores the effector functions of cytotoxic
TILs, and also avoids exhaustion of transplanted CAR-T
cells, resulting in enhanced tumor inhibition and survival
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without reported toxicity in the syngeneic MC38-CEA colon
cancer model [104].

Another approach consisted of TILs extracted from
patients with advanced-stage CRC, and subsequently,
CRISPR—Cas9 technology is utilized to genetically modify
these TILs by selectively disrupting genes such as PD-1
or hematopoietic progenitor kinase (HPK1). These genes
are recognized for their role in suppressing T- and B-cell
responses against tumors. Subsequently, these modi-
fied TILs are transfused back into the patients. The cur-
rent evaluation focuses on assessing the safety, tolerance,
and initial clinical efficacy of the treatment [105]. TILs
can also be collected from biopsies and engineered by
CRISPR-Cas9 to knock-down immune checkpoint genes
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to enhance their anti-tumor activity. Natural killer group
2 member D (NKG2D) is an important activating recep-
tor expressed on the surface of human natural killer (NK)
cells. Normal cells typically have minimal or undetectable
amounts of these molecules, but they quickly emerge on the
surface of cells that are stressed, malignantly transformed,
or infected. Ligands for NKG2D are expressed during
neoplastic cell transformation; indeed, high expression of
NKG2D ligands (NKG2D-L) was correlated with improved
disease-free survival in human colorectal carcinomas
[106]. Certainly, NKG2D CAR-T cells exhibit precise
and effective killing capabilities against human colorectal
cancer cells in vitro and in vivo [46]. Sekiba et al [107]
demonstrated the potential of CRISPR-Cas9 in vitro by
using it to activate NKG2D-L loci and ensure their surface
expression in human hepatocellular carcinoma cell lines.
Their findings highlight the power of CRISPR-Cas9 as
a tool for effectively enhancing NKG2D-L expression on
tumor cells and promoting their elimination through the
interaction between NKG2D receptors on NK cells and
NKG2D ligands on pathogenic cells [107]. In addition, by
employing CRISPR—Cas9 gene editing to boost the expres-
sion of CXCR2 and IL-2 in NK-92 cells, there was an
increase in NK cell infiltration at tumor sites, heightened
cell-killing and proliferation activities, ultimately leading
to a decreased tumor burden in a human colon cancer xeno-
graft mouse model [108].

7 Expanded Alternatives of the CRISPR-
Cas9 System for CRC Therapy

As mentioned earlier, CRISPR—Cas9 holds substantial
potential for augmenting immunotherapy in the context of
CRC. In this section, we will explore alternative approaches
that, while not yet applied to CRC, have been developed in
other contexts and may offer potential benefits in the treat-
ment of CRC.

7.1 Cas12a-Cpf1, a Class 2 Type V CRISPR System
for Multiplex Gene Editing of CAR-T Cells

CARs are proteins that allow the T cells to recognize an
antigen on targeted tumor cells. The currently approved
method for delivering CAR-T cell transgenes involves the
random integration of lentiviral and y-retroviral vectors.
This approach comes with the potential risk of causing
insertional oncogenesis and translational silencing. Xiao-
yun Dai (2019) [109] described a methodology for the
use of Casl12a—Cpfl, a class 2 type V CRISPR system
for precise gene editing in multiple loci in human pri-
mary T cells. By employing this approach in conjunction

with adeno-associated virus (AAV), they successfully
engineered stable CAR-T cells with high-efficiency
homology-directed-repair knock-in and immune-check-
point knockout in a single step. In the context of solid
tumors such as CRC, resistance patterns involving anti-
gen escape are frequently encountered during CAR-T cell
therapy. Strategies centered on targeting multiple anti-
gens have the potential to yield more robust anti-tumor
responses compared with single-targeted therapies. The
Cpf1 platform facilitates the highly efficient development
of advanced CAR-T cells with multiple CARs, simplify-
ing the creation of more intricate genetically engineered
T cells through modular processing, which can include
the deletion of endogenous TCR for avoiding alloge-
neic rejection [110]. In the case of CRC, this technique
could be useful for the generation of universal CAR-T
cells more stable in transgene expression levels and with
improved ability to recognize and destroy cancer cells
(Fig. 2 A).

