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Abstract: Cancer remains a leading cause of mortality worldwide, accounting for approximately 10 million deaths annually. Standard
treatments, including surgery, radiotherapy, and chemotherapy, often result in damage to healthy cells and severe toxic side effects. In
recent years, antisense technology therapeutics, which interfere with RNA translation through complementary base pairing, have
emerged as promising approaches for cancer treatment. Despite the availability of various antisense oligonucleotide (ASO) drugs on
the market, challenges such as poor active targeting and susceptibility to clearance by circulating enzymes remain. Compared with
other delivery systems, lipid nanovesicle (LNV) delivery systems offer a potential solution that uniquely enhances ASO targeting and
stability. Studies have shown that LNVs can increase the accumulation of ASOs in tumor sites several-fold, significantly reducing
systemic toxic reactions and demonstrating increased therapeutic efficiency in preclinical models. Additionally, LNVs can protect
ASOs from enzymatic degradation within the body, extending their half-life and thus enhancing their therapeutic effects. This paper
provides a comprehensive review of recent examples and applications of LNV delivery of ASOs in cancer treatment, highlighting their
unique functions and outcomes. Furthermore, this paper discusses the key challenges and potential impacts of this innovative approach
to cancer therapy.
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Introduction
Despite significant advances in science and technology, cancer remains a leading cause of mortality, accounting for a
substantial proportion of human deaths.! Consequently, cancer treatment is a critical focus in clinical research. Currently,
the mainstays of cancer treatment are surgery, chemotherapy, and radiotherapy. However, the metastasis, recurrence, and
heterogeneity of cancer cells, as well as their resistance to chemotherapy and radiotherapy, have rendered conventional
treatments ineffective for many types of cancers.”

In recent years, RNA-based therapeutics have demonstrated promising outcomes in clinical trials. By targeting non-
druggable genes as therapeutic targets, these therapies illustrate the immense potential of RNA-based approaches in
cancer treatment and offer considerable promise for future applications.’
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Graphical Abstract

ASO delivery system using lipid nanovesicle
carriers in cancer therapy
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RNA therapeutics utilize messenger RNA (mRNA) and noncoding RNA (ncRNA) as templates to synthesize
nucleotide molecules that can form complementary base pairs, thereby regulating transcriptional and post-transcriptional
processes. The primary nucleotide molecules in question are largely antisense oligonucleotides (ASOs), small interfering
RNAs (siRNAs), and microRNAs (miRNAs).* Among these, ASOs are single-stranded DNA or RNA molecules
comprising 15-21 nucleotides that bind to RNA or protein targets to regulate protein expression or function. The field
of ASO-based therapeutics is rapidly evolving, with ASOs playing a key role in treating diseases such as cancer,”®
Alzheimer’s disease,” and diabetes.® To date, the FDA has approved twelve ASO drugs, and over one hundred ASO
therapies have entered clinical trials, collectively indicating highly promising applications.

Despite the great potential of ASOs for drug development targeting non-pharmacological gene targets, several
challenges remain. These include intra- and extracellular barriers and RNase degradation, which limit the efficacy of
ASO therapies in vivo, particularly in systemic drug delivery. Various drug delivery systems, such as polymer

nanoparticles, dendritic polymers, metal complexes, and lipid nanoparticles, have been developed to overcome these
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barriers. However, polymer nanoparticles, dendritic polymers, and metal complexes still face problems such as biocom-
patibility and potential toxicity.

In contrast, lipid nanocapsules offer unique advantages in overcoming these challenges. By constructing nanodelivery
systems, the stability and targeting of ASOs can be enhanced, and their immunogenicity can be reduced. Studies have
shown that lipid nanocarriers can increase ASO accumulation at the tumor sites several-fold, significantly reduce the
systemic toxicity response, and demonstrate increased therapeutic efficiency in preclinical models. In addition, LNPs can
protect ASOs from enzymatic degradation in vivo and prolong their half-life, thus increasing their therapeutic efficacy.

This review underscores contemporary advancements in the realm of lipid nanocarrier delivery of ASOs for cancer
therapy, offering a comprehensive synopsis of the present state of the technology; it meticulously delineates the current
status and emergent trends in developing lipid nanocapsule delivery systems associated with ASOs in the domain of
oncology therapy. Furthermore, it methodically analyzes the opportunities and challenges posed by this approach in the
context of translational oncology therapy.

Mechanism of ASOs

Previous studies have demonstrated that ASOs of 16-20 nucleotides in length can target complementary RNAs through
Watson—Crick base pairing, with minimal impact on the behavior of the target RNAs.” Upon binding to a specific RNA,
oligonucleotides modulate RNA function through various mechanisms. The current mechanisms of action for ASOs can
be categorized into two main groups: those promoting RNA cleavage and degradation and those solely occupying space
through steric hindrance.

RNA Degradation Mechanisms

The RNase-H1 enzyme is an endogenous nuclease capable of specifically cleaving RNA—-DNA-like double strands and
subsequently releasing intact DNA. ASOs are designed to mimic this RNA-DNA pairing to facilitate RNase—H-mediated
cleavage of RNA transcripts while releasing the intact ASOs to bind new transcripts.'” The ASO mechanism can target
mRNAs in both the cytoplasm and nucleus, in contrast to siRNAs, which are limited to acting on mRNAs in the
cytoplasm.'! Currently, RNase H1-mediated cleavage and degradation are widely used in FDA-approved ASO drugs that
contain 8-10 consecutive deoxyribonucleotides with 2° modifications. The rationale for this structural design is that the
RNA-ASO complex must have at least 5 consecutive deoxyribonucleotide residues to serve as the substrate for the
RNase-H1 enzyme. Enzyme activity is optimized when the RNA-ASO complex has 8-10 consecutive
deoxyribonucleotides.'" Furthermore, the 2’-position modification serves to protect the molecule from nuclease degrada-
tion while concomitantly increasing its activity'? (Figure 1A).

Occupancy-Only Mechanisms

Occupancy-only mechanisms can both upregulate and downregulate gene expression, and there are several ways to
achieve this. Among these mechanisms, ASOs enter the nucleus of target cells and bind to pre-mRNAs, splicing exons
through a spatial site-blocking effect via different splicing methods, thus generating multiple different mRNAs and
corresponding proteins.'*'* The spliceosome’s splice position can be modified to selectively exclude (exon skipping,
splice-out) or retain (exon inclusion, splice-in) specific exons.'>™'” An alternative approach is to utilize an occupancy-
only mechanism to activate protein expression by interfering with the upstream open reading frames that negatively
regulate translation;'® this can also block the entry of mRNAs into the ribosome for protein translation, resulting in the
downregulation of the expression of the genetic information carried by such mRNAs'? and ultimately leading to the
treatment of the disease (Figure 1B, D and E).

Antisense miRNA (Anti-miRNA)

MiRNAs are posttranscriptional gene regulators of 19-24 nucleotides in length that cause translational repression or
mRNA deadenylation through complementary binding to the 3’ untranslated region (3' UTR) of mRNA."” ASOs can be
used to target miRNAs, which can then increase or inhibit translation, thereby regulating protein expression. These
oligonucleotides are also known as anti-miRNA oligonucleotides (AMOs).?® It has been demonstrated that AMOs bind to
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Figure | Mechanism of action of ASOs. When ASOs enter the cytoplasm, (A) they can degrade the target mRNA through the RNase-H enzyme and (B) can block the binding site
of the ribosome to the target mRNA, thereby inhibiting translation. (C) ASOs can also bind to miRNA to form miRNA-RISC complexes that cannot bind to the corresponding
mRNA, thereby affecting downstream expression. (D) ASOs can also target the upstream open reading frame (UORF) to activate the translation of the primary open reading frame
(PORF). After entering the nucleus (E) ASOs also downregulate or destroy mRNA by modifying polyadenylation or splicing of immature mRNA (pre mRNA). Created in BioRender.
Huiyan, D. (2025) https://BioRender.com/s37i893.

the target miRNA of the RNA-induced silencing complex (RISC) within the cytoplasmic mRNA processing body. The
subsequent inability of this RISC complex to bind to the binding site on the mRNA results in regulated mRNA cleavage,
translational repression, or deadenylation.>'*> AMOs are currently employed in the treatment of cardiovascular, athero-
sclerotic, diabetic, and cancerous diseases.”> 2> However, AMOs can elicit adverse immune responses through non-
specific binding to toll-like receptors.”’®*’ Consequently, developing nanodelivery systems with high stability, low off-
target effects, and minimal immunogenicity is urgently needed to address this issue (Figure 1C).

ASOs and Potential Targets for Cancer Therapy

Since the initial approval of the first ASO-based drug, Fomivirsen (withdrawn due to safety concerns), in 1998, the FDA
has approved a total of twelve ASOs (Table 1). However, the majority of approved ASOs are designed to treat diseases
such as Duchenne muscular dystrophy and cytomegalovirus retinitis. To date, there are no FDA-approved ASO drugs for
treating cancer. This is due to the potential of ASOs, which has driven researchers to explore the field of oncology.
Oligonucleotide therapy has been investigated as a potential cancer treatment for decades, with promising results
observed in vitro.”® Many ASO drugs have already been tested in clinical trials. In fact, 58 ASO drugs for cancer
treatment have entered clinical trials when queried by ClinicalTrials.gov using the search terms “ASO” and “tumor”
(Table 2). However, the majority of these ASO therapies are currently focused on clinical phases I and II. Only seven
have entered clinical phases II/III or III. This indicates that while the technology has potential, it also faces significant
challenges. Based on the results of previous clinical trials, the limitations of ASOs have been identified and attributed to
the following areas:
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Table | FDA-Approved Oligonucleotide Therapeutics

Name Market Name Indication Target Modality MOA Year Approved
Fomivirsen Vitravene CMV retinitis Cytomegalovirus IE2 mRNA PS Translation block 1998
Mipomersen Kynamro HoFH ApoB mRNA PS 2’-O-MOE, 5mC RNase H degradation 2013
Defibrotide Defitelio VOD Multiple mechanisms of action Mixture of PO ssDNA and dsDNA Sequence-independent mechanism of action 2016
Eteplirsen Exondys 51 DMD Exon 51 dystrophin pre-mRNA PMO Splicing modulation 2016
Nusinersen Spinraza SMA SMN-2 mRNA PS 2’-O-MOE, 5mC Splicing modulation 2016
Inotersen Tegsedi hATTR TTR mRNA PS 2’-O-MOE RNase H degradation 2018
Volanesorsen Waylivra FCS ApoC-lll mRNA PS 2’-O-MOE RNase H degradation 2019
Golodirsen Vyondys 53 DMD Exon 53 dystrophin pre-mRNA PMO Splicing modulation 2019
Viltolarsen Viltepso DMD Exon 53 dystrophin pre-mRNA PMO Splicing modulation 2020
Casimersen Amondys 45 DMD Exon 45 dystrophin pre-mRNA PMO Splicing modulation 2021
Tofersen Qalsody ALS Superoxide dismutase | mRNA PS 2’-O-MOE RNase H degradation 2023
Eplontersen Wainue ATTRv-PN TTR mRNA PS 2’-O-MOE RNase H degradation 2023

