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Advancements in understanding the pathogenesis mechanisms
underlying gastrointestinal diseases, encompassing inflamma-
tory bowel disease, gastrointestinal cancer, and gastroesopha-
geal reflux disease, have led to the identification of numerous
novel therapeutic targets. These discoveries have opened up
exciting possibilities for developing gene therapy strategies to
treat gastrointestinal diseases. These strategies include gene
replacement, gene enhancement, gene overexpression, gene
function blocking, and transgenic somatic cell transplantation.
In this review, we introduce the important gene therapy targets
and targeted delivery systems within the field of gastroenter-
ology. Furthermore, we provide a comprehensive overview of
recent progress in gene therapy related to gastrointestinal
disorders and shed light on the application of innovative
gene-editing technologies in treating these conditions. These
developments are fueling a revolution in the management of
gastrointestinal diseases. Ultimately, we discuss the current
challenges (particularly regarding safety, oral efficacy, and
cost) and explore potential future directions for implementing
gene therapy in the clinical settings for gastrointestinal dis-
eases.
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INTRODUCTION
Genetic abnormalities have been associated with various gastrointes-
tinal (GI) and liver diseases, including digestive tumors, inflamma-
tory bowel disease (IBD), gastroesophageal reflux disease, pancrea-
titis, and non-alcoholic fatty liver disease, as well as irritable bowel
syndrome.1–5 With advancements in vector delivery and gene-editing
techniques, gene therapy provides a promising approach for treating
GI diseases that cannot be fixed by conventional pharmaceuticals and
surgeries. There are four main therapeutic strategies in gene therapy,
namely gene addition, gene editing, mRNA therapy, and gene
silencing.6
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Gene therapy involves the transduction of exogenous normal genes
into impacted cells or organisms to rectify or compensate for patho-
genic genes. It holds therapeutic potential for terminal or severely
debilitating diseases. The goal is to achieve sustained expression of
therapeutic genes at levels adequate to improve or cure disease man-
ifestations while minimizing adverse effects.6 Therapeutic genes ma-
terials for diseases can include plasmid DNA (pDNA), mRNA, small
interfering RNA (siRNA), microRNA (miRNA), and short hairpin
RNA (shRNA). These gene materials can be rapidly and precisely
modified using gene-editing techniques, with CRISPR-Cas9 being a
pioneeringmethod.7 Current gene therapy strategy primarily revolves
around two approaches: ex vivo and in vivo (Figure 1). Ex vivo trans-
duction involves isolating target cells from the patient, introducing
the therapeutic gene into these cells, modifying the cell gene, and
then returning the modified cells to the patient for disease treatment,
like the chimeric antigen receptor T (CAR-T) cell treatment. This
approach typically requires target genes, delivery carriers with inte-
gration capabilities, and sophisticated techniques for cell manipula-
tion. In contrast, the in vivo route involves directly delivering a
gene into the patient’s body via a suitable delivery vector. This
rapy: Oncolytics Vol. 30 September 2023 ª 2023 The Authors. 193
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Figure 1. Schematic diagram of ex vivo and in vivo strategies for gene therapy

Ex vivo gene therapy starts with the extraction of autologous stem cells into which the gene is transferred, then these cells will be reintroduced into the body by intravenous

injection, where the stem cells can differentiate and the target gene can be expressed. In vivo gene therapy involves introducing the therapeutic gene directly into the viral

genome and then transducing the target cells by intravenous injection to overexpress the therapeutic gene or correct the pathological gene.
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approach avoids the multistep ex vivo process, which is similar to the
straightforward delivery of conventional pharmaceuticals. In this
case, the introduced gene does not integrate into the cellular genome
but functions as an additional gene. The targeted cells in this
approach are usually long-lived postmitotic cells that no longer
divide, enabling long-term gene expression as long as the introduced
DNA remains stable in the cells.6 Currently, gene-delivery vehicles
comprise both viral and non-viral carriers. Viral vectors, including
retroviruses, adeno-associated viruses (AAVs), adenoviruses (Ads),
and lentiviruses, possess natural infectivity toward cells.8 Non-viral
vectors are also rapidly developing and mainly include cationic poly-
morphic vectors, liposomal vectors, hydrogel vectors, and others.
Non-viral vectors are more attractive from a safety standpoint,
although further work is needed to enhance their transfection
efficiency.9

Since the first clinical study involving gene therapy for a rare immu-
nodeficiency disorder in 1990,10 significant progress has beenmade in
the field. Gene-editing treatments, in particular, have received
approval over the years. The approved therapies and the year of
approval are listed below each milestone in Figure 2, along with alter-
native therapies being explored. At present, there have been approx-
imately 17 nucleic acid products approved globally, and nearly 2,700
clinical trials have been completed, are ongoing, or have received
approval. These trials cover a broad range of applications, including
monogenic diseases, infectious diseases, cardiac disorders, neurolog-
ical diseases, and GI diseases.11–15 In recent years, with an improved
understanding of the pathogenesis of digestive diseases, it seems likely
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that more gene therapies can be identified and designed. Moreover,
the GI tract presents a unique opportunity for gene drug administra-
tion through various delivery methods, such as oral, endoscopic, and
rectal routes. This characteristic makes gene therapy highly appealing
for treating GI conditions.

Here, we summarize the targets and regulated signaling pathways of
gene therapy in GI diseases as well as the applications of targeted de-
livery systems. We also give an overview of the advancements in pre-
clinical and clinical studies on gene therapy for digestive diseases.
Finally, we discuss the existing challenges associated with clinical ap-
plications and propose potential future research directions.

TARGET GENE FOR GI DISEASES
The success of gene therapy in treating GI ailments relies on the iden-
tification of gene targets associated with each disease, which necessi-
tates a deep understanding of their molecular biology. Given the
diverse etiology and severity of GI diseases, as well as the presence
of multiple gene alterations in GI malignancies, selecting appropriate
target genes presents the most significant challenge. We categorize
and summarize the key gene targets and signaling pathways in gene
therapy for GI illnesses based on their respective gene functions.

Tumor-suppressor genes

p53, an anti-oncogene located on the short arm of chromosome 17 in
humans, encodes a tumor-suppressor protein that functions as a
transcription factor. It plays a crucial role in regulating cell-cycle
initiation, DNA repair, and apoptosis by interacting with various
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Figure 2. Timeline of milestones in the development of gene therapy

technologies

Gene therapy methods and their year of approval are shown above each milestone,

along with the treatments being investigated.
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gene-specific sequences, such as p21, Bax, and Bcl-2.16 In healthy
cells, p53 levels are kept low through polyubiquitination of the E3
ubiquitin ligase MDM2. However, in stressed cells, such as those
experiencing DNA damage or oncogenic stress responses, the interac-
tion between p53 and MDM2 is interrupted, leading to the stabiliza-
tion and activation of p53 to carry out its functions.17 Mutations in
the p53 gene, often missense mutations, result in the loss of its tu-
mor-suppressing function and promote the development and pro-
gression of various tumors, including those in the digestive system.18

In a phase 1 clinical trial of gene therapy for advanced solid tumors,
liposomal nanoparticles are used as a delivery system to introduce p53
DNA into target cells. This intervention successfully restores the
function of the tumor-suppressor gene p53, leading to significant sup-
pression of solid tumor growth, including colorectal cancer (CRC).19

Another important gene target is the retinoblastoma (RB) gene,
which acts as a transcriptional corepressor and plays a critical role
in cell-cycle regulation. RB family proteins interact with the transcrip-
tion factor E2F to inhibit gene transcription. Phosphorylation of RB
proteins, typically by cyclin-dependent kinase (CDK)2/4/6, leads to
their transformation into phosphorylated RB (p-RB), which releases
E2F and activates cyclin D, encouraging DNA replication and the
transition from the G1 phase to the S phase.20,21 Mutations in the
RB gene result in loss of control over cell proliferation and impair-
ment of cell-cycle checkpoint control, which are critical steps in tu-
mor growth. The p16 gene, located on chromosome 9p21, is part of
the INK4 family, which consists of p15 INK4B, p16 INK4A, p18 INK4C,
and p19 INK422. p16 functions as a CDK inhibitor (CDKI) and is
found to be mutated in 85% of pancreatic adenocarcinomas.23 In
the cell cycle, p16 negatively regulates the pRb-E2F pathway.24 It
causes hypophosphorylation of p-RB by binding to CDK4 and
CDK6. Additionally, p16 can disrupt the complex formed by
CDK6/4 and non-p16 inhibitors, thereby amplifying the effect of
non-p16 inhibitors, decreasing CDK2 activity, and elevating hypo-
phosphorylated p-RB, which results in cell-cycle arrest.22 After infect-
ing p16-deficient laryngeal cancer Hep2 cells with recombinant Ads
carrying the p16 gene, Zhang et al. observed a significant increase
in p16 protein expression, accompanied by a marked reduction in
cell proliferation, invasion, and tumor volume.25 Besides, the phos-
phatase and tensin homolog (PTEN) and SMAD signaling pathways
are also prevalent tumor-suppressor genes in GI tumors.26,27 Taken
together, enhancing the expression of these genes holds promise for
slowing tumor progression.

Oncogenes

The Ras gene, which contains H-Ras, K-Ras, coupled with N-Ras, is
the most prevalent oncogene in malignancies, with K-Ras mutations
found in almost all GI tumors. It is present in 35% of colon tumors
and 95% of pancreatic tumors.28,29 The K-Ras gene encodes a kind
of small GTPases and plays a role in modulating various cellular pro-
cesses, such as cell growth, proliferation, apoptosis, and differentia-
tion. Its activation is mediated by upstream signals, such as cell sur-
face growth factor, cytokine, and hormone receptors.28,30 Mutations
in the K-Ras gene result in dysfunctional GTPases, leading to the acti-
vation ofMAPK, PI3K, and RAF signaling pathways, which are impli-
cated in tumorigenesis and disease progression.28 Consequently,
gene-silencing strategies that reduce the expression of proto-onco-
genes and disrupt the signaling pathways driving carcinogenesis
hold the potential for improving tumor progression.