7.2 CRISPR-Cas9 DNA Base-Editing
and Prime-Editing

The most frequently encountered side effect of CAR
T-cell therapy is known as cytokine release syndrome,
abbreviated as CRS. It can impact as many as 9 out of
10 CAR T-cell patients [111]. CRS includes marked
increases in IFN-gamma, granulocyte macrophage-col-
ony stimulating factor (GM-CSF), TNF-alpha, interleu-
kin (IL)-6, and IL-10 after administration of retrovirally-
transduced autologous CAR-T cells [112]. In certain
cases, the presence of cytokine gene polymorphisms
associated with elevated IL-6 and IL-10 levels, which
are linked to shock and fatality in patients, suggests the
importance of recommending a cytokine gene profile
assessment before administering CAR-T cell therapy.
CRISPR-Cas9 base editors afford programmable enzy-
matic nucleotide conversion at targeted loci and could
be used to knockout gene function in human T cells.
CRISPR-Cas9 can also be useful to down-modulate the
excessive cytokine responses caused by CAR-T cells
(e.g., base-editing of specific cytokine gene polymor-
phisms). In particular, base editors bring advantages over
“traditional” CRISPR-Cas9 techniques, as no double-
strand breaks are generated and are useful to edit human
T cells [113]. Prime editing also shares these advantages
and allows for more complex genome modifications.
Recently, prime editing has been deployed to correct
oncogene mutations, such as the diverse, naturally occur-
ring KRAS variants in pancreatic cancer and the colon
cancer cell line HCT-116, opening novel therapeutic
options [114] (Fig. 2B).
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Fig.2 CRISPR-Cas9 modifications for improving immunotherapy
in the tumor microenvironment in CRC. A Cpfl-multiplex CAR-tar-
geting and TCR deletion. TRAC gene inactivation leads to the loss
of endogenous TCRa, allowing a more specific immune response
against the neoantigen through only the chimeric receptor, and also
allows the allogeneic use of CAR-T cells; moreover, the two alleles
can be targeted to include two different chimeric receptors to target
antigenic variability in CRC. B Prime-editing of oncogene mutations
such as naturally occurring KRAS variants in tumor cells allows to
reverse CRC progression. C STAT3 signaling activation in CAR-T
cells enhances anti-tumor activity by enhancing cytokine-mediated
killing. D Inhibition of TGF-p-mediated Treg induction in CAR-T
cells. TGFBR2 gene inactivation inhibits TGF-p receptor expres-
sion and renders CAR-T cells refractory to Treg induction, increas-
ing their stability within the TME. E Disabling immune checkpoint
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genes. Tumor cells express ligands of inhibitory coreceptors such as
PD-1 and CTLA-4, leading to T-cell exhaustion and curbing anti-
tumoral responses. PD1 and CTLA-4 gene inactivation blocks PD1
and CTLA-4 expression with similar effects to immune checkpoint
blockade. CISH is another recently characterized immune check-
point whose inhibition via CRISPR-Cas9 gene inactivation leads to
improved CAR-T cell survival, cytokine secretion, and anti-tumor
killing. F Cas9/gRNA-mediated release of PDI-targeting DNA
aptamer. DNA polyaptamers against PD1 can be injected into the
tumor site and be activated when combined with Cas9/gRNA com-
plexes that release the monomeric aptamers. The DNA aptamers bind
to and block PD-1 activity with a similar effect to immune checkpoint
antibodies, but with reduced systemic complications due to their
localized activation within the tumor site
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7.3 Activation of STAT Pathways in Progenitor
Lineages for CAR-T Cells

Other factors that influence a favorable response or resist-
ance to CAR-T cell therapy have also been identified [115].
CAR-T cells exhibiting an activated IL-6/STAT3 pathway
demonstrated high functionality in patients with chronic
lymphocytic leukemia. Specific phenotype signatures, such
as CD27TCD45RO-CDS8* T cells, have been found to be the
most effective progenitors for generating active CAR-T cells.
In this context, CRISPR—Cas editing could be utilized to
activate the STAT3 pathway and engineer specific genotypes
that offer greater anti-tumor potential in the progenitor line-
ages of CAR-T cells (Fig. 2C). It is worth noting that directly
editing progenitor cells with lower levels of differentiation
has been associated with more significant and prolonged
anti-tumor activity than differentiated T cells [105].