Abbreviations: MOA, Mechanism of action, CMV, Cytomegalovirus, HoFH, Homozygous familial hypercholesterolemia, VOD, Veno-occlusive disease, DMD, Duchenne Muscular Dystrophy, SMA, Spinal Muscular Atrophy, hATTR,
Hereditary transthyretin amyloidosis, FCS, Familial chylomicronemia syndrome, ALS, Amyotrophic lateral sclerosis, ATTRv-PN, ATTRv amyloidosis with polyneuropathy, ApoB, apolipoprotein B, SMN-2, Survival motor neuron-2, TTR,
Transthyretin, ApoC-lll, Apolipoprotein C-lll, PS, Phosphorothioate, 2-MOE, 2'-O-methoxyethyl, PO, Phosphodiester; ssDNA, single-stranded DNA, dsDNA, double-stranded DNA, PMO, Phosphorodiamidate morpholino

oligonucleotide.
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Table 2 Antisense Oligonucleotide Drugs That Have Entered Clinical Trials for Cancer

Disease Trials/Refs Target | Phase Brief Title
Category
Solid Tumor NCTO00558545 XIAP il A Phase 1-2, XIAP Antisense AEG35156 With Weekly Paclitaxel in Patients With
Advanced Breast Cancer
NCT00557596 I A Phase 1-2, XIAP Antisense AEG35156 With Gemcitabine in Patients With Advanced
Pancreatic Cancer
NCTO03101839 KRAS | Phase | Dose-Escalation Study of AZD4785 in Patients With Advanced Solid Tumours
NCT03300505 AR | ARRx in Combination With Enzalutamide in Metastatic Castration Resistant Prostate
Cancer
NCTO02144051 | Phase | Open Label Dose Escalation Study to Investigate the Safety & Pharmacokinetics of
AZD5312 in Patients With Androgen Receptor Tumors
NCTO04504669 FOXP3 | First Time in Human Study of AZD8701 With or Without Durvalumab in Participants
With Advanced Solid Tumours
NCT02417753 STAT3 1l AZD9150, a STAT3 Antisense Oligonucleotide, in People With Malignant Ascites
NCTO01839604 | A Phase I/lIb Study of AZD9150 (ISIS-STAT3Rx) in Patients With Advanced/Metastatic
Hepatocellular Carcinoma
NCT04196257 | L-Grb-2 | BP1001-A in Patients With Advanced or Recurrent Solid Tumors
NCTO1120288 HIF-1 | A Pilot Study of EZN-2968, an Antisense Oligonucleotide Inhibitor of HIF-lalpha, in
Adults With Advanced Solid Tumors With Liver Metastases
NCT00056173 RNR I Combination of Capecitabine and GTI-2040 in the Treatment of Renal Cell Carcinoma
NCT04485949 | IGF-IR 1l A Phase 2b Clinical Study With a Combination Immunotherapy in Newly Diagnosed
Patients With Glioblastoma
NCT00003236 C-raf, 1l Chemotherapy in Treating Women With Previously Treated Metastatic Breast Cancer
Pke-a
NCT0002466 | RAF-| | Study to Determine the Maximum Tolerated Dose of LErafAON in Patients With
Advanced Solid Tumors
NCT00005032 Bcl-2 I Bcl-2 Antisense Oligodeoxynucleotide G3139 and Paclitaxel in Treating Patients With
Recurrent Small Cell Lung Cancer
NCT00085228 1l Docetaxel With or Without Oblimersen in Treating Patients With Hormone-Refractory
Adenocarcinoma (Cancer) of the Prostate
NCT00030641 1/ Docetaxel With or Without Oblimersen in Treating Patients With Non-Small Cell Lung
Cancer
NCT00004870 1l Olimersen and Irinotecan in Treating Patients With Metastatic or Recurrent Colorectal
Cancer
NCT00017251 | Combination Chemotherapy Plus Oblimersen in Treating Patients With Previously
Untreated Extensive-Stage Small Cell Lung Cancer
NCT00063934 I Oblimersen Plus Doxorubicin and Docetaxel in Treating Patients With Metastatic or
Locally Advanced Breast Cancer
NCT00059813 1l Oblimersen and Interferon Alfa in Treating Patients With Metastatic Renal Cell Cancer
NCT00016263 1] Dacarbazine With or Without Oblimersen (G3139) in Treating Patients With Advanced
Malignant Melanoma
NCT00543205 i Pharmacokinetics of G3139 in Subjects With Advanced Melanoma, Including Those With
Normal Hepatic Function and Those With Moderate Hepatic Impairment
NCT00070343 Oblimersen and Dacarbazine in Treating Patients With Advanced Malignant Melanoma
That Has Responded to Treatment on Clinical Trial GENTA-GM301
NCT00543231 | A Phase | Study of G3139 Subcutaneous in Solid Tumors
NCT00636545 | Genasense as a 2-hour Intravenous Infusion in Subjects With Solid Tumors
NCT00054548 | Combination Chemotherapy Plus Oblimersen in Treating Patients With Advanced Solid

Tumors

(Continued)
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Table 2 (Continued).

Disease Trials/Refs Target | Phase Brief Title
Category
NCTO01083615 | Clusterin 1] A Study Evaluating the Pain Palliation Benefit of Adding Custirsen to Docetaxel
Retreatment or Cabazitaxel as Second Line Therapy in Men With Metastatic Castrate
Resistant Prostate Cancer (mCRPC)
NCT00258375 Il OGX-01 | and Docetaxel in Treating Women With Locally Advanced or Metastatic Breast
Cancer
NCTO00054106 [ Hormone Therapy and OGX-01 | Before Radical Prostatectomy in Treating Patients With
Prostate Cancer
NCTO00471432 | OGX-01l and Docetaxel in Treating Patients With Metastatic or Locally Recurrent Solid
Tumors
NCT02423590 HSP27 Il Study of Gemcitabine/Carboplatin First-line Chemotherapy + Apatorsen in Advanced
Squamous Cell Lung Cancers
NCT00959868 [ A Study for Treatment of Superficial Bladder Cancer Using OGX-427
NCTO1120470 Il OGX-427 in Castration Resistant Prostate Cancer Patients
NCTO00487786 | Safety Study of an Antisense Product in Prostate, Ovarian, NSCL, Breast or Bladder
Cancer
NCTO01780545 Il Phase 2 Study of Docetaxel + OGX-427 in Patients With Relapsed or Refractory
Metastatic Bladder Cancer
NCTO06079346 | TGF-p2 1/ A Study of OT-101 With mFOLFIRINOX in Patients With Advanced and Unresectable or
Metastatic Pancreatic Cancer
NCT04862767 | TASO-001 in Combination With Recombinant Interleukin-2(Aldesleukin) in Advanced or
Metastatic Solid Tumor
NCT00668499 VEGF i A Study of VEGF-Antisense Oligonucleotide in Combination With Pemetrexed and
Cisplatin for the Treatment of Advanced Malignant Mesothelioma
NCT05267899 Akt-1 | A Phase | First in Human Study to Evaluate the Safety, Tolerability, and Pharmacokinetics
of WGI-0301 in Patients With Advanced Solid Tumors
Hematologic | NCT02549651 STAT3 | MEDI4736 Alone and in Combination With Tremelimumab or AZD9150 in Adult Subjects
Tumors With Relapsed/Refractory DLBCL (D4190C00023)
NCTO01563302 Il Phase 1/2, Open-label, Dose-escalation Study of IONIS-STAT3Rx, Administered to
Patients With Advanced Cancers
NCTO01159028 | L-Grb-2 | Clinical Trial of BP1001 (L-Grb-2 Antisense Oligonucleotide) in CML, AML, ALL & MDS
NCT02923986 1l Clinical Trial of BP1001 (Liposomal Grb2 Antisense Oligonucleotide) in Combination
With Dasatinib in Patients With Ph + CML Who Have Failed TKI, Ph+ AML, Ph+ MDS
NCT02781883 Il Clinical Trial of BP1001 in Combination With With Venetoclax Plus Decitabine in AML
NCT04072458 Bcl-2 | A Clinical Trial of BP1002 in Patients With Advanced Lymphoid Malignancies
NCT02243124 p53 | A Study of Aezea® (Cenersen) in Transfusion Dependent Anemia Associated With
Myelodysplastic Syndrome (MDS)
NCT00002592 C-myb 1l Chemotherapy and Bone Marrow Transplantation in Treating Patients With Chronic
Myelogenous Leukemia
NCT00780052 | Infusional C-myb ASODN in Advanced Hematologic Malignancies (UPCC 04701)
NCT00466583 HIF-1 | Phase | Study of EZN-2968 Weekly in Adult Patients With Advanced Solid Tumors or
Lymphoma
NCT00078234 Bcl-2 I Genasense® (Oblimersen Sodium), Fludarabine, and Rituximab in Subjects With Chronic
Lymphocytic Leukemia
NCT00017602 1] Dexamethasone With or Without Oblimersen in Treating Patients With Relapsed or
Refractory Multiple Myeloma
NCT00021749 I Phase I/ll Study of Genasense in Patients With Chronic Lymphocytic Leukemia

NCT00070083

Oblimersen, Rituximab, Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone in
Treating Patients With Stage Il, Stage lll, or Stage IV Diffuse Large B-Cell Lymphoma

(Continued)
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Table 2 (Continued).

Disease Trials/Refs Target | Phase Brief Title
Category
NCT00024440 1] Fludarabine and Cyclophosphamide With or Without Oblimersen in Treating Patients
With Relapsed or Refractory Chronic Lymphocytic Leukemia
NCT00080847 1l S0349 Rituximab, Cyclophosphamide, Doxorubicin, Vincristine, and Prednisone With or

Without Oblimersen in Treating Patients With Advanced Diffuse Large B-Cell Non-
Hodgkin’s Lymphoma

Uncertain NCT00100672 RAF-I| | Study to Determine the Maximum Tolerated Dose of LErafAON in Patients With
Advanced Cancer
NCT00024648 | Study to Determine Maximum Tolerated Dose of LErafAON Combined With

Radiotherapy in Patients With Advanced Malignancies

1. Due to their strong negative charge, ASOs are less permeable, which limits their ability to be actively internalized
into cells.”

ASOs are readily degraded by endogenous nucleases present in serum.>”

ASOs lack the capacity to be actively targeted to specific tissues or cells.?!