Suicide genes

Suicide gene therapy is a widely used treatment for solid malig-
nancies. In this approach, a transgene encoding an enzyme is intro-
duced into target cells, leading to the conversion of an inactive pro-
drug into a cytotoxic substance that selectively destroys tumor cells.
This therapy can also enhance its efficacy through the bystander ef-
fect. Currently, several suicide genes are the focus of extensive
research. Herpes simplex virus thymidine kinase/ganciclovir (HSV-
TK/GCV) system represents the most commonly used suicide gene
strategy. Transducing HSV-TK into tumor cells induces the expres-
sion of viral TK, which phosphorylates GCV into its triphosphory-
lated form. This activated GCV inhibits DNA polymerization and
is integrated into synthesized DNA, causing base-pairing errors and
DNA-chain breakages. Consequently, tumor cell division is arrested,
and cell death occurs.31 Thus, HSV-TK enhances the sensitivity of the
antiviral medication GCV to kill tumor cells. Another frequently em-
ployed suicide gene regimen is the cytosine deaminase/5-fluorocyto-
sine (CD/5-FC) system. The CD gene encodes CD, which converts the
non-toxic prodrug 5-FC into the cytotoxic 5-fluorouracil (5-FU). The
CD/5-FC system inhibits cell proliferation and induces cell death,
making it a standard chemotherapy drug for hepatocellular
Molecular Therapy: Oncolytics Vol. 30 September 2023 195
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carcinoma (HCC) management.32 Furthermore, the purine nucleo-
side phosphorylase/6-methylpurine deoxyribose (PNP/MePdR) sys-
tem has shown beneficial anti-tumor effects in pancreatic cancer.
PNP converts the non-toxic prodrug MePdR into the cytotoxic com-
pound 6-methylpurine (MeP) with a significant bystander effect,
selectively killing tumor cells.33 Other suicide gene therapies have
also been introduced into oncology treatment, including inducible
caspase-9 (iCasp9), varicella-zoster virus TK (VZV-TK), and nitrore-
ductase.34,35 However, the precise mechanisms of action for these sui-
cide genes have not been thoroughly elucidated.

Angiogenesis-related genes

In gene therapy for digestive illnesses, there is great anticipation for
therapeutic approaches targeting angiogenesis genes. The vascular
endothelial growth factor (VEGF) signaling pathway serves an impor-
tant role in tumor vasculogenesis. The VEGF gene encodes the VEGF
protein family, comprising VEGF-A, VEGF-B, VEGF-C, VEGF-D,
and VEGF-E, as well as placental growth factor. These proteins
bind to VEGF receptors on endothelial cells, activating downstream
signaling pathways, including Ras/MAPK, FAK, IP3, Akt/PKB, and
PI3K/Akt/mTOR. These pathways regulate cell survival, prolifera-
tion, migration, and permeability, thereby maintaining angiogenesis
homeostasis.36,37 In the majority of GI tumors, there is an increase
in the expression of genes related to the VEGF signaling pathway.
This upregulation facilitates tumor progression by promoting endo-
thelial cell survival, vascular abnormalization, neovascular growth,
and vascular permeability.38,39 Hence, targeting gene expression in
the VEGF signaling pathway through knockdown strategies, utilizing
materials such as siRNAs, antisense oligonucleotides (ASOs), and ri-
bozymes, holds promise for anti-angiogenic therapy in tumors. On
the other hand, in peptic ulcerative diseases, overexpression of
VEGF genes can stimulate angiogenesis and dramatically accelerate
the healing of ulcer mucosal.40

Immune-related genes

Gene therapy associated with the immune system represents an
innovative and promising strategy for managing digestive disorders.
Interleukin-12 (IL-12) has emerged as a significant immunomodu-
latory factor with potent anti-tumor activity. IL-12, composed of
the P40 and P35 subunits, is primarily produced by macrophages
and dendritic cells.41 The binding of IL-12 to the IL-12 receptor ac-
tivates natural killer cells (NKs) and T cells, leading to the produc-
tion of interferon g (IFN-g). IL-12 and IFN-g improve the cytotoxic
effects of CD8+ T cells, resulting in the generation of perforin and
granzyme, coupled with Fas ligand (FasL), which mediate tumor-
suppressive effects.42,43 Moreover, IFN-g suppresses the expression
of VEGF and matrix metalloproteinase-9 (MMP-9) in bone marrow
cells, thereby inhibiting angiogenesis.44 Other members of the IL-12
family, such as IL-23 and IL-27, as well as IL-35, also exert a crucial
function in tumor immunomodulatory.41 Therefore, IL-12 holds po-
tential as a candidate for gene therapy in GI tumors. Besides,
CAR-T cell therapy has demonstrated strong efficacy in terms of
anti-tumor activity. Genetically modified T cells express chimeric
receptors that specifically recognize antigens on tumor cells,
196 Molecular Therapy: Oncolytics Vol. 30 September 2023
enhancing cytokine and IL production and promoting anti-tumor
immune responses. The targets of CAR-T cells in GI tumors mainly
include CEA, Claudin18.2, CD133, CD28, MUC-1, HER-2,
Glypican-3 (GPC3), GUCY2C, and epidermal growth factor recep-
tor (EGFR).45–49 On the other hand, IL-10, an immunosuppressive
factor, negatively regulates proinflammatory factors and possesses
the ability to limit immunity. IL-10 primarily acts on antigen-pre-
senting cells (APCs), such as macrophages and monocytes, to sup-
press the production of proinflammatory cytokines, including tu-
mor necrosis factor a (TNF-a), IL-1b, and IL-6, coupled with
IL-8.50 Additionally, IL-10 inhibits key factors involved in CD4+

T cell differentiation, such as IL-12 and IL-23.51,52 Furthermore, it
directly influences T cells, limiting their proliferation and cytokine
production.53 IL-10 mutations are related to vulnerability to
IBD.54 Definitively, mice with IL-10 gene deletion can develop spon-
taneous colitis.55 Therefore, enhancing IL-10 gene expression is ex-
pected to limit the inflammatory response in IBD.

Other disease-associated genes

Investigations into the pathophysiology of IBD have uncovered the
significant role of specific gene mutations. Among these mutations,
autophagy-related 16-like 1 (ATG16L-1) as well as nucleotide-bind-
ing oligomerization domain containing 2 (NOD2) have been identi-
fied as particularly influential in increasing susceptibility to IBD.
NOD2, positioned on the long arm of human chromosome 16, en-
codes the NOD2 protein, a peptidoglycan-derived intracellular
pattern recognition receptor for bacteria. It plays a crucial role in
maintaining mucosal homeostasis and inducing mucosal inflamma-
tion.56 Mutations in the NOD2 gene primarily increase susceptibility
to Crohn’s disease, weakening the body’s first line of defense against
infection and dysregulating the nuclear factor kB (NF-kB) signaling
pathway, resulting in mucosal inflammation.57 The ATG16L-1 gene
is involved in cellular autophagy, coding polymorphism (T300A).
Genomic variations in ATG16L-1 T300A lead to increased degrada-
tion of the ATG16L-1 T300A protein by caspase-3 and caspase-7.
This can cause defective autophagy, leading to restricted endoplasmic
reticulum (ER) stress in Paneth cells, diminished anti-microbial ef-
fects, and increased IL-1b levels. These mechanisms are involved in
the development of Crohn’s disease.58 In addition, covalently closed
circular DNA (cccDNA) is established by hepatitis B virus (HBV)
in the nucleus of infected cells. This is a primary reason for the failure
to eradicate HBV. cccDNA is the original replication template for
HBV pregenomic RNA and is extremely stable.59 Consequently, elim-
inating cccDNA from the host cell nucleus by gene-silencing strate-
gies may contribute to a complete cure for hepatitis B. Moreover,
there are other rare diseases related to gene mutations that affect
the digestive system, such as the canalicular membrane protein
ATP-binding cassette subfamily B member 4 (ABCB4) mutations
in progressive familial intrahepatic cholestasis type 3 (PFIC3),60

JAG1 gene or receptor NOTCH2 mutations in Alagille syndrome,61

ATP7B genemutations inWilson disease,62 and SERPINA1 genemu-
tations in Alpha-1 anti-trypsin deficiency.63 Currently, there are
limited therapeutic options for these rare conditions, and liver trans-
plantation is often considered a last resort. Hence, correcting the
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phenotypes caused by genetic abnormalities by appropriate gene ther-
apy strategies provides a promising alternative therapeutic approach
for the treatment of rare diseases.