7.4 Blocking Tregs Conversion of CAR-T Cells
and TiLs

CAR-T cell therapy still faces many challenges in solid
tumors such as CRC, including the suppressive TGF-p sign-
aling by both tumor and stromal cells. TGF-p can induce
Foxp3 activation in CAR-T cells, leading to a Treg signa-
ture epigenome and to an exhaustion phenotype with high
PD1 expression [116]. Tang et al. (2020) [116] showed that
knocking out endogenous TGF-p receptor II (TGFBR2)
via CRISPR-Cas9 reduces Treg induction, prevents
CAR-T exhaustion, and promotes tumor-killing activity
in vivo against patient-derived xenograft solid tumor mod-
els (Fig. 2D). Similarly, resistance to immunosuppressive
TGF-p signaling has been reported in CRISPR—Cas9-edited
TGFBR2-knockout tumor infiltrating lymphocytes against
ovarian cancer (Fig. 2D) [117]

7.5 Disabling Immune Checkpoint Genes
in Tumor-Infiltrating Lymphocytes

As an alternative to blockade immunotherapy and its associ-
ated drawbacks, CRISPR—Cas9 technology can be utilized to
directly edit cytotoxic lymphocytes (CTLs) and disable immune
checkpoint genes such as PD-1. This approach offers a potential
means to enhance immune responses without relying on the
use of checkpoint inhibitors and its disadvantages such as Treg
activation [118, 119]. Zhang et al. [119] developed a method
to generate PD-1-deficient CTLs from primary T-cells of
patients by CRISPR—Cas9, and demonstrated improved effec-
tor functions, including enhanced degranulation and cytokine
production in the presence of PD-L1, suggesting an improved
resistance to the immunosuppressive TME (Fig. 2E). Simi-
larly, Zhao et al. [118] translated these results into an in vivo

situation where PD-1 edited CTLs inhibited tumor growth in a
human multiple-myeloma xenograft murine model by inducing
apoptosis and increased TNF-o and IFN-y secretion. Moreover,
CRISPR—Cas9 edited PD1-deficient T-cells have shown supe-
rior efficacy against solid tumors when combined with total
body irradiation in a melanoma mouse model [120].

7.6 Polyaptamers Targeting PD-1

The CRISPR-Cas tool might help to make the effect of
immunotherapy more specific by directly editing the
immune checkpoint molecules in cytotoxic lymphocytes,
potentially avoiding the administration of ICIs that are
commonly used antibodies, with a similar boosting effect
on their cytotoxicity [121]. Another alternative approach
is to deliver DNA aptamers targeting the PD-1/PD-L1 axis
via injection at the tumor site [122]. When combined with
Cas9/gRNA, it has been shown that DNA polyaptamers
targeting PD-1 are retained only at the site of injection
(Fig. 2F). Basically, the DNA aptamers remain in their
inactive polymeric form, until the CRISPR/gRNA targets
the sequence bonding aptamers, releasing them into their
monomeric active form. As the activation occurs locally,
this avoids systemic complications of current PD-1 anti-
body inhibitors. Interestingly, the Cas9/gRNA-mediated
release of the PD-1 targeting aptamer also prolongs the
retention time and enhances the anti-tumor activity and
survival compared with the aptamer or PD-1 antibody
treatment alone in a B16F10 melanoma model [123].

8 Concluding Remarks

In recent years, significant advances have been made in
the field of cancer research, specifically in the areas of
CRISPR gene editing, immunotherapy, and colorectal can-
cer. CRISPR has emerged as a powerful tool for genetic
manipulation, allowing researchers to precisely modify
DNA sequences and potentially cure genetic diseases,
including cancer. In CRC, CRISPR has been used to iden-
tify new targets for therapy and to develop more effective
treatment strategies.

Immunotherapy has transformed cancer treatment
by harnessing the body’s immune system to target and
combat cancer cells. In the case of CRC, immunotherapy
has demonstrated promising outcomes, particularly in
patients with advanced disease that have not responded
to other treatments, specifically those with microsatel-
lite instability. The combination of CRISPR technology
with immunotherapy holds the potential to augment the
effectiveness of both treatments. CRISPR can be utilized
to genetically modify immune cells, such as CAR-T cells,
TILs, and NK cells, enhancing their capacity to recognize
and attack cancer cells while maintaining activity within
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the immunosuppressive tumor microenvironment. Simul-
taneously, immune checkpoint blockade can be employed
to activate and bolster the immune response. Figure 2
illustrates the CRISPR—Cas9 modifications for improv-
ing immunotherapy in the tumor microenvironment in
CRC. While these approaches are still in the early stages
of development, they offer great promise for improving
outcomes for patients. Ongoing research will continue to
refine these techniques and bring them closer to clinical
use.
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