It is subject to uptake by reticuloendothelial system (RES) phagocytes, protein interactions, and renal excretion.*>

whk v

Toxic effects have been observed.>

In conclusion, developing safe and effective delivery strategies is imperative to fully realize the therapeutic potential of
ASO drugs in cancer treatment. Researchers are currently modifying these strategies to overcome the existing limitations.
N-acetylgalactoside (GalNAc) couplings are frequently utilized for liver-targeted delivery in the clinic; however,
effectively targeting delivery to tumor regions other than the liver remains challenging. We will subsequently discuss
various delivery strategies.>*

Delivery Strategies for ASO Drugs

Chemical Modifications

FDA-approved ASOs are chemically modified to protect them from degradation by nucleic acid endonucleases and
exonucleases in vivo. These modifications increase their affinity for target RNA/DNA sequences and reduce their
immunogenicity in the body.*> The third generation of chemical modifications has been developed, with the first being
phosphorothioate (PS) modification. This modification involves replacing an unbridged oxygen in the phosphate group of
the ASOs with a sulfur moiety, forming a PS analog.>® This modified ASO degrades the corresponding RNA fragment
exclusively through the RNase H1 cleavage mechanism.?” As modified PS can be toxic because it nonspecifically binds
to proteins, further iterations were performed to address this issue. The second generation retained the PS backbone while
introducing 2’ sugar modifications, including 2’-O-methyl (2’-OMe), 2°-O-methoxy-ethyl (2’-MOE), and 2’-fluoro (2’-F)
modifications. These moieties form antisense oligonucleotides that are less toxic than phosphorothioate ASOs and exhibit
slightly increased affinity for their complementary RNAs. However, the efficiency of inducing RNase H1 cleavage of the
target RNA remains a significant drawback of second-generation oligonucleotides. To address this issue, GapmeR-
designed ASOs were developed to improve the degradation of RNase H1-recruited nucleotides and enhance the binding
affinity and endosomal resistance of sugar-modified nucleotides. Based on the GapmeR’s design concept, the third-
generation ASOs outperform the previous two generations in terms of nuclease resistance, binding affinity, cell
penetration, potency, and reduction in off-target effects.*® The third generation of chemical modifications mainly includes
nucleobase modifications, bridging nucleic acids, and alternative backbones. Among the nucleobase modifications,
cytosine analogs are widely used to attenuate the immune stimulation caused by the activation of toll-like receptors by
CpG dinucleotide-extended PS-ASOs,*” in parallel with increasing their hydrophobicity and affinity for RNA targets.*’
Four of the currently FDA-approved and cleared ASO analogs have PMO backbones, suggesting superior performance in
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terms of efficacy, low immunogenicity, and stability. Since this paper focuses on applying LNV technology in the field of
ASOs, the details of chemical modifications are not discussed further.

Lipid-Based ASO Delivery Systems

Liposomes are colloidal spherical structures composed of amphiphilic lipid molecules that self-assemble in solution and
feature hydrophilic, hydrophobic, and bridging structural domains.*' Liposomes, an optimal choice for nanodrug delivery
systems, have shown excellent performance in delivering nucleic acid and small-molecule drugs due to their good drug
delivery capabilities and biocompatibility.** ** ASOs can be effectively embedded in the hydrophilic structural domains
of liposomes, which protects them from nuclease degradation and simultaneously improves the efficiency of cellular
uptake of ASOs.*

Anionic lipids, cationic lipids, and pH-sensitive liposomes have been reported as carriers for ASO delivery.*® While
anionic liposomes repel negatively charged ASOs, leading to low drug loading, cationic liposomes are often preferred.*’
The molecular structure of cationic liposomes resembles that of natural lipids, with cationic head groups replacing the
amphipathic or anionic head groups. They consist of a hydrophobic portion with two alkyl chains or cholesterol moieties,
a positively charged polar head group, and a linker connecting the polar group to the hydrophobic portion. This positive
charge enables electrostatic interactions with negatively charged cell membranes, improving their transfection efficiency
and endosomal escape.*® Li et al synthesized a cationic liposome for treating acute myeloid leukemia (AML) that
incorporates deoxycholate-polyethyleneimine coupling (DOC-PEI). This cationic agent enhances the delivery efficiency
of oligonucleotides by promoting endosomal membrane disruption. By modifying the liposome surface with an anti-
CD33 scFv (aCD33) as a targeting ligand for AML, this delivery system offers a potential therapeutic approach for
AML.* Pan et al developed a DCP (cytosine-based/cationic lipids DNCA/CLD and DSPE-PEG) cationic liposome
delivery system loaded with CT102, which targets the human insulin-like growth factor type 1 receptor (IGF1R) gene to
efficiently inhibit the proliferation of hepatocellular carcinoma (HCC) cells. This promising liposome delivery system for
cancer combination therapy involves adjusting the compositional ratio of DNCA/CLD/PEG/ASO to obtain the optimal
ratio of liver-targeted drug formulation and ideal extrahepatic accumulation conditions®® (Figure 2). Overexpression of
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Figure 2 Modified ASO conjugates encapsulated with cytidinyl/cationic lipids exhibit more potent and longer-lasting anti-HCC effects. Yang et al constructed a series of gapmers/
conjugates of an ASO CT 102-targeting IGFIR mRNA. These ASOs could be delivered with DNCA/CLD/PEG lipids (DCP) predominantly to the liver; and showed more potent and
longer-lasting anti-HCC efficacy by interacting or regulating more potential genes and proteins in the nucleus. Reprinted from Pan Y, Guan J, Gao Y, et al. Modified aso conjugates
encapsulated with cytidinyl/cationic lipids exhibit more potent and longer-lasting anti-hcc effects. Mol Ther Nucleic Acids. 2023;32:807-821. Creative Commons.>
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translationally controlled tumor protein (TCTP) plays a critical role in castration-resistant prostate cancer (CRPCa),
primarily through the interaction and negative feedback loop between TCTP and p53, which leads to the progression of
prostate cancer (Pca).’’ Thus, silencing target mRNAs with ASOs prevents TCTP protein expression, potentially
restoring the sensitivity of cancer cells to hormonal therapy and chemotherapy. However, ASOs lack tumor-specific
targeting ability. Based on the expression of Her2 on the surface of PCa cells, the encapsulation of ASOs within anti-
Her2 trastuzumab-modified cationic liposomes enables active targeting of PCa cells. The results showed that the lipid
nanosystem could produce effective antiproliferative effects at longer exposure times.”> Liposomes with drug-loaded
liposomes covalently attached to monoclonal or genetically engineered antibodies on the surface are also referred to as
immunoliposomes.>?

Recently, ionizable liposomes have been synthesized in large quantities. lonizable liposomes typically have a tertiary
amine head and two carbon chain tails. The tertiary amine head acts to ionize lipids under acidic conditions, and the lipid
carbon chain tails provide strong hydrophobicity to facilitate doping within the particles during nanoparticle formation.>*
Ionizable liposomes are only positively charged intracellularly because they typically have a pKa less than 7. These liposomes
remain neutral under physiological conditions (pH~7.4) and become protonated in acidic pH conditions (pH < 6.0). Lipid
nanocarriers formed from ionizable lipids have an overall neutral surface charge, differentiating them from cationic lipids.
This neutral charge reduces biotoxicity and circulation time, making ionizable liposomes a promising delivery system for
ASOs in cancer treatment.”

Furthermore, given that the tumor region is hypoxic, the lactic acid secreted by anaerobic glycolysis in the (TME)
results in a pH between 5.5 and 7.0.°°® This theoretical basis has prompted the development of pH-sensitive liposomes,
designed to be stable at physiological pH but destabilize within the acidic TME, thereby promoting the release of their
payload.” For example, Yao et al developed RA/RX pH-sensitive liposomes for colon cancer treatment, incorporating
the cyclic peptide RA-v within the liposomal shell to induce apoptosis via the mitochondrial pathway.*® In addition,
ASOs in the core of RA/RX liposomes inhibit the expression of hypoxia-inducible factor 1o (HIF-1a) and couple death
receptor 5-specific antibodies (anti-DRS5) to the surface of liposomes for active targeting. These antibodies specifically
recognize proapoptotic cell surface receptors on colorectal cancer cells. HIF-1a is associated with tumor angiogenesis,
metastasis, proliferation, and metabolic reprogramming. Several studies have demonstrated that inhibiting HIF-la
expression enhances antitumor effects.®’*** Since caspase-8 plays a pivotal role in apoptotic signaling pathways,®>*
this delivery system enables therapeutic self-monitoring by dynamically visualizing the activation of caspase-8 in situ.
This approach provides a novel, more efficacious strategy for combinatorial therapy of O,-deficient tumors.®

Neutral liposomes, cationic liposomes, and lipid nanoparticles have advantages and limitations. Neutral liposomes are
suitable for low-toxicity and high-stability applications, while cationic liposomes excel in nucleic acid delivery. Lipid
nanoparticles provide a versatile and highly stable solution. Optimal delivery system selection depends on the specific
therapeutic objectives and requirements.

Solid lipid nanoparticles (SLNs) represent an emerging submicron drug delivery system. They have a lipid core
matrix that solubilizes lipophilic molecules and is stabilized by surfactants, controls the drug release rate, and improves
cell membrane affinity.® Currently, SLNs are being explored to improve cancer therapy due to their ability to enhance
drug delivery through blood vessels. ©”°® Shi et al synthesized an SLN loaded with anti-miR-21 ASO (AMO-CLOSs) for
treating human lung cancer.®” miR-21 is overexpressed in the A549 human lung cancer cell line, contributing to cell
proliferation, apoptosis inhibition, and tumor metastasis.”” AMO-CLOSs effectively deliver AMO to lung cancer cells,
silencing overexpressed miR-21, inhibiting cell growth and apoptosis, and reducing cell invasion and migration.

In brief, lipid-based nanodelivery systems currently stand out as leading drug delivery systems due to their structural
versatility, biocompatibility, biodegradability, nontoxicity, and nonimmunogenicity.”' However, the stability of lipid-
based nanodelivery systems for encapsulated drugs remains a key limiting factor for their drug delivery applications. In
addition, large-scale production and development of effective sterilization techniques continue to be challenges that need
to be addressed.”” Overcoming these limitations may facilitate the achievement of superior therapeutic outcomes during
ASO delivery.
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Extracellular Vesicles Based ASO Delivery Systems

Extracellular vesicles (EVs) are lipid bilayer membrane vesicles secreted by living cells into the extracellular space at the
nanometer scale.”” They are categorized by particle size and include exosomes (30—150 nm), microvesicles (50—1000
nm), and apoptotic vesicles (1005000 nm).”* EVs present several distinctive characteristics, including inclusions from
the source cell, which can influence the biological properties of the recipient cell. Compared with liposomes, EVs can be
efficiently loaded with hydrophilic molecules, such as nucleic acids, to improve their loading efficiency. Additionally, the
special proteins on the surface of EVs can prevent interactions with antibodies and coagulation factors in the blood,
reducing immune responses in vivo.”’