GENE DELIVERY TO GI TRACT
AAV-based vectors for gene therapy

Since the discovery of AAVs in 1965, they have greatly fueled interest
in gene therapy research for various diseases, owing to their high
transfection rate, extensive host cells (dividing and non-dividing
cells), good security, and persistent expression of exogenous
genes.64,65 Belonging to the genus Dependoparvovirus of the family
Parvoviridae, AAVs are defective viruses that rely on helper viruses
(such as Ads or herpesviruses) for replication. This feature makes
them attractive as gene-delivery vectors for transfecting target cells.
AAVs consist of an icosahedral protein capsid (�20–26 nm) and a
linear single-stranded DNA (4.7 kb) that can be either sense or
antisense.66

To eliminate the risk of insertional mutagenesis, recombinant AAVs
(rAAVs) have been designed. rAAVs, modified fromwild-type AAVs,
retain the same capsids as wild-type AAVs but have their rep and cap
genes replaced with targeted genes. They retain only the two inverted
terminal repeats (ITRs) at each end, eliminating their ability to inte-
grate into the host genome.65 rAAVs exhibit a broad tropism for in-
fecting both dividing and quiescent cells, making them highly advan-
tageous for gene therapy of liver diseases. Moreover, rAAV vectors
have prolonged expression durations and lower immunogenicity
compared with adenoviral vectors.67 Currently, AAVs are roughly
classified into 13 serotypes (AAV1–AAV13) according to the amino
acid sequences of their capsid proteins.68 The interaction between
AAVs and cell membrane receptors is the initial step in infection,
and different serotypes exhibit varying tissue affinities due to differ-
ences in cell membrane composition. Therefore, the selection of the
appropriate serotypes is crucial for the successful gene delivery.
Although AAV2 is the most widely used serotype in digestive dis-
eases, multiple studies have proved that AAV8 outperforms AAV2
and other serotypes in terms of hepatic transgene expression.69 Exten-
sive preclinical and clinical research has been conducted to identify
the optimal AAV serotype for GI and liver tissue. Polyak et al., for
instance, have evaluated the efficiency of rAAV-mediated gene trans-
duction in intestinal epithelial cells both in vivo and ex vivo, demon-
strating that rAAV2 more efficiently transduces human colonic
epithelial cells ex vivo. Transgenic assays conducted 80 days after
AAV treatment reveal successful transduction of crypt progenitor
cells, suggesting the feasibility of AAV-mediated gene delivery in
the gut.70 In 2022, Ma et al. have explored the efficacy of AAV9-medi-
ated colon transduction through intraperitoneal injection, demon-
strating successful transduction of the colonic mucosa and submu-
cosa in rats.71 Besides, Vilà et al. have used AAV8 to deliver the
Sirt1 gene to the liver, resulting in long-term sustained expression
of the Sirt1 gene and successfully preventing high-carbohydrate-
diet-induced non-alcoholic fatty liver disease.72 Thus, AAV vectors
have greatly facilitated the rapid development of gene therapy, pro-
pelling it to the forefront of therapeutic strategies for GI disorders.
However, AAVs as gene-delivery vectors also have several limitations
and drawbacks that need to be overcome. Firstly, the loading capacity
of AAV vectors is limited to approximately 4.7 kb exogenous DNA
fragments. Therefore, it is necessary to expand the AAV vector vol-
ume in order to accommodate larger genes. Secondly, the host im-
mune response poses a hurdle to AAV vector-based gene therapy
both in terms of humoral and cellular immunity. This immune
response can hinder repeated administration of the viral vector,
thus limiting its clinical applications.73 Careful design of the viral
capsid and therapeutic gene can help mitigate the immune response.
Additionally, although the risk of insertional mutagenesis is low in
rAAV, if insertions occur in oncogene hotpots, it can potentially
lead to HCC.74 Finally, the prohibitive expense of large-scale produc-
tion of AAV vectors for clinical use remains a tremendous challenge.
To address these issues, efforts are being made to develop and design
capsids with improved characteristics, expand vector capacity, and
enhance packaging efficiency, transduction efficiency, and gene
expression efficiency. Recent studies have shown that AAV vectors
can be isolated from the conditionedmedium of packaged cells by uti-
lizing their binding capacity to exosomes (exo-AAV). Exo-AAV has
demonstrated increased resistance to neutralizing anti-AAV anti-
bodies compared with standard AAV. In contrast to the classical
AAV iodixanol gradient purification protocol, the exo-AAV purifica-
tion protocol relies only on the step of ultracentrifugation to separate
the cell culture supernatant. Importantly, no cytotoxicity has been
found in exosomal AAV-transduced cells.75 This highlights the po-
tential of exogenous AAV as a novel pathway for gene delivery.

Exosome-mediated gene therapy

Exosomes are a subgroup of lipid bilayer-coated nanovesicles that
originate as intraluminal vesicles (ILVs) in late endosomal. They
can be released by all cell types and serve as a natural carrier for inter-
cellular communication. This function has inspirited researchers to
develop exosome-based drug-delivery systems. Exosomes act as
multifunctional carriers capable of encapsulating various gene ther-
apy molecules, such as mRNA, miRNA, and DNA.76 Due to their
nanoscale properties, exosomes can cross the blood-brain barrier to
reach brain tissues. They can also migrate to tissues without a blood
supply, such as dense connective tissue.77–79 Moreover, exosomes
exhibit high cellular uptake efficiency, and their surface membrane
proteins, such as tetraspanin and fibronectin, allow for easy modifica-
tion to achieve selective targeting of specific tissues and cells. This en-
ables precise gene therapy, preventing unnecessary accumulation in
other organs.80 Plant-derived exosomes or bacterial outer membrane
vesicles can even enter the intestinal tissues through oral administra-
tion, providing novel gene-delivery systems for the treatment of
IBD.81,82

Nanoparticle-based: Lipid-based particles/polymeric particles/

inorganic particles

Although viral vectors have demonstrated efficient transduction rates,
their limitations in nucleic acid loading capacity have prompted re-
searchers to explore non-viral vectors. Nanoparticle-based vectors,
facilitated by advancements in nanotechnology, have made great
Molecular Therapy: Oncolytics Vol. 30 September 2023 197
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strides in gene delivery. Given their tiny size (10–100 nm), these
nanoparticles effectively deliver therapeutic genes to target cells or tis-
sues by engaging with the cell surfaces or intracellular biomolecules.83

Presently, employed nanoparticles for gene delivery include lipo-
somes, polymers, and inorganic nanoparticles.84–86

In the 1970s, Bangham et al. established liposomes as efficient carriers
for small-molecule medications and nucleic acids.87 Today, liposomes
are among the most extensively studied non-viral vectors. As spher-
ical vesicles, liposomes consist of a phospholipid bilayer with an
aqueous phase core, typically composed of phosphatidylcholine,
cholesterol, and lipids. Liposomes offer advantages such as low
toxicity, minimal immunogenic response, and high nucleic acid
loading.88 Cationic liposomes are capable of spontaneously binding
and concentrating negatively charged DNA while maintaining its sta-
bility, forming complexes with a strong affinity for cell membranes.
These nanostructured complexes, referred to as “liposome com-
plexes,” enter the cell through endocytosis. Subsequent breakage by
the endosomal membrane leads to the release of the target gene,
which seems to be the main mechanism of liposomal gene delivery.89

Cationic liposomes can be easily synthesized and prepared, and
various components (such as PEGylation and ligands) are added to
improve cell-liposome interactions.90 Several studies have proven
the efficiency and safety of this cationic liposome vector-based
approach to gene delivery. Zhang et al., for instance, have successfully
used cationic liposomes to deliver a protamine-IL-22-binding protein
mRNA complex for colon cancer gene therapy, achieving highmRNA
transport and expression efficiency.91 In addition, Peng et al. have
employed cationic liposomes to transport SATB1 shRNA for gene
therapy in gastric cancer, resulting in the successful inhibition of
gastric cancer cell growth.92 However, permanently charged cationic
liposomes tend to be cytotoxic and prone to rapid clearance by the
reticuloendothelial system.93 To address this issue, ionizable cationic
liposomes and neutral liposomes have been introduced. These lipo-
somes protect nucleic acids from degradation during circulation, pro-
longing their half-life in the blood and facilitating greater accumula-
tion in target tissues or organs. Furthermore, they enable the timely
release of nucleic acids from target cells.90

Polymers constitute another attractive category of non-viral gene-de-
livery carriers due to their structural and functional diversity, which
leads to increased transfection efficiency.83 Presently, polymeric
non-viral vectors mainly include polyethyleneimine (PEI), poly-L-
lysine (PLL), dendrimers, and biodegradable polymers.88,94 PEI re-
mains the “gold standard” for measuring the efficiency of non-viral
gene vectors.88 However, its high-molecular-weight branched form
exhibits significant cytotoxicity and is not ideal for in vivo transfec-
tion. Tomitigate its toxic effects, PEI has been coupled with non-ionic
biocompatible polymers. For example, Zhao et al. have designed a se-
ries of low-toxicity glycopolymers/PEI complexes for gene delivery,
demonstrating improved stability, enhanced transfection efficiency
of pDNA delivery to hepatocytes, and lower cytoxicity compared
with PEI/pDNA complexes.95 Intelligent polymers can be engineered
with specific tissue targeting, as well as with chemical or physical
198 Molecular Therapy: Oncolytics Vol. 30 September 2023
stimulus sensitivity, and environmental responsiveness.96 Polymers
as gene-delivery vehicles have been applied in various experiments
on GI diseases. Wang et al. developed a novel nanocarrier, PEG-pol-
y(amino acid), for the delivery of miRNA-139-5p, effectively inhibit-
ing tumor growth and migration in CRC mice.97

Inorganic nanoparticles, primarily comprising gold nanoparticles, sil-
ica nanoparticles, and iron oxide nanoparticles, have gained attention
as an emerging synthetic vector for the transport of nucleic acids. These
nanoparticles offer tunable size, structure, and morphology, resulting
inminimal cytotoxicity and optimal biocompatibility.98 Gold nanopar-
ticles are particularly attractive for nucleic acid delivery owing to their
distinctive optical characteristics and convenient synthesis, as well as
their surface functionalization.99 Nucleic acids can be attached to
gold nanoparticles by covalent or non-covalent interactions. Charged
or hydrophobic groups and ligands can also be incorporated into the
surface of gold nanoparticles to achieve specific binding to cell surface
receptors, enabling highly effective and stable delivery of nucleic acids
to target organs or to tissues with minimal cytotoxicity.100,101 Silica
nanoparticles, on the other hand, offer numerous advantages for
gene delivery, such as chemical inertness, thermal stability, tunable par-
ticle size, dual functional surfaces (cylindrical pore surface and external
particle surface), extended cargo loading, and good biocompatibility.102