Furthermore, EV membranes, enriched in cholesterol, phosphatidylserine, sphingomyelin, and other sphingolipids,
confer resistance to detergent solubilization and high temperatures.”® Consequently, EVs exhibit greater stability in body
fluids than liposomes.”” Based on their inherent stability, immunotolerance, and nontoxicity, EVs are optimal for drug
delivery in treating various diseases.”®

Based on the tropism of human mesenchymal stem cells (MSCs) toward glioblastoma multiforme (GBM),** Jessian L
Munoz et al demonstrated that MSC-secreted EVs delivered anti-miR-9 to GBM cells and significantly reduced MDR1
expression in TMZ-resistant GBM; this ultimately resulted in the reversal of GBM resistance, suggesting that EVs can
serve as effective ASO carriers for cancer therapy.® MiR-142-3p plays a pivotal role in breast cancer proliferation,
survival, and progression. Its inhibition downregulates the classical Wnt signaling pathway (also known as the Wnt/B-
catenin signaling pathway) and decreases miR-150 expression in trans.*® Zahra Naseri et al loaded anti-miRNA-142-3p
into MSC-derived EVs, and their findings demonstrated that miRNA-142-3p and miRNA-150 were downregulated in
EV-treated cells loaded with anti-miRNAs, resulting in enhanced therapeutic efficacy in breast cancer cells; this suggests

that miRNA-142-3p downregulation is crucial for effective treatment.®’

miR-221 also plays a pivotal role in tumor
proliferation and progression by inhibiting PTEN and cell cycle protein-dependent kinase inhibitor family members’
expression.™ Han et al loaded anti-miR-221 ASOs into neuropilin-1 (NRP-1)-targeted human umbilical cord mesench-
ymal cell-derived EVs, demonstrating the ability to actively target colorectal cancer cells. They also showed that the
delivery system infiltrated anti-miR-221 AMO into solid tumors, significantly inhibiting the growth of colorectal cancer
cells in vitro and in vivo® (Figure 3). In a recent study, Yu et al utilized human umbilical cord mesenchymal stem cell
(hUC-MSC)-derived exosomes as carriers for the delivery of anti-miR-146b-5p ASO (PMO-146b), and CP05-PMO-146b
was loaded onto the surface of EVs. ePPMO-146b successfully inhibited the progression of colorectal cancer by
inhibiting the epithelial-mesenchymal transition in vitro and in vivo, suggesting that exosome-mediated delivery of
ASOs has great potential for cancer therapy.””

Erythrocytes have been identified as a potential cellular source of EVs owing to their lack of nuclear and
mitochondrial DNA, ease of accessibility, and abundance within the body (84% of all cells).”! Wagas Muhammad
Usman’s team constructed an ASO-containing erythrocyte extracellular vesicle (RBCEV) for treating leukemia and
breast cancer’> (Figure 4). miR-125b has been demonstrated to promote the development of leukemia and breast cancer
by inhibiting the p53 oncogenic network, particularly in acute myeloid leukemia and chemoresistant breast tumors.’***
This delivery system effectively treats leukemia cells in the liver and spleen, where leukemia commonly occurs, by
intraperitoneal injection and antagonizing breast cancer cells by intratumoral injection without any observable side
effects. Chen et al also used vesicle-loaded exogenous drugs and functionalized vesicle surfaces to treat AML.”> CD33, a
member of the sialic acid-binding immunoglobulin-like lectin family, is highly expressed on most AML cells. The
uptake specificity of this vesicle by AML cells can be improved by modifying the surface of the nanovesicles with an
anti-CD33 monoclonal antibody.’® FMS-like tyrosine kinase 3 (FLT3) mutations are the most prevalent in AML patients,
conferring an elevated risk of relapse and reducing overall and disease-free survival in AML patients.”” When targeted
for miR-125b and FLT3 mutations, anti-FLT3-ITD and anti-miR-125b ASOs were loaded into RBCEVs, and the results
revealed synergistic antitumor effects of these two ASOs in combination treatment.

Tumor immunotherapy is a therapeutic method that enables the body to generate tumor-specific immune responses
through active or passive means; it functions to suppress and kill tumor cells, which has become a new hotspot in cancer

treatment due to its advantages of specificity, high efficiency, and freedom of the body from injurious treatments.’® The
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Figure 3 AMO-loaded exosomes suppressed tumor growth in vivo. (A) HCT 116 tumor-bearing mice received 3 intratumoral injections of exosome drugs on days 0, 3, and 7.
In vivo imaging of the mice was performed once a week to observe the change of fluorescence value. (B) Tumor changes in mice were measured with a vernier caliper. (C) The
level of miR-221 in the dissected mouse tumor tissues was detected by quantitative PCR. (D) The mRNA levels of downstream target genes of miR-221 in the dissected mouse
tumor tissues were detected by quantitative PCR. *p < 0.05, **p < 0.01. Reprinted from Han S, Li G, Jia M, et al. Delivery of anti-miRNA-221 for colorectal carcinoma therapy
using modified cord blood mesenchymal stem cells-derived exosomes. Front Mol Biosci. 2021;8:743013. Creative Commons.%’

field of immune checkpoint-related therapies has garnered significant interest in recent years. However, approximately
85% of patients fail to achieve a durable objective tumor response, partly due to tumor immune escape mechanisms.””
Tumor-associated macrophages (TAMs) within the TME represent the primary cause of resistance to immune checkpoint
inhibitor therapy.'®” TAMs are macrophages with an M2 phenotype that suppress the immune response and promote
tumorigenesis and development.'®" ExoASO-STAT6 is an exosome delivery system prepared for treating colorectal and
hepatocellular carcinoma by Sushrut Kamerkar et al (Figure 5). This system delivers ASOs targeting STAT6 to TAMs
and STAT6 downregulation reprograms TAMs to the M1 phenotype, which significantly enhances anti-tumor immune
responses.'%? Consequently, exoASO-STAT6 represents a promising new strategy for targeting myeloid cells in cancer.

In conclusion, as emerging nanocarriers, EVs can potentially reduce immunogenicity, enhance biocompatibility, and
target delivery to specific cells and tissues. Clinical translation remains challenging despite their considerable research
value as ASO delivery vehicles. Further studies are needed to explore the scalability, safety, and clinical validation of EV-
based therapies. Since EVs are derived from cells, the processes of cell culture and extraction are complex and time-
consuming, large-scale generation remains a great challenge, and the quality control of EVs is still not fully harmonized
internationally. Developing appropriate international standards is crucial for ensuring the safety and efficacy of EV
products. However, with improvements in EV production processes and equipment, as well as researchers’ deeper
understanding of tumor development, developing ASO-related products using EVs as carriers will continue to evolve.
This progress is expected to revolutionize cancer treatments and advance precision medicine.

Cell Membrane-Based Delivery Systems
Cell membrane-derived LNVs are vesicles that form directly from the cell membrane after protrusion and separation.
These vesicles contain only the cell’s lipid and protein components and no cell-derived inclusions. Since these vesicles
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Figure 4 RBCEVs deliver ASOs to leukemia and breast cancer cells for miR-125b inhibition. (a) Experimental scheme of ASOs delivery to cancer cells using RBCEVs. (b) Percentage of
anti-miR-125b ASOs (125b-ASOs) associated with 6.2 x 10" unelectroporated or 125b-ASO-electroporated RBCEVs after a treatment with RNase If for 30 min. (c) Copy number of
125b-ASO in MOLMI 3 cells treated with 12.4 % 10'' RBCEVs unelectroporated (UE-EVs) or RBCEVs electroporated with NC-ASOs or with 125b-ASOs for 72 h. (d) Expression fold
change of miR-125b in MOLM I3 cells that were incubated with 125b-ASOs alone, 16.8 x 10'" unelectroporated RBCEVs (UE-EVs), 16.8 x 10'' NC-ASOs-loaded RBCEVs, or 4.2 to
16.8% 10'" 125b-ASOs loaded RBCEVs. miR-125b expression was determined using TagqMan qRT-PCR normalized to U6b RNA and presented as average fold change relative to the
untreated control. (e) Expression fold change of BAK | in MOLMI 3 cells treated as in d, determined using SYBR Green qRT-PCR, normalized to GAPDH and presented as average fold
change relative to the untreated control. (f) Proliferation of MOLMI3 cells treated with 12.4 % 10'" unelectroporated or NC/125b-ASO-electroporated EVs, determined using cell
counts. (g) Viability of breast cancer CAla cells (%) treated as in f, determined by crystal violet staining. *p < 0.05, **p < 0.01. Reprinted from Usman WM, Pham TC, Kwok YY, et al.
Efficient RNA drug delivery using red blood cell extracellular vesicles. Nat Commun. 2018;9(1):2359. Creative Commons.”?
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Figure 5 Model describing anti-tumor activity mediated by genetic reprogramming of TAMs by exoASO-STAT6. STAT6 expressing TAMs are critical determinants of an
immunosuppressive TME by promoting recruitment of Tregs and inhibition of CD8 cytotoxic T cells. The ability of exoASO-STAT6 to selectively knock down STAT6
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antitumoral TME. TH2, T helper 2; CTL, cytotoxic T lymphocytes. Reprinted from Kamerkar S, Leng C, Burenkova O, et al. Exosome-mediated genetic reprogramming of
tumor-associated macrophages by exoaso-staté leads to potent monotherapy antitumor activity. Sci Adv. 2022;8(7):eabj7002. Creative Commons.'®

are of cellular origin, they can fuse with the cell membrane and efficiently deliver inclusions into the cell. Furthermore,
they can completely replicate the surface antigens of the source cell, thus avoiding complex nanomaterial engineering
modifications.'® Based on these advantages, researchers have successfully developed a variety of lipid nanoparticles
based on cell membrane derivatives.

The cell membrane-derived LNVs developed to date include those of leukocyte, erythrocyte, platelet, and cancer cell
origins. These vesicles exhibit distinct properties, with erythrocyte-derived, leukocyte-derived, and platelet-derived
vesicles exhibiting excellent long-term circulation capabilities and frequently utilized as drug delivery vehicles to
facilitate the implementation of appropriate therapeutic strategies.'®*

In addition, tumor membrane vesicles (TMVs) can be employed in tumor therapy. These vesicles are derived from cancer
cells and inherently possess cancer cell membrane surface proteins and the ability to home to the tumor site; this enables
TMVs to specifically bind to and be internalized by cancer cells. These abilities make TMVs highly selective delivery systems
for cancer therapy.'® Researchers have successfully designed genetically engineered cell membrane-derived nanovesicles to
activate T cells and macrophages and regulate the TME based on different immune targets.'°®'°® However, there has been no
research related to ASO-loaded cell membrane vesicles to date; many studies have confirmed their potential as nucleic acid
carriers to treat tumors, and its surface can carry cell surface antigens, a natural advantage without complex process
modifications. Nanovesicles of cell membrane origin could represent an emerging promising nucleic acid delivery system
in the future, with the capacity to encapsulate ASOs against RNA targets to achieve therapeutic effects on tumors.

Other ASO Delivery Systems
Although cationic liposomes can increase nonspecific cellular uptake of ASOs and promote endosomal escape through
charge—charge interactions, their inherent charge toxicity and instability limit their systemic applicability for ASO
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delivery.'® Hu’s team developed programmable fusion vesicles (PFVs) as a more stable alternative to cationic liposomes
for systemic ASO delivery in melanoma treatment. PFVs contain a cationic lipid (DODAC) encapsulated in a PEG-
ceramide component. Upon the loss of the PEG—ceramide component via an exchange-mediated process, the exposed
cationic charge facilitates cell membrane binding and subsequent endocytosis.''® This fusion liposome system not only
increases the cellular uptake of ASOs but also promotes their escape from subcellular compartments into the nucleus and
cytoplasm, ultimately leading to increased therapeutic activity.'"'

Human serum albumin (HSA) has been used as an ideal material for delivering nucleic acid drugs, such as ASOs and
siRNA, in vivo."'? HSA has a hydrophobic core that can be exposed during conformational changes and induce bilayer
disruption or membrane fusion to achieve increased transfection efficiency.''® Li’s team synthesized and characterized
lipid—albumin nanoparticles (LANs) loaded with RX-0047 to treat solid tumors. Compared with unencapsulated lipid
nanoparticles, LANs demonstrated superior cellular uptake and HIF-1a mRNA downregulation efficiency, significantly

inhibiting tumor growth and prolonging survival time in mice.''*

Lipid Nanovesicles: Superior Carriers for ASO Delivery

As of March 2023, 3900 gene therapy clinical trials have been completed worldwide, and gene therapy is rapidly gaining
popularity.''> Gene editing techniques still face significant challenges and limitations. Currently, both viral and nonviral
vectors (dendritic polymers, polymeric micelles, liposomes, lipid nanoparticles, solid lipid nanoparticles, and extracel-
lular vesicles) are widely used to deliver drugs applied to nucleic acids to the appropriate sites.

Viruses can be used as vectors because they can either be modified or their inherent biology can be utilized to
transport their genome to the host cell, thereby initiating the shutdown or initiation of the corresponding gene.''® The
proportion of clinically developed gene therapy products that use viral vectors remains the majority. However, viral
vectors can trigger strong immune responses and safety concerns, leaving some patients unable to undergo appropriate
treatment.'!” In addition, the limited nucleic acid packaging capacity of viral vectors restricts their application. In
contrast, LNVs are safer and do not trigger a strong immune response. Furthermore, LNVs have a large drug-carrying
capacity and can carry small-molecule drugs other than ASOs, making them well-suited for combination therapy and
making their application wider.

Among nonviral vectors, dendritic polymers are also used as carriers for delivering ASOs. Dendritic polymers have a well-
defined branching molecular structure, consisting mainly of a central core, repeating branching units, and a large number of
terminal groups.''® Currently, PAMAM is the most widely studied and applied typical dendrimer macromolecule. However,
the cationic surface charge and the primary amine terminal group of PAMAM cause cytotoxicity problems''? and are rapidly
cleared from the plasma when administered intravenously.'*® To overcome this problem, Hu et al used dendritic PAMAM as
the core. They wrapped the outer side with a pH-sensitive liposome shell for simultaneous delivery of siPD-L1 and DOX for
breast cancer treatment, combining the unique advantages of the two vectors.'*' The combination of LNV with other carriers
offers new possibilities for ASO therapy.

Polymeric micelles are formed by self-assembling hydrophilic and hydrophobic amphiphilic polymers, typically
ranging from 10—100 nm in size, and can extend further when encapsulating a payload.'?* Nathalie Bailly et al prepared
micelles with PVP-b-PVAc and added clofazimine. In in vitro experiments, PVP-b-PVAc micelles resulted in approxi-
mately 20% drug loading in the breast cancer cell lines MCF12A and MDA-MB-231.'* Min et al used glucosylated
polyionic complex micelles loaded with antisense oligonucleotides for treating central nervous system disorders.'** To
reduce the burden of invasive ASO administration to patients, micelles were prepared from mixtures of ASO and Glu-
PEG-PLL (MPA/IM) and MeO-PEG-PLL (MPA/IM) with varying amounts of glucose to prepare ligands on the PICs/Ms
for GLUT1-mediated transport across the BBB. However, micelles’ in vivo clearance efficiency is still unclear, and
micelles are more difficult for the kidney to clear, thus increasing the risk of toxicity. In contrast, LNVs are ideal for drug
delivery due to their excellent biocompatibility and higher in vivo stability. These advantages make LNVs more
promising for clinical applications.

In summary, while gene therapy and nucleic acid drug delivery technologies continue to advance, it is essential to
note that each carrier has unique advantages and challenges (Table 3). LNVs have emerged as particularly promising
drug delivery vehicles because of their excellent biocompatibility, high drug-carrying capacity, and low immune
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Table 3 Comparison of LNVs With Other Nucleic Acid Delivery Systems

Delivery Systems

Size

(nm)

Component

Efficiency

Cost of
Production

Advantages

Disadvantages

. 12!
Viral vectors'?

Dendritic polymers'?®

Polymeric micelles'?’

Liposomes 128

Lipid nanoparticles'29

Solid lipid nanopar‘ticles'30

Extracellular vesicles'?

20-100

1-100

10100

50-1000

20-100

40-1000

30-1000

Engineered virus shell

Synthetic or natural elements
(amino acids, sugars and nucleotides)

Self-assembly of lipid monolayers
in aqueous solutions

Contains one or more
lipid bilayers and an aqueous core

Lipid shells surrounding
the inner core, consisting
of reverse micelles

A surfactant shell surrounding
a core matrix composed of solid lipids

Natural extracellular
vesicle modification

High

Medium

Medium-high

Medium-high

High

Medium

Low

High

High

Low

Medium

Medium-high

Low

High

High infection rate; high targeting; mature technology

Helps encapsulate or couple multiple drug molecules
while allowing controlled addition of targeted drugs
on nanocarriers

High stability; controlled drug release

Good biocompatibility; degradability; low immunogenicity

Efficient delivery; high biosafety; strong loading
capacity; rapid preparation process; targeted delivery

Improve drug stability; control drug release rate;
and improve cell membrane affinity

Natural source; low immunogenicity; low toxicity;
systemic circulation; targeted delivery

Inflammatory and immune responses;
prone to mutagenesis

High cytotoxicity; leads to
cell accumulation; immunogenicity

Cytotoxic; limited drug
loading capacity; may
trigger an immune response
Allergic reaction; easy
oxidation degradation

Extrahepatic targeting
ability is limited and immunogenic

Limited drug loading;
drug leakage and
crystallization; cytotoxic
The technology is
not yet mature, and
the side effects are unknown
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response. These nanovesicles can carry multiple types of drugs and achieve targeted delivery through surface modifica-
tion, a property that significantly enhances therapeutic efficacy and safety. These advantages suggest a promising future
for LNVs in clinical applications and will likely stimulate the continued development of gene therapy and nucleic acid
drug delivery technologies.

Concluding and Future Perspectives

The use of ASOs has proven highly effective across various fields, making it a significant milestone in nucleic acid
therapy. Specific ASOs can be designed according to a patient’s genomic information and delivered through LNVs to
achieve personalized treatment. For example, BioNTech has developed a number of nanocarriers designed for customized
therapy, focusing on using encoded mRNAs as a cancer vaccine (immuno-oncology therapy) against melanoma and
breast cancer. Among them, the IVAC mutant vaccine is the most representative nanoproduct, containing encoded
mRNAs individually designed for the specific expression of a single patient or a group of patient antigens.'*"'** In
addition, LNVs can also be used to treat particular cancer subtypes. As mentioned above, in breast cancer, for HER2-
overexpressing subtypes, ASOs designed to bind specifically to HER2 mRNA and delivered via lipid nanocarriers
significantly improved therapeutic efficacy. This targeted approach allows for more precise and effective treatment,
minimizing off-target effects and enhancing patient outcomes. The combination of personalized ASO design and LNV
delivery systems represents a promising strategy for developing individualized cancer therapies, enabling physicians to
tailor treatments to the specific genetic profile of each patient’s tumor. As our understanding of cancer genomics expands,
using LNVs to deliver targeted ASOs is expected to play an increasingly critical role in advancing precision medicine in
oncology. This review focuses on the therapeutic applications of ASO delivery systems using LNVs in oncology, where
numerous clinical trials have demonstrated their ability to significantly inhibit the expression of cancer-associated genes,
thereby reducing cancer cell proliferation.

Chemical modifications have been developed to increase the efficacy, immunogenicity, and stability of ASOs,
reaching the third generation. However, these chemically modified ASOs still fail to achieve active targeting of tumor
sites, limiting their clinical potential in oncology. Therefore, our attention has shifted to nanomaterials, particularly
LNVs. ASOs delivered via LNVs enhance stability and tumor cell uptake, specifically inhibiting the expression of
oncogenes within these cells (Table 4).

Liposomes, as flagship products of LNVs, offer structural versatility, biocompatibility, biodegradability, nontoxicity,
and nonimmunogenicity. However, their stability remains a significant challenge. Emerging as a new class of

Table 4 ASO-Based Cancer Therapeutics in Research

Disease Target ASO Type of Nanoparticles Ref
AML RNR GTI-2040 Cationic liposomes Li et al*®
HCC IGFIR CTI102 Cationic liposomes Pan et al*°
PCa TCTP TCTP ASO Cationic liposomes Sicard et al*?
CRCC HIF-la RX-0047 pH-sensitive liposome Yao et al®®
GBM miR-9 Anti-miR-9 ASO MSC—derived Exosomes Munoz et al®®
BC miR-142-3p Anti-miR-142-3p ASO MSC—derived Exosomes Naseri et al®’
CRCC miR-221 Anti-miRNA-221 ASO MSC—derived Exosomes Han et al®®
CRCC miR-146b-5p Anti-miR-146b-5p ASO MSC—derived Exosomes Yu et al”®
AML/ BC miR-125b Anti-miR-125b ASO RBCEVs Usman et al’?
AML FLT3-ITD and miR-125b | FLT3-ITD ASO and Anti-miR-125b ASO RBCEVs Chen et al”®
CRCC and HHC STAT6 STAT6 ASO HEK 293-derived Exosomes | Kamerkar et al'®?
Melanoma Bcl-2 G3139 Fusogenic liposome Hu etal'"
Lung Cancer miR-21 Anti-miR-21 ASO SLN Shi et al®’
Solid Tumors HIF-la RX-0047 LAN Lietal'"

Abbreviations: AML, Acute myelogenous leukemia, HCC, Hepatocellular carcinoma, PCa, Prostate cancer, CRC, Colorectal Carcinoma, GBM, Glioblastoma multiforme,
BC, Breast cancer, RNR, Ribonucleotide reductase, IGFIR, Insulin-like Growth Factor type | Receptor, TCTP, Translational Controlled Tumour Protein, HIF-1a, Hypoxia-
inducible Factor |a, FLT3-ITD, Internal tandem duplications of the FLT3 gene, STATS6, Signal Transducer and Activator of Transcription 6, Bcl-2, B-cell lymphoma-2, MSC,
Mesenchymal Stem Cell, RBCEVs, Red blood cells extracellular vesicles, SLN, Solid lipid nanoparticles, LAN, Lipid-albumin nanoparticle.
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nanocarriers, EVs present lower immunogenicity, better biocompatibility than liposomes, and the ability to target specific
cells and tissues. Despite these advantages, the production, characterization, and functionalization of EVs require
continuous improvement, and the encapsulation efficiency of ASOs remains an urgent issue.