Mesoporous silica nanoparticles (MSNPs), characterized by their hon-
eycomb shape, are widely used as silica carriers.103 Typically, nucleic
acids are packed into MSNPs through weak non-covalent interactions.
MSNPs are commonly modified with amination, metal cations, or
cationic polymers to impart a net positive charge, enhancing electro-
static interactions with nucleic acids and increasing gene loading. How-
ever, the amount of cationic polymers needs to be carefully controlled
to equilibrate the transduction efficiency and cytotoxicity for tuned
MSNPs in gene delivery.102 Pore size and surface functionalization
(such as the incorporation of various cationic macromolecules) signif-
icantly influence the loading capacity and release rate of nucleic acids.
MSNPs with smaller pores enable the delivery of small nucleic acids
with adjustable release rates, while larger pores allow for higher loading
as well as faster release rates and protect genes from nucleases.104 Iron
oxide nanoparticles have achieved successful results as delivery vehicles
due to their high biocompatibility, surface-coating diversity, and super-
paramagnetic properties.105 Typically, anionic nucleic acids are com-
bined with surface-engineered cationic iron oxide nanoparticles by
electrostatic interactions and are selectively transported to the target
location under an externalmagnetic field.106 Kim et al. have constituted
a novel gene-delivery vector for magnetofection named PPMag, which
consists of PEI-associated polycaprolactone (PCL)-superparamagnetic
iron oxide nanoparticles (SPIONs). These polyplexes permit nucleic
acid condensation and escape from endosome/lysosome after cellular
internalization via the proton sponge effect. Compared with the PEI-
SPION group, the PPMag group exhibits lower cytotoxicity and higher
transfection efficiency.107 However, nanoparticle-based vectors face
significant challenges in the complex in vivo environment, including
extracellular barriers and cellular barriers. These challenges affect
gene transfer efficiency, gene expression persistence, and long-term
safety.
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Hydrogel-based vectors for gene therapy

Hydrogels constitute a class of polymers formed by an extremely hy-
drophilic three-dimensional lattice structure. They offer tunable
physicochemical and biological, coupled with structural, features
(such as stiffness, pore diameter, microstructure, degradability, stim-
ulus response, etc.), making them highly suitable for a variety of
biomedical applications.108,109 Hydrogels have been engineered to
stimulus-responsive gene-delivery systems to regulate the release of
nucleic acids and prolong gene expression. These systems can be
controlled by various stimuli, including pH, temperature, magnetic/
electric fields, ionic strength, inflammation, and external stress.110,111

There are two methods available to control the release of nucleic acid
molecules loaded in hydrogels. The first involves the release of small
molecules of nucleic acids similar to gel-coated materials. The second
method involves the gradual decomposition of the polymeric matrix
containing the nucleic acids, which is controlled by the biodegrada-
tion rate of the matrix material.112 Among hydrogel gene-delivery
carriers, thermosensitive hydrogels, as “smart hydrogels,” have been
the pioneer in the field due to their exceptional thermal reversibility,
and their excellent gene-delivery capability has been confirmed
by several studies. To cite an example, Zhao et al. employed
N-acetylgalactosamine (GalNAc) to target the peptidyl-prolyl cis/
trans isomerase (Pin1) gene in the liver. They employed choles-
terol-modified anti-microbial peptide DP7 (DP7-C) as a vector for
the treatment of HCC. The delivery of GalNAc-Pin1 siRNA using
DP7-C and hydrogels greatly increased the stability and prolonged
the silencing effect of Pin1 siRNA.113 Therefore, hydrogels offer
promising potential as materials for gene delivery. However, unin-
tended side effects of hydrogels (e.g., inflammation, fibrosis, and calci-
fication) and long-term efficacy have limited their applications as
gene vectors.108 These challenges can be addressed by optimizing
the physicochemical properties of the hydrogel materials.

GENE THERAPY FOR GI DISEASES
Gene therapy for IBD

IBD is a complex disease caused by a dysregulated immune response
involving intestinal microorganisms and influenced by environ-
mental stressors in individuals with a genetic predisposition.114 Fail-
ure of existing therapeutic strategies (mainly immunosuppressive and
immune-modulatory medications, as well as biological therapies),
along with their associated adverse side effects, presents significant
economic, social, and health challenges. The genetic component of
IBD offers insights into the underlying pathogenesis, providing a pro-
spective approach for targeting “undruggable” targets (Table 1).
Recently, over 240 common genetic susceptibility loci associated
with IBD have been identified, including 38 brand-new loci.115

Considerable expectation is placed on the mucosal immune homeo-
static effects of cytokines, such as IL-10, known for their potent
immunomodulatory activity. Numerous studies have provided
compelling evidence for the potential of IL-10 gene therapy targeted
at IBD mouse models. Evidence from an IBD mouse model has
demonstrated that correcting the IL-10 receptor defect in macro-
phages is closely correlated with the therapeutic response. Trans-
planting wild-type macrophages into the IL-10Rb�/� IBD mouse
significantly ameliorates colitis symptoms.116 Moreover, Sasaki
et al. administrated an adenoviral IL-10 vector to IBD mice through
the intestine or peritoneum, resulting in a remarkable decrease in dis-
ease activity, prevention of weight loss, and protection against colon
histopathologic injury.117

IL-22, predominantly derived from Th17 cells, exerts a dual role in
immune response enhancement (e.g., CRP and IL-8) and inhibition
(e.g., antibacterial peptides and IL-10). Sugimoto et al. revealed a
novel function of IL-22 in an IBD mouse model through a microin-
jection-based IL-22 gene-delivery approach. They found that the
IL-22 gene activates STAT signaling pathways in colonic epithelial
cells, leading to increased repair of goblet cells and production of
mucus-related molecules. This significantly ameliorates intestinal
inflammation.118 TNF-a, a proinflammatory cytokine mainly pro-
duced by macrophages, contributes to the etiology of IBD.119

Song et al. proposed a novel therapeutic option for IBD through a
gene-silencing strategy using siRNAs or shRNAs to inhibit the over-
expression of TNF-a, thereby reducing intestinal inflammation.120

Additionally, the combination of TNF-a inhibition and IL-22
enhancement has the potential to collaboratively suppress intestinal
inflammation while promoting mucosal repair. Xiao et al. validated
this hypothesis by the combination therapy of TNF-a siRNA (siTNF)
and IL-22 gene addition in an IBDmouse model. siTNF is loaded into
galactosylated polymeric nanoparticles and successfully delivered to
macrophages, effectively inhibiting TNF-a expression. Meanwhile,
the combination of Gal-siTNF nanoparticles and IL-22 embedded
into a hydrogel demonstrates a stronger ability to suppress the expres-
sion of proinflammatory markers and encourage mucosal healing.121

IL-37b, an anti-inflammatory cytokine mainly secreted by macro-
phages or epithelial cells, possesses immunosuppressive properties
that inhibit both innate and adaptive immunity.122 Wang et al. intro-
duced the IL-37b gene into mesenchymal stromal cells to investigate
their effectiveness in IBD mice. The results showed that IL-37b gene
introduction improves the curative efficacy of mesenchymal stromal
cells in IBD mice by inducing regulatory T cells (Tregs) and myeloid-
derived suppressor cells, increasing IL-2 production and decreasing
IFN-g production.123 Moreover, IL-18 has been proven to be overex-
pressed in IBD and can stimulate the NF-kB signaling pathway, lead-
ing to enhanced production of proinflammatory cytokines as well as
upregulation of the NOD-like receptor.124 An early study demon-
strated that Ads expressing IL-18 antisense mRNA can dramatically
reduce the activity of colitis through suppressing the production of
IL-18 and IFN-a in an IBD murine model.125

In addition, IFN regulatory factor 8 (IRF8) is essential for the activa-
tion of mononuclear phagocytic cells and the polarization of Th1 and
Th2 cells.126,127 Notably, mutations in the IRF8 gene have been asso-
ciated with increased susceptibility to IBD.128 Thus, IRF8 inhibition
has been considered a potential therapy for IBD. Veiga et al. utilized
antibody-targeted siRNA-loaded lipid-based nanoparticles and
showed a notable decrease in IRF8 mRNA and protein levels, along
with a reduction in cytokines associated with inflammation.129
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Table 1. List of different delivery materials and loading cargoes, therapeutic targets, and routes of administration for IBD relief

Delivery material Target
Loading
cargo Characterization

Route of
administration Outcome Reference

Lipid nanoparticles IRF8 siRNA
S: 57.63 ± 3.2
Z: 0.7 ± 0.35

intravenous
silencing the IRF8 gene exerted powerful
immunomodulatory effects in IBD

Veiga et al.129

IL-10 mRNA
S: �63.7 ± 1.59
Z: 0.9 ± 0.28

intravenous
delivery of IL-10 mRNA significantly reduced
the severity of colitis-related pathological
symptoms and intestinal inflammation

Veiga et al.198

Cyclin-
D1

siRNA
S: �100
Z: ‒

intravenous
siRNA alleviated IBD by silencing the
expression of cyclin D1

Peer et al.199

Polyethyleneimine-derived
nanoparticles

TNF-a siRNA – intravenous
siTNF-a combined with dexamethasone
sodium phosphate induced efficient anti-
inflammatory effects in IBD mice

Xu et al.200

TNF-a siRNA
S: 151.52
Z: 22.08

rectal

siTNF-a resulted in a significant reduction in
TNF-a expression in IBD mice, accompanied
by a marked improvement in intestinal
inflammation

Frede et al.201

CD98 siRNA
S: �480
Z: �5.26

oral
CD98 was downregulated in intestinal epithelial
cells and intestinal macrophages, which
effectively attenuated colitis

Laroui et al.202

CD98 siRNA
S: 210
Z: +15

oral siCD98 decreased the severity of colitis in mice Xiao et al.203

TNF-a siRNA
S: 609 ± 37
Z: ‒

oral
the introduction of TNF-a siRNA effectively
attenuated colitis in mice

Laroui et al.204

Chitosan-derived nanoparticles TNF-a siRNA
S: 245.60 ± 0.33
Z: +13.03 ± 0.65

oral
delivery of TNF-a siRNA effectively inhibited
weight loss and MPO activity in mice with
ulcerative colitis

Huang
et al.205

TNF-a siRNA
S: 261.3 ± 5.6
Z: �6.3 ± 1.4

oral
codelivery of siTNF-a and recombinant human
IL-22 could significantly inhibit inflammatory
activity and promoted mucosal healing capacity