The development of CRISPR-Cas9 and RNA editing technology, in combination with LNVs, has opened new
avenues for precise gene therapy. In collaborative applications, LNVs play a crucial role in encapsulating and safe-
guarding the nucleic acid sequences required for CRISPR/Cas9 components (such as Cas9 mRNA and sgRNA) or RNA
editing. This protective function prevents their degradation in the circulatory system, thereby increasing their stability
and delivery efficiency within the body. Zhang et al combined pCas9/sgRNA with protamine (PS), coated the complex
with cationic liposomes to protect the plasmid from nucleic acid degradation and added DSPE-PEG modification to
obtain PEGylated lipid nanoparticles (PLNPs). They then injected pCas9/gPLK-1 PLNPs into the tumor, achieving a
remarkable 67% inhibition rate of tumor growth.'** Furthermore, surface modification of LNVs enables targeted delivery
to various tissues, significantly expanding the application scope of CRISPR—Cas9 and RNA editing tools. By functio-
nalizing the surface of LNVs with specific ligands or antibodies, researchers can direct the gene-editing machinery to the
desired cells or organs, thereby increasing the precision and efficacy of the treatment. The synergistic effect of CRISPR—
Cas9, RNA editing technology, and LNVs provides a safer and more effective platform for the gene therapy of human
diseases.

While the potential of ASOs and their delivery systems is promising, critically evaluating the current limitations and
challenges is crucial. One significant concern is the high cost and complexity of developing and producing these
advanced delivery systems, which may limit their accessibility and widespread adoption in clinical settings.
Additionally, the long-term safety and potential off-target effects of ASOs and their delivery vehicles need thorough
investigation, as unintended interactions with nontarget cells or tissues could lead to adverse effects.

The versatility, flexibility, and short development cycle of ASOs position them as significant competitors within the
field of gene therapy. However, despite chemical modifications, ASOs have the potential to trigger an immune response
and cause adverse reactions. They may also bind to nontarget genes, resulting in unintended gene silencing or activation,
which may induce side effects. Therefore, it is essential that ASOs undergo long-term clinical safety evaluation and
further research to ensure their efficacy and safety. In recent years, based on encouraging results obtained from using
LNVs for nucleic acid therapy, there is a growing expectation that ASOs will soon overcome the limitations of the
current delivery systems. ASO therapy based on LNVs is expected to represent a new generation of personalized
nanomedicines that have the potential to change the face of oncological treatment by improving circulation time, cellular
uptake efficiency, and promoting endosomal escape. The continuous development of novel nanoplatforms and target
development technologies, in conjunction with advances in clinical validation, is anticipated to overcome the limitations
of the current delivery system. LNV-based ASO therapeutics are projected to become a new generation of personalized
nanomedicines with the potential to transform the landscape of tumor treatment, and there is a high degree of confidence

in their clinical translation.

Abbreviations

mRNA, messenger RNA; ASOs, antisense oligonucleotides; siRNAs, small interfering RNAs; miRNAs, microRNAs; 3’
UTR, 3'untranslated region; AMOs, antisense miRNA oligonucleotides; PS, phosphorothioate; 2’-OMe, 2’-O-methyl; 2°-
MOE, 2’-O-methoxy-ethyl; 2’-F, 2’-fluoro; AML, acute myeloid leukemia; DOC-PEI, deoxycholate-polyethyleneimine
coupling; aCD33, anti-CD33; IGF1R, insulin-like growth factor type 1 receptor; HCC, hepatocellular carcinoma; TCTP,
Translationally controlled tumor protein; CRPCa, castration-resistant prostate cancer; HIF-1a, hypoxia-inducible factor
la; anti-DRS, couple death receptor 5-specific antibodies; EVs, Extracellular vesicles; MSCs, mesenchymal stem cells;
GBM, glioblastoma multiforme; hUC-MSC, human umbilical cord mesenchymal stem cell; RBCEV, red blood cell
extracellular vesicle; FLT3, FMS-like tyrosine kinase 3; TAMs, Tumor-associated macrophages; TME, tumor micro-
environment; TMVs, tumor membrane vesicles; PFV, programmable fusion vesicle; SLN, Solid lipid nanoparticles;
HSA, human serum albumin; LAN, lipid-albumin nanoparticle; LNP, Lipid nanovesicle.

1018 https: Drug Design, Development and Therapy 2025:19



Ding et al

Acknowledgments

This work was provided by China Postdoctoral Science Foundation (Certificate Number: 2023M743559) and Zhejiang
Medical and Health Science and Technology Program (Certificate Number: 2025KY674) to Yi-nan Ding, the Science and
Technology Development Program of Hangzhou (Grant No. 202204B04) and Hangzhou Joint Fund of the Zhejiang
Provincial Natural Science Foundation of China (No. LHZY24H300002) to Peng-fei Zhang, National Natural Science
Foundation of China (No. 82202274) to Xiao-xia Wu, Zhejiang Medical and Health Science and Technology Program
(2024KY811) to Jun Luo. Graphical Abstract and Figure 1 are created in BioRender. Huiyan, D. (2025) https://
BioRender.com/188s090.

Author Contributions

All authors made a significant contribution to the work reported, whether that is in the conception, study design,
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article
has been submitted; and agree to be accountable for all aspects of the work.

Disclosure
The authors declare no conflicts of interest in this work.

References

1. Sung H, Ferlay J, Siegel RL, et al. Global cancer statistics 2020: globocan estimates of incidence and mortality worldwide for 36 cancers in 185
countries. Ca Cancer J Clin. 2021;71(3):209-249. doi:10.3322/caac.21660
2. Kaur R, Bhardwaj A, Gupta S. Cancer treatment therapies: traditional to modern approaches to combat cancers. Mol Biol Rep. 2023;50
(11):9663-9676. doi:10.1007/s11033-023-08809-3
3. Zhang C, Zhang B. RNA therapeutics: updates and future potential. Sci China Life Sci. 2023;66(1):12-30. doi:10.1007/s11427-022-2171-2
4. Crooke ST, Witztum JL, Bennett CF, Baker BF. RNA-targeted therapeutics. Cell Metab. 2019;29(2):501. doi:10.1016/j.cmet.2019.01.001
5. Sergeeva O, Akhmetova E, Dukova S, et al. Structure-activity relationship study of mesyl and busyl phosphoramidate antisense oligonucleo-
tides for unaided and PSMA-mediated uptake into prostate cancer cells. Front Chem. 2024;12:1342178. doi:10.3389/fchem.2024.1342178
6. Li Y, Mondaza-Hernandez JL, Moura DS, et al. Stat6-targeting antisense oligonucleotides against solitary fibrous tumor. Mol Ther Nucleic
Acids. 2024;35(2):102154. doi:10.1016/j.omtn.2024.102154
7. Grabowska-Pyrzewicz W, Want A, Leszek J, Wojda U. Antisense oligonucleotides for Alzheimer’s disease therapy: from the mRNA to miRNA
paradigm. Ebiomedicine. 2021;74:103691. doi:10.1016/j.ebiom.2021.103691
8. Chen S, Sbuh N, Veedu RN. Antisense oligonucleotides as potential therapeutics for type 2 diabetes. Nucleic Acid Ther. 2021;31(1):39-57.
doi:10.1089/nat.2020.0891
9. Bennett CF. Therapeutic antisense oligonucleotides are coming of age. Annu Rev Med. 2019;70:307-321. doi:10.1146/annurev-med-041217-
010829
10. Lai F, Damle SS, Ling KK, Rigo F. Directed RNase H cleavage of nascent transcripts causes transcription termination. Mol Cell. 2020;77
(5):1032-1043.¢4. doi:10.1016/j.molcel.2019.12.029
11. Liang XH, Sun H, Nichols JG, Crooke ST. RNase H1-dependent antisense oligonucleotides are robustly active in directing RNA cleavage in
both the cytoplasm and the nucleus. Mol Ther. 2017;25(9):2075-2092. doi:10.1016/j.ymthe.2017.06.002
12. Mignani S, Shi X, Zablocka M, Majoral JP. Dendrimer-enabled therapeutic antisense delivery systems as innovation in medicine. Bioconjug
Chem. 2019;30(7):1938-1950. doi:10.1021/acs.bioconjchem.9b00385
13. Kim J, Hu C, Moufawad EAC, et al. Patient-customized oligonucleotide therapy for a rare genetic disease. N Engl J Med. 2019;381(17):1644—
1652. doi:10.1056/NEJMoal813279
14. Singh RN, Singh NN. Mechanism of splicing regulation of spinal muscular atrophy genes. Adv Neurobiol. 2018;20:31-61. doi:10.1007/978-3-
319-89689-2 2
15. Aartsma-Rus A, Straub V, Hemmings R, et al. Development of exon skipping therapies for Duchenne muscular dystrophy: a critical review and
a perspective on the outstanding issues. Nucleic Acid Ther. 2017;27(5):251-259. doi:10.1089/nat.2017.0682
16. Wan L, Dreyfuss G. Splicing-correcting therapy for sma. Cell. 2017;170(1):5. doi:10.1016/j.cell.2017.06.028
17. Ward AJ, Norrbom M, Chun S, Bennett CF, Rigo F. Nonsense-mediated decay as a terminating mechanism for antisense oligonucleotides.
Nucleic Acids Res. 2014;42(9):5871-5879. doi:10.1093/nar/gku184
18. Calvo SE, Pagliarini DJ, Mootha VK. Upstream open reading frames cause widespread reduction of protein expression and are polymorphic
among humans. Proc Natl Acad Sci U S A. 2009;106(18):7507-7512. doi:10.1073/pnas.0810916106
19. Lu TX, Rothenberg ME. microRNA. J Allergy Clin Immunol. 2018;141(4):1202—1207. doi:10.1016/j.jaci.2017.08.034
20. Lennox KA, Behlke MA. A direct comparison of anti-microRNA oligonucleotide potency. Pharm Res. 2010;27(9):1788-1799. doi:10.1007/
s11095-010-0156-0
21. Zhu H, Kamiya Y, Asanuma H. Illuminating miRNA inhibition: visualizing the interaction between anti-miRNA oligonucleotide and target
miRNA using fret. Acs Chem Biol. 2023;18(10):2281-2289. doi:10.1021/acschembio.3c00353

Drug Design, Development and Therapy 2025:19 heeps: 1019


https://BioRender.com/l88s090
https://BioRender.com/l88s090
https://doi.org/10.3322/caac.21660
https://doi.org/10.1007/s11033-023-08809-3
https://doi.org/10.1007/s11427-022-2171-2
https://doi.org/10.1016/j.cmet.2019.01.001
https://doi.org/10.3389/fchem.2024.1342178
https://doi.org/10.1016/j.omtn.2024.102154
https://doi.org/10.1016/j.ebiom.2021.103691
https://doi.org/10.1089/nat.2020.0891
https://doi.org/10.1146/annurev-med-041217-010829
https://doi.org/10.1146/annurev-med-041217-010829
https://doi.org/10.1016/j.molcel.2019.12.029
https://doi.org/10.1016/j.ymthe.2017.06.002
https://doi.org/10.1021/acs.bioconjchem.9b00385
https://doi.org/10.1056/NEJMoa1813279
https://doi.org/10.1007/978-3-319-89689-2_2
https://doi.org/10.1007/978-3-319-89689-2_2
https://doi.org/10.1089/nat.2017.0682
https://doi.org/10.1016/j.cell.2017.06.028
https://doi.org/10.1093/nar/gku184
https://doi.org/10.1073/pnas.0810916106
https://doi.org/10.1016/j.jaci.2017.08.034
https://doi.org/10.1007/s11095-010-0156-0
https://doi.org/10.1007/s11095-010-0156-0
https://doi.org/10.1021/acschembio.3c00353

Ding et al

22

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.
52.