Xiao et al.121

CD98 siRNA
S: 246.2 ± 7.8
Z: �13.7 ± 4.1

oral
codelivery of siCD98 and curcumin effectively
protected the mucosal layer and reduced
inflammation ex vivo and in vivo

Xiao et al.206

TNF-a siRNA
S: 143.3 ± 1.1
Z: +18.7 ± 0.6

oral
siRNA delivered by nanoparticles modified
with a density of 4% mannose showed a
stronger gene-silencing effect in IBD

Chu et al.207

Map4k4 siRNA
S :147.2 ± 7.8
Z: +26.2 ± 2.0

oral
siMap4k4 significantly improved weight loss
and colon length reduction in IBD mice

Zhang et al.208

Biodegradable polymers SNX10 shRNA – oral

SNX10-shRNA were effective in reducing
weight loss and alleviating intestinal mucosal
injury and inflammatory infiltration in both
acute and chronic IBD mice

Bao et al.209

TNF-a siRNA
S: 275.0
Z: ‒

ex vivo
siTNF-a effectively inhibited the expression
and secretion of macrophage TNF-a in vivo and
ex vivo, exerting a therapeutic effect on IBD

Xiao et al.210

Stimuli-responsive polymers TNF-a siRNA
S: 110–120
Z: �19

oral
enzyme- and PH-responsive nanogels loaded
with TNF-a siRNA could effectively reduce
TNF-a levels secreted by mouse macrophages

Knipe et al.211

TNF-a siRNA
S: �600
Z: ‒

oral
siTNF reduced the level of TNF-amRNA in the
colon and protected mice from ulcerative colitis

Wilson
et al.212

Poly(amino acid)-derived
nanoparticles

TACE shRNA
S: 160
Z: 40

intravenous

shTACE effectively reduced TNF-a levels and
regulated excessive inflammatory responses and
improved pathological damage in mice with
acute and chronic ulcerative colitis

Song et al.120

Extracellular vesicles IL-10 mRNA _ intravenous
delivery of IL-10 mRNA had a potent anti-
inflammatory effect in IBD mice

Zhang et al.213

IRF8, interferon regulatory factor 8; S, size; Z, zeta potential; IBD, inflammatory bowel disease; IL, interleukin; TNF, tumor necrosis factor; MPO, myeloperoxidase; Map4k4, mitogen-
activated protein kinase kinase kinase kinase 4; SNX10, sorting nexin 10; TACE, TNF-a converting enzyme.
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Moreover, the roles of miRNAs in IBD are being explored, particu-
larly in the regulation of immune responses and inflammation.
Nata et al. administered miR-146b to IBD mice through intraperito-
neal injection. The study revealed that overexpressing miR-146b re-
duces the ubiquitination of TNF receptor-associated factor proteins,
leading to upregulation of NF-kB, which reduces intestinal inflamma-
tion and improves epithelial barrier function.130 In addition, CRISPR-
Cas9-mediated modification of target genes holds great potential for
the treatment of IBD. Figure 3 illustrates the targeted delivery of
CRISPR-Cas9 for precision therapy of IBD by gene editing prolyl hy-
droxylase 2 (PHD2).131 Regulating the expression of disease-related
genes through gene editing brings about a breakthrough in the treat-
ment of IBD.

Gene therapy for digestive tumors

Digestive tumors, including esophageal, stomach, liver, hepatobiliary,
pancreatic, and colorectal tumors, present significant challenges in
terms of prognosis and lethality.132 Effective therapies are often lack-
ing when tumor progression prevents surgical removal, highlighting
the need for novel approaches to inhibit tumor progression, improve
lethality, and enhance prognosis. Gene therapy represents an attrac-
tive strategy for intestinal cancers (Table 2). Various gene therapy
procedures can be introduced to correct aberrant genes in tumors
and halt tumor progression. These approaches include replacing tu-
mor-suppressor genes, suppressing oncogenes, transferring suicide
genes, inhibiting tumor angiogenesis, and stimulating anti-tumor im-
munity (Figure 4A).133,134

The most common genetic alterations in digestive tumors involve
mutations in the p53 gene. Inhibiting the function of mutant p53 is
considered a potent approach to impede malignant tumor progres-
sion. Cui et al. have explored the therapeutic effects of combining
gene therapy with p53 and conventional treatments (such as chemo-
therapy) in patients with middle- to advanced-stage esophageal
cancer. Ad-p53 vector is administered endoscopically into the malig-
nancy. The findings demonstrate that combination therapy consider-
ably reduces the tumor volume compared with chemotherapy alone,
with slight side effects.135 Another tumor-suppressor gene with phos-
phatase activity, PTEN, plays a crucial role in cell proliferation,
adhesion, migration, angiogenesis, and apoptosis.136 Loss of PTEN
expression leads to a deficient phosphatase activity, encouraging
oncogenesis and tumor progression in digestive tumors.137,138 For
example, Xiao et al. conducted research on modified Ad5-PTEN by
the epithelial cell adhesion molecule (EpCAM) aptamer EpDT3 to
treat HCC (EpCAM is a surface marker of cancer stem cells in
HCC). The study demonstrates that PTEN significantly inhibits the
proliferation and migration of HepG2 HCC cells and exhibits potent
anti-tumor activity in an aggressive HepG2 xenograft mouse
model.139 Furthermore, the combination of PTEN and the tumor-
suppressor gene inhibitor of growth 4 (ING4) has been shown to be
therapeutically effective in stomach cancer. Zhang et al. constructed
a recombinant Ad coexpressing ING4 as well as PTEN (AdVING4/
PTEN) for the treatment of gastric carcinoma. They discovered that
AdVING4/PTEN synergistically suppresses tumors by upregulating
tumor-suppressing genes (e.g., p53, p21, Bax, etc.) and downregulat-
ing VEGF, thereby inhibiting angiogenesis. Therefore, combining
ING4 and PTEN for gene therapy may represent an effective
approach for treating human gastric carcinoma and others related
tumors.140

The K-Ras oncogene is highly prevalent in pancreatic cancer, present
in approximately 95% of cases. Mutations in K-Ras result in increased
proliferation and resistance to apoptosis, occurring early in pancreatic
cell transformation and tumor progression.29 Targeting K-Ras muta-
tions in pancreatic cancer through siRNA-mediated gene silencing
represents a potential therapeutic approach. However, naked
siRNAs are negatively charged and prone to nuclease-induced degra-
dation, necessitating suitable carriers for efficient delivery to target
cells.141 In 2015, Yang et al. proposed a biodegradable and charged
polyester-based vehicle that facilitates the transfer of K-Ras siRNA
into pancreatic carcinoma cells. These biodegradable and biocompat-
ible vectors successfully transduce mutant K-Ras-targeting siRNA
into MiaPaCa-2 cells with high efficiency. This leads to the regulation
of K-Ras downstream genes, notably weakening the growth, migra-
tion, and invasion abilities of pancreatic cancer cells while promoting
apoptosis.142 Suicide gene therapy is another strategy employed in
gene therapy, particularly for malignancies that are unresponsive to
conventional treatments, such as pancreatic cancer and HCC.143–145

For instance, magnetic MSNPs have been utilized for HSV-TK/
GCV suicide gene delivery in HCC treatment, enhancing the thera-
peutic efficacy of suicide gene therapy.146 Hiraoka et al. injected repli-
cation-competent retrovirus vectors carrying the yeast cell nucleotide
deaminase gene into a multifocal CRC metastasis model. The gene
converts the harmless prodrug 5-FC into the chemotherapeutic agent
5-FU, resulting in significant inhibition of tumor growth.147 Silencing
STAT3 not only suppresses tumor cell proliferation and promotes
anti-tumor immune responses but also enhances the anti-cancer effi-
cacy of tumor suicide gene therapy.148

However, the therapy effects based on tumor-suppressor genes, onco-
genes, and suicide genes have limitations and can elicit immunoge-
nicity. In such cases, there is high anticipation for enhancing anti-tu-
mor immunotherapy, which includes cytokines, CAR-T cells, tumor
vaccines, andmore.149–151 CAR-T cell therapy brings fresh impetus to
the field of anti-tumor immunotherapy. T cells are genetically modi-
fied to express synthetic receptors that enhance their ability to target
and kill cancer cells, ultimately leading to tumor destruction (Fig-
ure 4B).150 Notably, T cells for CAR-T cell therapy can be derived
from autologous or allogeneic sources. Autologous CAR-T cells
have shown exciting clinical results in the field of GI tumor immuno-
therapy due to their stability, low immunogenicity, and persis-
tence.152 A case report has demonstrated significant regression of
visceral metastases in a patient with advanced metastatic pancreatic
carcinoma who has received an infusion of genetically modified self
T cells specifically targeting the tumor-expressed mutation
KRASG12D through a clonal expression of two heteromeric HLA-
C*08:02-restricted T cell receptors. The response lasts for up to
6 months.153 Nevertheless, autologous CAR-T cell therapy still faces
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Figure 3. Nanomaterial delivery CRISPR-Cas9 for genome editing of PHD2 for IBD therapy

(A) Cationic polymer (PBAE) in complex with Cas9 plasmid to form NanoProCas9 delivery system. (B) Dextran sodium sulfate (DSS)-induced colitis in mice injected with

NanoProCas9-targeting PHD2 gene was used to assess the effect of treatment. (C) Images of the colon in each indicated treatment group; dashed lines represent per 5 cm

length index. (D) Corresponding lengths after gene-editing treatment; results show that NanoProCas9-targeted PHD2 gene PPMMT restored colon length. (E) Disease

activity index (DAI) of colitis in each treatment group; the PPMMT group showed higher DAI score. (F) Symptom scores for each treatment group: 1, representative weight; 2,

rectal bleeding symptoms; 3, symptomatic fecal concentration symptoms. (G) Representative hematoxylin and eosin (H&E)-stained sections of colon tissues after the

indicated treatment. Reprinted and modified from Yan et al.131 with permission. Copyright 2021, American Association for the Advancement of Science.
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some unavoidable issues, including high cost, long manufacturing cy-
cles, and restricted cell sources.154 Consequently, allogeneic CAR-T
cell therapy has emerged as a potential alternative. Graft-versus-
202 Molecular Therapy: Oncolytics Vol. 30 September 2023
host disease (GvHD) is one of the main issues in the allogeneic
approach. CRISPR-Cas9 gene-editing technologies are being em-
ployed to address this challenge, such as the knockout of T cell
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Table 2. Overview of delivery vectors and therapeutic targets for GI tumors

Vector Target Nucleic acid Route Result Reference

Lipid nanoparticles LPCAT1 siRNA intravenous
siLPCAT1 synergistically inhibited tumor in
combination with doxorubicin in a mouse model
of esophageal cancer

Jun et al.214

Dendrimer APC/KRAS CRISPR-Cas9 intravenous
Cas9 ribonucleoprotein targeting APC and KRAS
significantly inhibited tumor growth in CRC
mouse model

Wan et al.215

Micelles PCBP2 siRNA intravenous
siPCBP2 significantly inhibited tumor progression
in combination with gemcitabine in a mouse
model of pancreatic cancer

Li et al.216

Lipidic polyplexes IL-12 DNA intravenous
delivery of IL12 gene effectively activated anti-
cancer immune response and retarded tumor
growth in an animal model of pancreatic cancer

Qiu et al.149

Supramolecular polymer KRAS Cas9 intravenous
Cas9 targeted mutant KRAS and effectively
inhibited tumor growth in CRC mice

Wan et al.217

Chitosan nanosystem PAK1 siRNA intravenous
siPAK1 effectively inhibited the proliferation and
metastasis of HCC cells ex vivo and in vivo

Zheng et al.218

Plasmid DTA DNA intravenous
DTA plasmid selectively inhibited the growth of
HCC cells ex vivo and in vivo

Kamimura et al.219

Liposome IL-15 mRNA intraperitoneal
delivery of IL-15 mRNA exhibited significant
tumor suppressive effects in a mouse model of
colon cancer

Lei et al.195

Magnetic nanoparticles PD-L1 siRNA intravenous
transfection of siPDL1 resulted in a significant
reduction in tumor growth in a mouse model of
pancreatic cancer

Yoo et al.220

Ultrasonic nanobubble PNP DNA –
PNP/fludarabine suicide gene system inhibited
HCC cell growth and induced apoptosis ex vivo

Zhang et al.32

Cationic liposomes RRM2 siRNA intravenous
siRRM2 increased sensitivity to gemcitabine
treatment in a mouse model of pancreatic cancer

Zhao et al.221

Graphene oxide NPs HDAC1/KRAS siRAN intraperitoneal
codelivery of HDAC1 and KRAS siRNA had a
significant inhibitory effect on pancreatic cancer
cells ex vivo and in vivo

Yin et al.222

Lentiviral G6PD shRNA intravenous
disruption of G6PD modulated oxidation
reduction and enhanced oxaliplatin-induced
apoptosis in CRC cells

Ju et al.223

Micelles IL-12 DNA intratumoral

lymphocyte supernatant transfected with IL-12
inhibited CT26 cell growth ex vivo and
significantly suppressed tumor growth in colon
cancer mice

Liu et al.224

Polymeric NPs VEGF siRNA intravenous
siVEGF significantly inhibited tumor growth in a
mouse model of HCC

Wang et al.159

Magnetic iron oxide NPs microRNA-21 ASO intratumoral
ASO-miR-21 significantly induced apoptosis and
inhibited the growth of pancreatic cancer cells
ex vivo and in a mouse model of pancreatic cancer

Li et al.225

Adenovirus ING4/PTEN DNA intratumoral
Ad-ING4/PTEN induced synergistic tumor
growth inhibition and apoptosis in mouse models
of gastric cancer ex vivo and in vivo

Zhang et al.140

Calcium phosphate nanoparticles VEGF siRNA intratumoral
combination of siVEGF and fusion suicide genes
exhibited potent anti-tumor activity

Liu et al.226

Charged polyester KRAS siRNA –

the transfection of siKRAS resulted in a significant
decrease in pancreatic cancer cell growth,
migration, and invasion and an increase in
apoptosis ex vivo

Yang et al.142

Lipid-polymer hybrid nanoparticles HIF1a siRNA intravenous
codelivery of HIF1a siRNA and gemcitabine
effectively inhibited the expression of HIF1a

Zhao et al.227

(Continued on next page)
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Table 2. Continued

Vector Target Nucleic acid Route Result Reference

ex vivo and in pancreatic cancer mice, showing
significant synergistic anti-tumor effects

rAAV FHL2 shRNA intratumoral
rAAV-FHL2-shRNA showed potent anti-tumor
effects in colon cancer mice, which were enhanced
when combined with 5-FU treatment

Wu et al.228

Plasmid GCV HSV-TK –
HSV-KT/GCV system significantly inhibited the
growth of HCC cells ex vivo

Qu et al.145

Lentivirus STAT3 shRNA intraperitoneal
STAT3 silencing enhanced the efficacy of suicide
gene therapy in CT26 cell xenograft mice

Ahn et al.148

LPCAT1, lysophosphatidylcholine acyltransferase 1; CRC, colorectal cancer; PCBP2, poly(RC) binding protein 2; IL, interleukin; PAK1, p21 protein-activated kinase 1; DTA, diph-
theria toxin fragment A; HCC, hepatocellular carcinoma; PD-L1, programmed death-ligand 1; PNP, purine nucleoside phosphorylase; RRM2, ribonucleotide reductase subunit 2;
HDAC1, histone deacetylase 1; G6PD, glucose-6-phosphate dehydrogenase; VEGF, vascular endothelial growth factor; ASO, antisense oligonucleotides; ING4, inhibitor of growth
4; PTEN, phosphatase and tension homolog gene; HIF1a, hypoxia-inducible factor 1a; FHL2, four and a half LIM-only protein 2; GCV, ganciclovir; HSV-TK, herpes simplex virus
thymidine kinase; STAT3, signal transducer and activator of transcription 3.
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receptor (TCR).154 This advancement has significantly broadened the
applicability of gene therapy in oncology treatment through alloge-
neic CAR-T cell therapy based on CRISPR-Cas9 technology, which
has exhibited remarkable efficacy in hematologic tumors. However,
CAR-T cells still face some hurdles in the solid tumor microenviron-
ment, such as target antigen heterogeneity, physical and metabolic
barriers, tumor-derived soluble factors and cytokines, immunosup-
pressive cells, and more.155 Novel approaches are being explored to
overcome these challenges, such as multifunctional CARs, antigen-
specific CARs, and inhibiting Tregs.156,157

Tumors are highly vascularized, and angiogenesis plays a critical role
in tumor development, progression, and metastasis. In light of this,
anti-tumor angiogenesis gene therapy has emerged as an attractive
approach for tumor suppression. Various growth factors, with
VEGF being a dominant player, have been implicated in tumor angio-
genesis.158 VEGF siRNA (siVEGF) has shown promise as a candidate
for anti-angiogenic therapy in tumors. Wang et al. conducted a study
using a biodegradable cationic polymer-mediated delivery system for
siVEGF in an HepG2 tumor xenograft model. They observed a sub-
stantial reduction in VEGF expression at both the mRNA and protein
levels, resulting in inhibited tumor growth.159 While these gene ther-
apy strategies have demonstrated effectiveness in suppressing tumors
in animal models, their safety and efficacy in humans still require
further validation. This validation process depends on factors such
as the therapeutic gene, vector type, dose, administration route, and
tumor type. Tumorigenesis is a complex, multifactorial process, mak-
ing it challenging to identify a single target gene. Combination ther-
apies, which involve the use of multiple treatment modalities, may
prove more effective than gene therapy alone in addressing the
complexity of tumorigenesis.

Oncolytic virotherapy is a burgeoning approach within cancer immu-
notherapy, which is also considered a specific gene therapy strategy.
The approach employs modified viruses to selectively infect and erad-
icate tumor cells, yet it rarely affects healthy cells. Additionally, onco-
lytic virotherapy can elicit anti-tumor immune responses by releasing
204 Molecular Therapy: Oncolytics Vol. 30 September 2023
tumor-associated antigens (TAAs) and activating systemic inflamma-
tory reactions.160 Several viruses, such as Ads, herpesvirus, and
vaccinia virus, have been developed as oncolytic viruses.161 Genetic
engineering techniques have been employed to improve the targeting
specificity and safety of these viruses. Typical genetic modification
strategies encompass gene deletion or insertion, targeted modifica-
tion, and safety enhancement.160 Pexa-Vec (JX-594) is a genetically
engineered vaccinia virus that selectively replicates in tumor cells by
deleting the TK gene, thereby reducing adverse effects on healthy cells.
Moreover, the insertion of the granulocyte-macrophage colony-stim-
ulating factor (GM-CSF) gene into the viral genome enables Pexa-Vec
to induce GM-CSF release after infecting tumor cells, thereby acti-
vating the host immune system against tumors. Results from a phase
1 clinical trial of Pexa-Vec in HCC demonstrate positive effects.162

Subsequently, a randomized phase 2 clinical trial was conducted to
explore the optimal dose of Pexa-Vec for the treatment of HCC.
The intrahepatic response rates are comparable between the high-
and low-dose groups (62%), with median survival of 14.1 and
6.7 months, respectively. These results underscore the great anti-tu-
mor activity of Pexa-Vec in HCC.163 Another example is VCN-01,
a genetically engineered type 5 oncolytic Ad that replicates and ex-
presses the hyaluronidase PH20 in cancer cells with a dysfunctional
RB1 pathway. In patients with pancreatic cancer, VCN-01 combined
with chemotherapy shows improved anti-tumor effects and disease
stabilization.164 Similarly, a genetically modified oncolytic Ad,
H101, shows promising results when combined with anti-PD-1 anti-
bodies in a mouse model of CRC, leading to reduced tumor volume,
increased infiltration of CD8+ T cells, and enhanced anti-tumor im-
mune response.165 Despite the promising clinical outcomes of genet-
ically engineered oncolytic viruses, several challenges persist, such as
host antiviral immune responses, limited tumor penetration, short
persistence, safety concerns, and tumor heterogeneity. These obstacles
hinder the clinical translation of oncolytic virotherapy.160 Fortunately,
genetically engineered multifunctional oncolytic viruses and combi-
nation therapeutic strategies, such as combining chemotherapy, im-
mune checkpoint inhibitors, or CAR-T therapy, hold promise in over-
coming these challenges and advancing precise anti-tumor therapy.166
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Figure 4. Progression process of CRC and CAR-T cell therapy for CRC