53.

54.

. Lima JF, Cerqueira L, Figueiredo C, Oliveira C, Azevedo NF. Anti-miRNA oligonucleotides: a comprehensive guide for design. RNA Biol.
2018;15(3):338-352. doi:10.1080/15476286.2018.1445959

Hosseinahli N, Aghapour M, Duijf P, Baradaran B. Treating cancer with microRNA replacement therapy: a literature review. J Cell Physiol.
2018;233(8):5574-5588. doi:10.1002/jcp.26514

Orso F, Quirico L, Dettori D, et al. Role of miRNAs in tumor and endothelial cell interactions during tumor progression. Semin Cancer Biol.
2020;60:214-224. doi:10.1016/j.semcancer.2019.07.024

Rupaimoole R, Slack FJ. microRNA therapeutics: towards a new era for the management of cancer and other diseases. Nat Rev Drug Discov.
2017;16(3):203-222. doi:10.1038/nrd.2016.246

Pepin G, Ferrand J, Gantier MP. Assessing the off-target effects of miRNA inhibitors on innate immune toll-like receptors. Methods Mol Biol.
2017;1517:127-135. doi:10.1007/978-1-4939-6563-2_9

Kleinman ME, Yamada K, Takeda A, et al. Sequence- and target-independent angiogenesis suppression by siRNA via tlr3. Nature. 2008;452
(7187):591-597. doi:10.1038/nature06765

Xiong H, Veedu RN, Diermeier SD. Recent advances in oligonucleotide therapeutics in oncology. Int J Mol Sci. 2021;22(7):3295. doi:10.3390/
ijms22073295

Linnane E, Davey P, Zhang P, et al. Differential uptake, kinetics and mechanisms of intracellular trafficking of next-generation antisense
oligonucleotides across human cancer cell lines. Nucleic Acids Res. 2019;47(9):4375-4392. doi:10.1093/nar/gkz214

Dhuri K, Bechtold C, Quijano E, et al. Antisense oligonucleotides: an emerging area in drug discovery and development. J Clin Med. 2020;9
(6):2004. doi:10.3390/jcm9062004

Hammond SM, Aartsma-Rus A, Alves S, et al. Delivery of oligonucleotide-based therapeutics: challenges and opportunities. Embo Mol Med.
2021;13(4):e13243. doi:10.15252/emmm.202013243

Geary RS, Norris D, Yu R, Bennett CF. Pharmacokinetics, biodistribution and cell uptake of antisense oligonucleotides. Adv Drug Deliv Rev.
2015;87:46-51. doi:10.1016/j.addr.2015.01.008

Bennett CF, Baker BF, Pham N, Swayze E, Geary RS. Pharmacology of antisense drugs. Annu Rev Pharmacol Toxicol. 2017;57:81-105.
doi:10.1146/annurev-pharmtox-010716-104846

Tanowitz M, Hettrick L, Revenko A, Kinberger GA, Prakash TP, Seth PP. Asialoglycoprotein receptor 1 mediates productive uptake of
n-acetylgalactosamine-conjugated and unconjugated phosphorothioate antisense oligonucleotides into liver hepatocytes. Nucleic Acids Res.
2017;45(21):12388-12400. doi:10.1093/nar/gkx960

Rinaldi C, Wood M. Antisense oligonucleotides: the next frontier for treatment of neurological disorders. Nat Rev Neurol. 2018;14(1):9-21.
doi:10.1038/nrneurol.2017.148

Crooke ST, Vickers TA, Liang XH. Phosphorothioate modified oligonucleotide-protein interactions. Nucleic Acids Res. 2020;48(10):5235—
5253. doi:10.1093/nar/gkaa299

Miroshnichenko SK, Patutina OA, Burakova EA, et al. Mesyl phosphoramidate antisense oligonucleotides as an alternative to phosphorothio-
ates with improved biochemical and biological properties. Proc Natl Acad Sci U S 4. 2019;116(4):1229-1234. doi:10.1073/pnas.1813376116
Khvorova A, Watts JK. The chemical evolution of oligonucleotide therapies of clinical utility. Nat Biotechnol. 2017;35(3):238-248.
doi:10.1038/nbt.3765

Krieg AM. Antiinfective applications of toll-like receptor 9 agonists. Proc Am Thorac Soc. 2007;4(3):289-294. doi:10.1513/pats.200701-
021AW

Ochoa S, Milam VT. Modified nucleic acids: expanding the capabilities of functional oligonucleotides. Molecules. 2020;25(20):4659.
doi:10.3390/molecules25204659

Zhi D, Zhang S, Cui S, Zhao Y, Wang Y, Zhao D. The headgroup evolution of cationic lipids for gene delivery. Bioconjug Chem. 2013;24
(4):487-519. doi:10.1021/bc300381s

Nisini R, Poerio N, Mariotti S, De Santis F, Fraziano M. The multirole of liposomes in therapy and prevention of infectious diseases. Front
Immunol. 2018;9:155. doi:10.3389/fimmu.2018.00155

Ding Y, Yang R, Yu W, et al. Chitosan oligosaccharide decorated liposomes combined with th302 for photodynamic therapy in triple negative
breast cancer. J Nanobiotechnol. 2021;19(1):147. doi:10.1186/s12951-021-00891-8

Peng Z, Ding YN, Yang ZM, et al. Neuron-targeted liposomal coenzyme ql10 attenuates neuronal ferroptosis after subarachnoid hemorrhage by
activating the ferroptosis suppressor protein 1/coenzyme ql0 system. Acta Biomater. 2024;179:325-339. doi:10.1016/j.actbio.2024.03.023
Gupta R, Salave S, Rana D, et al. Versatility of liposomes for antisense oligonucleotide delivery: a special focus on various therapeutic areas.
Pharmaceutics. 2023;15(5):1435. doi:10.3390/pharmaceutics15051435

Yan J, Zhang H, Li G, Su J, Wei Y, Xu C. Lipid nanovehicles overcome barriers to systemic RNA delivery: lipid components, fabrication
methods, and rational design. Acta Pharm Sin B. 2024;14(2):579-601. doi:10.1016/j.apsb.2023.10.012

Tarahovsky YS, Koynova R, Macdonald RC. DNA release from lipoplexes by anionic lipids: correlation with lipid mesomorphism, interfacial
curvature, and membrane fusion. Biophys J. 2004;87(2):1054—-1064. doi:10.1529/biophys;j.104.042895

Wan C, Allen TM, Cullis PR. Lipid nanoparticle delivery systems for siRNA-based therapeutics. Drug Deliv Transl Res. 2014;4(1):74-83.
doi:10.1007/s13346-013-0161-z

Li H, Xu S, Quan J, et al. Cd33-targeted lipid nanoparticles (acd331ns) for therapeutic delivery of gti-2040 to acute myelogenous leukemia. Mo/
Pharm. 2015;12(6):2010-2018. doi:10.1021/mp5008212

Pan Y, Guan J, Gao Y, et al. Modified aso conjugates encapsulated with cytidinyl/cationic lipids exhibit more potent and longer-lasting anti-hcc
effects. Mol Ther Nucleic Acids. 2023;32:807-821. doi:10.1016/j.0mtn.2023.04.028

Amson R, Pece S, Lespagnol A, et al. Reciprocal repression between p53 and tctp. Nat Med. 2011;18(1):91-99. doi:10.1038/nm.2546

Sicard G, Paris C, Giacometti S, et al. Enhanced antisense oligonucleotide delivery using cationic liposomes grafted with trastuzumab: a proof-
of-concept study in prostate cancer. Pharmaceutics. 2020;12(12):1166. doi:10.3390/pharmaceutics12121166

Noble GT, Stefanick JF, Ashley JD, Kiziltepe T, Bilgicer B. Ligand-targeted liposome design: challenges and fundamental considerations.
Trends Biotechnol. 2014;32(1):32—45. doi:10.1016/j.tibtech.2013.09.007

Patel P, Ibrahim NM, Cheng K. The importance of apparent pka in the development of nanoparticles encapsulating siRNA and mRNA. Trends
Pharmacol Sci. 2021;42(6):448-460. doi:10.1016/j.tips.2021.03.002

1020 https: Drug Design, Development and Therapy 2025:19


https://doi.org/10.1080/15476286.2018.1445959
https://doi.org/10.1002/jcp.26514
https://doi.org/10.1016/j.semcancer.2019.07.024
https://doi.org/10.1038/nrd.2016.246
https://doi.org/10.1007/978-1-4939-6563-2_9
https://doi.org/10.1038/nature06765
https://doi.org/10.3390/ijms22073295
https://doi.org/10.3390/ijms22073295
https://doi.org/10.1093/nar/gkz214
https://doi.org/10.3390/jcm9062004
https://doi.org/10.15252/emmm.202013243
https://doi.org/10.1016/j.addr.2015.01.008
https://doi.org/10.1146/annurev-pharmtox-010716-104846
https://doi.org/10.1093/nar/gkx960
https://doi.org/10.1038/nrneurol.2017.148
https://doi.org/10.1093/nar/gkaa299
https://doi.org/10.1073/pnas.1813376116
https://doi.org/10.1038/nbt.3765
https://doi.org/10.1513/pats.200701-021AW
https://doi.org/10.1513/pats.200701-021AW
https://doi.org/10.3390/molecules25204659
https://doi.org/10.1021/bc300381s
https://doi.org/10.3389/fimmu.2018.00155
https://doi.org/10.1186/s12951-021-00891-8
https://doi.org/10.1016/j.actbio.2024.03.023
https://doi.org/10.3390/pharmaceutics15051435
https://doi.org/10.1016/j.apsb.2023.10.012
https://doi.org/10.1529/biophysj.104.042895
https://doi.org/10.1007/s13346-013-0161-z
https://doi.org/10.1021/mp5008212
https://doi.org/10.1016/j.omtn.2023.04.028
https://doi.org/10.1038/nm.2546
https://doi.org/10.3390/pharmaceutics12121166
https://doi.org/10.1016/j.tibtech.2013.09.007
https://doi.org/10.1016/j.tips.2021.03.002