(A) Proposed adenoma-to-carcinoma process in CRC and gene involvement in colorectal carcinogenesis. (B) Genetically modified CAR-T cell-directed genetic immuno-

therapy. T cells are removed from the patient and genetically modified in the laboratory to activate a cancer-seeking CAR receptor, then infused back into the patient. This

leads to direct colorectal tumor cell death.
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Gene therapy for other GI diseases

Transfer of therapeutic genes into hepatocytes presents a promising
and innovative approach for treating liver diseases, such as viral hep-
atitis, liver fibrosis, and cirrhosis. Chronic viral hepatitis, particularly
hepatitis B and C, poses a significant global public health challenge,
increasing the risk of cirrhosis and HCC. Considerable improvements
have been achieved with antiviral drugs. For example, pegylated inter-
feron-a (INF-a) administration results in sustained INF-a levels in
the bloodstream with a single weekly injection.167 Moreover, nucleo-
side and nucleotide analogs efficiently inhibit the replication of hep-
atitis B.168 Antiviral drugs, while beneficial, face limitations due to the
emergence of drug resistance and associated side effects, impeding the
achievement of complete viral clearance. Given this existing thera-
peutic conundrum, gene therapy emerges as an effective and well-
tolerated approach for treating chronic hepatitis B and C. The persis-
tent presence of cccDNA within the nuclei of infected cells drives the
progression of HBV-related illnesses.169 Hence, targeting and
disabling cccDNA through gene-editing technologies is a viable
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strategy for HBV cure. Lin et al. explored the CRISPR-Cas9 system,
employing eight synthetic guide RNAs (gRNAs) designed to target
HBV genomes of genotype A. Remarkably, the CRISPR-Cas9 system
drastically decreases the generation of the HBV genome in the HBV
persistence mouse model.170 Differing from HBV, hepatitis C virus
(HCV) is an RNA virus that exclusively reproduces in the cytoplasm
of infected cells without integrating into the host genome. RNA inter-
ference (RNAi)-based gene silencing and anti-miRNA oligonucleo-
tides (such as miRNA-122) have shown therapeutic potential against
HCV.171,172 Mounting evidence has demonstrated that siRNAs can
significantly reduce the expression levels of target genes and highly
inhibit HCV replication both ex vivo and in vivo.173–175 Additionally,
miRNA-122, which is specifically expressed in hepatocytes, has been
found to be closely associated with HCV replication.176 Accordingly,
anti-miRNA oligonucleotides (anti-miRs) broaden prospects for
HCV therapy. However, issues such as targeting and stability hinder
the in vivo application of anti-miRs. To overcome these challenges, Fu
et al. designed monomethoxy (polyethylene glycol)-poly (d,l lactide-
co-glycolide)-poly (l-lysine) (mPEG-b-PLGA-b-PLL) nanoparticles
for the delivery of miR-122 antagomir. This nanoparticle-based sys-
tem effectively reduces miR-122 expression, enabling RNAi therapy
for HCV.177

Moreover, metabolic liver diseases, characterized by genetic abnor-
malities in the liver, pose a significant burden, particularly in children,
with limited treatment options. Although liver transplantation has
achieved excellent results, invasive procedures are closely linked
with high morbidity and mortality. It is essential to search for alter-
native treatments that are both less invasive and more effective,
such as gene therapy. PFIC3, caused by gene defects in the ABCB4
gene, represents a suitable target for gene therapy. Data from several
studies point to excellent results for gene therapy in PFIC3.60,178 Ar-
onson et al. used AAV8-mediated hABCB4 gene expression to restore
phospholipid transport and improve cholestasis and liver damage in a
mouse model of PFIC3. The introduction of AAV8-hABCB4 reduces
hepatocyte proliferation and prevents the progression of liver
fibrosis.179

Peptic ulcers, which are inflammatory defects of the GI mucosa, can
lead to complications such as bleeding and perforation. In addition to
treating the underlying causes, promoting ulcer healing is a key focus.
This includes the regeneration and repair of epithelial cells and angio-
genesis. Angiopoietin-1 (Ang-1) and VEGF play crucial roles in
angiogenesis by facilitating the delivery of oxygen and nutrients to
healing areas. Stimulation of angiogenesis can accelerate peptic ulcer
healing. In a gastric ulcer rat model, Jones et al. introduced non-viral
DNA expressing VEGF and/or Ang-1 into ulcer sites, resulting in
increased angiogenesis and accelerated ulcer healing.180 Similarly,
in a rat model of chronic duodenal ulcer, administration of adenoviral
vectors encoding VEGF genes promotes ulcer healing without
affecting stomach acid secretion.181

Acute pancreatitis arises from pancreatic damage induced by early
trypsinogen activation due to a variety of reasons, resulting in self-
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digestion of pancreatic tissue, with escalating morbidity and mortal-
ity.182 Accumulating evidence suggests that proinflammatory factors,
such as IL-1b, IL-6, TNF-a, and IL-18, contribute to the development
of pancreatitis.183,184 Notably, IL-10 serves as an anti-inflammatory
cytokine that inhibits the production and activity of proinflammatory
cytokines. A pioneering study demonstrated that human IL-10 gene
therapy significantly reduces the severity andmortality of pancreatitis
in rats.185 ER stress is another major pathogenetic component in
acute pancreatitis. Previous studies have shown that the activation
of the recombinant activating transcription factor 6 (ATF6) gene is
involved in ER stress-induced apoptosis and injury of acinar cells
by regulating the p53/AIFM2 pathway. Thus, ATF6 siRNA emerges
as a promising therapeutic option for severe acute pancreatitis.186

Furthermore, the abdominal pain caused by chronic pancreatitis is
excruciating and can even drive individuals to contemplate suicide.
Although opioids remain the primary non-surgical treatment for
pancreatic pain, their use is limited due to side effects such as addic-
tion, constipation, nausea, and tolerance. Gene therapy offers a novel
alternative for pancreatitis pain management. One potential gene
therapy approach involves the utilization of HSV-1-based viral vec-
tors to deliver the met-enkephalin gene directly to the patient’s
abdominal ganglia via endoscopy or the gastric wall. This method re-
sults in increased expression of enkephalin and the alleviation of
chronic pancreatitis pain, proving a definite hope for effectively man-
aging pain in clinical pancreatitis.187

CLINICAL IMPLEMENTATION OF GENE THERAPY
In 1990,William French Anderson led the initial clinical study of gene
therapy for severe combined immunodeficiency illnesses.10 Subse-
quent clinical trials have been conducted on gene therapy for digestive
disorders, as outlined in Table 3. One notable gene therapy approach
is Rexin-G, a chimeric retroviral vector that expresses a dominant-
negative cell-cycle protein G1 gene to specifically target and destroy
solid tumors. In 2004, the first clinical trial of Rexin-G as a gene
drug was conducted, involving three patients with stage IV pancreatic
cancer. The trial was intended to assess the safety and anti-tumor ef-
ficacy of Rexin-G. The study demonstrated tumor growth inhibition
in all three patients, with no observed dose-limiting toxicity. Despite
the small sample size, the results were encouraging.188 Subsequently, a
phase 1/2 clinical investigation (ClinicalTrials.gov: NCT00504998)
was conducted to determine the safety and optimal dosage of
Rexin-G for recurrent or advanced pancreatic cancer that is unre-
sponsive to gemcitabine. CAR-T cell immunotherapy, which involves
equipping T cells with tumor CARs to precisely target and eliminate
tumor cells, has also been explored in human studies. Clinical devel-
opment of CAR-T cell therapy for GI tumors, including gastric, colo-
rectal, liver, and pancreatic cancers, has been slow due to the greater
heterogeneity of solid tumor antigens and the immunosuppressive tu-
mor microenvironment.189 In the first human trial of CAR-T cells for
solid tumors conducted in the 1990s, CAR-T72 cells were engineered
to recognize tumor-associated glycoprotein (TAG)-72, a biomarker
frequently expressed in solid tumors, which were administered
directly through the hepatic artery. This was a phase 1 trial involving
14 patients with CRC liver metastases that found that CAR-T72 cells
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Table 3. Summary of clinical trials for GI disease gene therapy

Disease Vector/strategy Delivery route Phase (patient) Study status/result Trial code/ref.

Pancreatic cancer
adenovirus/HSV-TKarm A: HSK �TK +
valacyclovirarm B: HSV�TK +
valacyclovir + chemoradiation

intratumoral 1 (24)
completed/well tolerated; median OS:
10 months in arm A and 12 months in
arm B with 25% of RECIST response

NCT00638612 Aguilar et al.229

plasmid/CYL-02 + gemcitabine intratumoral 1 (22)
completed/well tolerated; 12 SD; OS in
non-metastatic patients: 12.6 months

NCT01274455 Buscail et al.230

adenovirus/cancer vaccine/GVAX + CRS
207 (arm A) vs. GVAX alone (arm B)

subcutaneous 2 (90)
completed/local reactions 77%; general
minor AE: 53%–62%; OS: 6.1 months in
arm A vs. 3.9 months in arm B

NCT01417000 Le et al.231

reovirus/Reolysin + paclitaxel +
carboplatin (arm A) vs. paclitaxel +
carboplatin (arm B)

intravenous 2 (73)
completed/well tolerated; no difference in
PFS and OS between the two arms

NCT01280058 Noonan et al.232

adenovirus/TherageneAd5-yCD/
mutTKSR39rep-ADP

intratumoral 1 (9)
completed/well tolerated; median PFS:
11.4 months

NCT02894944 Lee et al.233

adenovirus/TherageneAd5-yCD/
mutTKSR39rep-ADP + radiation

– 2 (12) recruiting NCT04739046

plasmid/SGT-53 + nab-paclitaxel +
gemcitabine

intravenous 2 (28) recruiting NCT02340117

adenovirus/LOAd703 + chemotherapy
(arm 1) vs. LOAd703 + chemotherapy +
atezolizumab (arm2)

intratumoral 1/2a (55) recruiting NCT02705196

HCC adenovirus/HSV-TK intratumoral 1 (10)
completed/well tolerated and safe; 100%
feasible; no PR; 60% SD

NCT00844623 Sangro et al.234

JX-594(Pexa-Vec): recombinant vaccinia
virus

intratumoral 2 (30)

completed/RECIST: 15%; median
survival of 14.1 months compared with
6.7 months on the high and low doses,
respectively; hazard ratio: 0.39; p = 0.020

NCT00554372 Heo et al.163

experimental: JX-594(Pexa-Vec):
recombinant vaccinia virus +
sorafenibactive comparator: sorafenib

intratumoral 3 (459) completed/no results published NCT02562755

GLYCAR T cells + fludarabine and
Cytoxan

intravenous 1 (9) completed/no results published NCT02905188

GPC3- and/or TGF-b-targeting CAR-T
cells

intravenous 1 (30) recruiting NCT03198546

GPC3-targeted CAR-T cells intravenous 1 (38) recruiting NCT05003895

CRC adenovirus/hIFN-b intravenous 1/2 (44) completed/no results published NCT0010786.1

Esophageal cancer CRISPR-Cas9/PD-1 knockout T cells intravenous – (16) completed/no results published NCT03081715

TNFerade + 5-FU + radiation intravenous 2 (24)

completed/well tolerated; median OS:
47.8 months; the 3- and 5-year OS rates
and DFS rates were 54% and 41% and
38% and 38%, respectively

NCT00051480 Chang et al.235

Stomach cancer
adenovirus/DC-CEA-specific cytotoxic T
lymphocytes

intravenous 1 (60) active, not recruiting NCT02496273

KK-LC-1 TCR-T cells intravenous 1 (42) recruiting NCT05483491

GI tumors
CAR-CLDN18.2 T cells + PD-1
monoclonal antibody + chemotherapy

intravenous 1 (123)

recruiting/interim results: well tolerated
and safe; ORR and DCR reached 48.6%
and 73.0%, respectively; the 6-month
duration of response rate was 44.8%

NCT03874897 Qi et al.191

Very-early-onset IBD cord blood stem cell transplantation intravenous 1 (50)
active, not recruiting/interim results: 9
patients received transplantation;
complete remission: 67%

NCT04170192 Peng et al.236

HSV-TK, herpes simplex virus thymidine kinase; OS, overall survival; RECIST, response evaluation criteria in solid tumors; SD, stable disease; AE, adverse event; PFS, progression-free-
survival; HCC, hepatocellular carcinoma; PR, partial response; GPC3, Glypican-3; TGF, transforming growth factor; CAR-T, chimeric antigen receptor T cell; CRC, colorectal cancer;
INF, interferon; TNF, tumor necrosis factor; DFS, disease-free-survival; GI, gastrointestinal; ORR, overall response rate; DCR, disease control rate; IBD, inflammatory bowel disease.
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exhibit short persistence (less than 14 weeks) after administration and
show a tendency to migrate to tumor tissue. Despite immunogenicity
emerges, it is associated with rapid clearance of subsequent CAR-T72
cell infusion. Therefore, the study demonstrated the relative safety of
CAR-T72 cells.190 Recently, a phase 1 clinical trial (ClinicalTrials.gov:
NCT03874897) got underway to evaluate the safety of CLDN18.2-tar-
geted CAR-T cells (CT041) in patients with GI tumors. Interim re-
sults have shown an overall response rate (ORR) of approximately
50%, with higher response rates observed in gastric cancer. Hemato-
logic toxicity of grade 3 or higher is observed in all patients, and most
experience low-grade cytokine release syndrome.191 Although this
toxic effect is acceptable, larger clinical studies are still needed to thor-
oughly investigate the safety and efficacy of CAR-T in GI tumors.
Moreover, IL-10, a factor that reduces inflammation, is crucial in
the treatment and prevention of IBD. An early clinical trial has shown
that local liposome-mediated IL-10 DNA transfer effectively inhibits
the production of proinflammatory factors in patients with severe
IBD and increases IL-10 concentrations over an extended period,
thus avoiding toxic systemic side effects by local administration.192

To further enhance safety, a phase 1 clinical trial using IL-10-express-
ing transgenic bacteria (LL-Thy12) to treat patients with Crohn’s dis-
ease has been conducted to evaluate its safety and efficacy. The results
showed only mild adverse effects of LL-Thy12 therapy and a reduc-
tion in disease activity, holding promise for future maintenance treat-
ment of gene therapy for IBD.193 Although numerous animal models
have shown the great potential of gene therapy, its safety and efficacy
in humans are highly ambiguous, particularly considering racial dif-
ferences. Therefore, future studies should focus on conducting more
extensive and larger clinical trials to verify the efficacy and safety of
gene therapy in human populations.

CONCLUSION AND PROSPECTS
Gene therapy, a groundbreaking treatment approach, involves intro-
ducing specific genes into targeted cells to repair and enhance mal-
functioning genes. Accumulating data illustrate that gene therapy is
gaining momentum in GI diseases, and a comprehensive understand-
ing of the underlying principles and techniques of gene therapy can
offer novel insights into the treatment of digestive disorders. In this
review, firstly, we provide a comprehensive overview of the gene ther-
apy targets and signaling pathways for GI diseases, as the accurate se-
lection of targets is crucial for the efficacy of gene therapy. Besides, we
introduce the vectors used for gene delivery, including AAVs, nano-
particles, and hydrogel, and highlight the advantages and limitations
as well as in vivo and ex vivo challenges associated with these vectors.
Finally, we summarize the application of gene therapy in digestive
diseases, involving various gene therapy strategies. Overall, gene ther-
apy holds immense promise as a therapeutic option for digestive dis-
eases, particularly advanced GI tumors and IBD.

Preliminary studies have provided evidence demonstrating the safety
and effectiveness of gene therapy for GI disorders. Indeed, gene ther-
apy has the potential to profoundly change the prognosis of debili-
tating and often fatal diseases by offering durable and curative solu-
tions. For instance, silencing the synaptotagmin XIII (SYT13) gene
208 Molecular Therapy: Oncolytics Vol. 30 September 2023
using siRNA significantly reduces the invasive and migratory capabil-
ities of gastric cancer cells.194 Moreover, liposome-based delivery of
an IL-15 mRNA vector successfully stimulates lymphocytes and re-
sults in significant inhibition of CRC.195 Importantly, these factors
need to be taken into account to ensure the success (e.g., safety, dura-
bility, and efficacy) of gene therapy for GI diseases, including target
gene selection, duration of gene expression, vector tolerance and
immunogenicity, and gene-delivery methods. The selection of the
optimal target gene is critical for the success of gene therapy, consid-
ering the diverse pathogenesis of digestive diseases. As our under-
standing of the pathophysiology of these diseases continues to
grow, more effective target genes for gene therapy will be identified.
Prolonging the duration of transgene expression is also crucial to
extend the treatment cycle and reduce the need for repeated admin-
istrations. AAV vectors offer the longest duration of expression, while
non-viral vectors generally provide relatively shorter durations. In
addition, stem cell transfection is an effective method to extend
expression time. The tolerability and immunogenicity of vectors
should be taken into account during the selection process. Non-viral
vectors have no loading capacity limitation and are rapidly evolving to
increase cell transfection rates and maximize therapeutic efficacy
while minimizing toxic side effects. The gene-delivery method is
another important factor to consider. The inherent properties of
the intestine make it an attractive candidate for therapeutic gene
transfer. The intestine possesses a large surface area; is easily acces-
sible through oral, rectal, or endoscopic administration; contains
stem cells in the crypts; and has a highly vascularized gut epithe-
lium.196 Therefore, the development of new technologies, vectors,
and gene targets significantly advances the treatment of GI diseases.

Before advancing gene therapies into clinical trials, it is crucial to
thoroughly evaluate potential risks and issues. One significant risk
associated with integrating vectors is the possibility of insertional
mutagenesis. While AAV vectors have a low risk of insertional muta-
tions, they can trigger hepatic oncogenic gene overexpression through
multiple mechanisms.197 To mitigate this risk, the development of
safer vectors, such as non-viral vectors, can be pursued. Additionally,
AAV vectors have limitations, including the inability to sustain repli-
cation and the constraint on the length of encapsulated genes (less
than 5 kb). In the case of vectors administered in vivo, pre-existing
antibodies and delayed cellular immune responses can lead to the
destruction of target cells and failure of therapeutic efficacy. Risk of
immune response can be reduced by pre-exclusion of antibodies
and adjuvant immunomodulatory drugs in vivo. Furthermore, the
cost of production is regarded as a real issue that may stymie the
development of gene therapy. Therefore, there is great concern about
the lasting advantages associated with these high-priced once-only
gene therapies.

Taken together, gene therapy holds tremendous promise for the treat-
ment of currently incurable digestive diseases. However, despite sig-
nificant progress in preclinical studies, several challenges need to be
addressed before gene therapy can be translated into clinical practice.
These challenges include cost effectiveness, long-term safety, and
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immune responses. As gene-editing and -delivery technologies
continue to advance, future efforts should focus on the development
of more efficient vectors and the identification of new therapeutic tar-
gets to improve the clinical translation success of gene therapy.
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