Ding et al

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Hajj KA, Ball RL, Deluty SB, et al. Branched-tail lipid nanoparticles potently deliver mRNA in vivo due to enhanced ionization at endosomal
ph. Small. 2019;15(6):¢1805097. doi:10.1002/sml11.201805097

Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis? Nat Rev Cancer. 2004;4(11):891-899. doi:10.1038/nrc1478

Kato Y, Ozawa S, Miyamoto C, et al. Acidic extracellular microenvironment and cancer. Cancer Cell Int. 2013;13(1):89. doi:10.1186/1475-
2867-13-89

Yoneda T, Hiasa M, Nagata Y, Okui T, White FA. Acidic microenvironment and bone pain in cancer-colonized bone. Bonekey Rep. 2015;4:690.
doi:10.1038/bonekey.2015.58

Lee Y, Thompson DH. Stimuli-responsive liposomes for drug delivery. Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2017;9(5).
doi:10.1002/wnan.1450

Ji X, Song L, Sheng L, et al. Cyclopeptide ra-v inhibits organ enlargement and tumorigenesis induced by yap activation. Cancers. 2018;10(11).
doi:10.3390/cancers10110449

Dubey R, Levin MD, Szabo LZ, et al. Suppression of tumor growth by designed dimeric epidithiodiketopiperazine targeting hypoxia-inducible
transcription factor complex. J Am Chem Soc. 2013;135(11):4537-4549. doi:10.1021/ja400805b

Martin AR, Ronco C, Demange L, Benhida R. Hypoxia inducible factor down-regulation, cancer and cancer stem cells (cscs): ongoing success
stories. Medchemcomm. 2017;8(1):21-52. doi:10.1039/c6md00432f

Yuan Y, Zhang CJ, Kwok R, Mao D, Tang BZ, Liu B. Light-up probe based on aiegens: dual signal turn-on for caspase cascade activation
monitoring. Chem Sci. 2017;8(4):2723-2728. doi:10.1039/c6sc04322d

Li H, Zhu H, Xu C-J, Yuan J. Cleavage of Bid by caspase 8 mediates the mitochondrial damage in the fas pathway of apoptosis. Cell. 1998;94
(4):491-501. doi:10.1016/50092-8674(00)81590-1

Yao Y, Feng L, Wang Z, Chen H, Tan N. Programmed delivery of cyclopeptide ra-v and antisense oligonucleotides for combination therapy on
hypoxic tumors and for therapeutic self-monitoring. Biomater Sci. 2019;8(1):256-265. doi:10.1039/c9bm00905a

Mendoza-Munoz N, Urban-Morlan Z, Leyva-Gomez G, Zambrano-Zaragoza ML, Pinon-Segundo E, Quintanar-Guerrero D. Solid lipid
nanoparticles: an approach to improve oral drug delivery. J Pharm Pharm Sci. 2021;24:509-532. doi:10.18433/jpps31788

Mo K, Kim A, Choe S, Shin M, Yoon H. Overview of solid lipid nanoparticles in breast cancer therapy. Pharmaceutics. 2023;15(8):2065.
doi:10.3390/pharmaceutics 15082065

Duan Y, Dhar A, Patel C, et al. A brief review on solid lipid nanoparticles: part and parcel of contemporary drug delivery systems. Rsc Adv.
2020;10(45):26777-26791. doi:10.1039/d0ra03491f

Shi SJ, Zhong ZR, Liu J, Zhang ZR, Sun X, Gong T. Solid lipid nanoparticles loaded with anti-microRNA oligonucleotides (AMOs) for
suppression of microRNA-21 functions in human lung cancer cells. Pharm Res. 2012;29(1):97-109. doi:10.1007/s11095-011-0514-6

Fei J, Lan F, Guo M, Li Y, Liu Y. Inhibitory effects of anti-miRNA oligonucleotides (AMOs) on a549 cell growth. J Drug Target. 2008;16
(9):688—693. doi:10.1080/10611860802295946

Large DE, Abdelmessih RG, Fink EA, Auguste DT. Liposome composition in drug delivery design, synthesis, characterization, and clinical
application. Adv Drug Deliv Rev. 2021;176:113851. doi:10.1016/j.addr.2021.113851

Shah S, Dhawan V, Holm R, Nagarsenker MS, Perrie Y. Liposomes: advancements and innovation in the manufacturing process. Adv Drug
Deliv Rev. 2020;154-155:102—122. doi:10.1016/j.addr.2020.07.002

Kalluri R, Lebleu VS. The biology, function, and biomedical applications of exosomes. Science. 2020;367(6478). doi:10.1126/science.aau6977
van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19(4):213-228.
doi:10.1038/nrm.2017.125

Gupta D, Zickler AM, El AS. Dosing extracellular vesicles. Adv Drug Deliv Rev. 2021;178:113961. doi:10.1016/j.addr.2021.113961

Skotland T, Sandvig K, Llorente A. Lipids in exosomes: current knowledge and the way forward. Prog Lipid Res. 2017;66:30-41. doi:10.1016/
j-plipres.2017.03.001

Millard M, Yakavets I, Piffoux M, et al. Mthpc-loaded extracellular vesicles outperform liposomal and free mthpc formulations by an increased
stability, drug delivery efficiency and cytotoxic effect in tridimensional model of tumors. Drug Deliv. 2018;25(1):1790-1801. doi:10.1080/
10717544.2018.1513609

Ding YN, Ding HY, Li H, et al. Photosensitive small extracellular vesicles regulate the immune microenvironment of triple negative breast
cancer. Acta Biomater. 2023;167:534-550. doi:10.1016/j.actbio.2023.06.004

van der Meel R, Sulheim E, Shi Y, Kiessling F, Mulder W, Lammers T. Smart cancer nanomedicine. Nat Nanotechnol. 2019;14(11):1007-1017.
doi:10.1038/541565-019-0567-y

Casella G, Rasouli J, Boehm A, et al. Oligodendrocyte-derived extracellular vesicles as antigen-specific therapy for autoimmune neuroin-
flammation in mice. Sci Transl Med. 2020;12(568). doi:10.1126/scitranslmed.aba0599

Lewis ND, Sia CL, Kirwin K, et al. Exosome surface display of IL12 results in tumor-retained pharmacology with superior potency and limited
systemic exposure compared with recombinant IL12. Mol Cancer Ther. 2021;20(3):523-534. doi:10.1158/1535-7163.MCT-20-0484

Liu H, Geng Z, Su J. Engineered mammalian and bacterial extracellular vesicles as promising nanocarriers for targeted therapy. Extracellular
Vesicles Circulating Nucleic Acids. 2022;3(2):63-86. doi:10.20517/evcna.2022.04

Chen Q, Chen J, Liu Y, Qi S, Huang L. Exosome-based drug delivery systems for the treatment of diabetes and its complications: current
opinion. Extracellular Vesicles Circulating Nucleic Acids. 2023;4(3):502-517. doi:10.20517/evcna.2023.32

Pendleton C, Li Q, Chesler DA, Yuan K, Guerrero-Cazares H, Quinones-Hinojosa A. Mesenchymal stem cells derived from adipose tissue vs
bone marrow: in vitro comparison of their tropism towards gliomas. PLoS One. 2013;8(3):e58198. doi:10.1371/journal.pone.0058198

Munoz JL, Bliss SA, Greco SJ, Ramkissoon SH, Ligon KL, Rameshwar P. Delivery of functional anti-mir-9 by mesenchymal stem cell-derived
exosomes to glioblastoma multiforme cells conferred chemosensitivity. Mol Ther Nucleic Acids. 2013;2(10):e126. doi:10.1038/mtna.2013.60
Zeng YA, Nusse R. Wnt proteins are self-renewal factors for mammary stem cells and promote their long-term expansion in culture. Cell Stem
Cell. 2010;6(6):568-577. doi:10.1016/j.stem.2010.03.020

Naseri Z, Oskuee RK, Jaafari MR, Forouzandeh MM. Exosome-mediated delivery of functionally active miRNA-142-3p inhibitor reduces
tumorigenicity of breast cancer in vitro and in vivo. Int J Nanomed. 2018;13:7727-7747. doi:10.2147/1JN.S182384

Park JK, Kogure T, Nuovo GJ, et al. Mir-221 silencing blocks hepatocellular carcinoma and promotes survival. Cancer Res. 2011;71(24):7608—
7616. doi:10.1158/0008-5472.CAN-11-1144

Drug Design, Development and Therapy 2025:19 heeps: 1021


https://doi.org/10.1002/smll.201805097
https://doi.org/10.1038/nrc1478
https://doi.org/10.1186/1475-2867-13-89
https://doi.org/10.1186/1475-2867-13-89
https://doi.org/10.1038/bonekey.2015.58
https://doi.org/10.1002/wnan.1450
https://doi.org/10.3390/cancers10110449
https://doi.org/10.1021/ja400805b
https://doi.org/10.1039/c6md00432f
https://doi.org/10.1039/c6sc04322d
https://doi.org/10.1016/s0092-8674(00)81590-1
https://doi.org/10.1039/c9bm00905a
https://doi.org/10.18433/jpps31788
https://doi.org/10.3390/pharmaceutics15082065
https://doi.org/10.1039/d0ra03491f
https://doi.org/10.1007/s11095-011-0514-6
https://doi.org/10.1080/10611860802295946
https://doi.org/10.1016/j.addr.2021.113851
https://doi.org/10.1016/j.addr.2020.07.002
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.addr.2021.113961
https://doi.org/10.1016/j.plipres.2017.03.001
https://doi.org/10.1016/j.plipres.2017.03.001
https://doi.org/10.1080/10717544.2018.1513609
https://doi.org/10.1080/10717544.2018.1513609
https://doi.org/10.1016/j.actbio.2023.06.004
https://doi.org/10.1038/s41565-019-0567-y
https://doi.org/10.1126/scitranslmed.aba0599
https://doi.org/10.1158/1535-7163.MCT-20-0484
https://doi.org/10.20517/evcna.2022.04
https://doi.org/10.20517/evcna.2023.32
https://doi.org/10.1371/journal.pone.0058198
https://doi.org/10.1038/mtna.2013.60
https://doi.org/10.1016/j.stem.2010.03.020
https://doi.org/10.2147/IJN.S182384
https://doi.org/10.1158/0008-5472.CAN-11-1144

Ding et al

89

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

. Han S, Li G, Jia M, et al. Delivery of anti-miRNA-221 for colorectal carcinoma therapy using modified cord blood mesenchymal stem cells-
derived exosomes. Front Mol Biosci. 2021;8:743013. doi:10.3389/fmolb.2021.743013

Yu S, Liao R, Bai L, et al. Anticancer effect of huc-msc-derived exosome-mediated delivery of pmo-mir-146b-5p in colorectal cancer. Drug
Deliv Transl Res. 2024;14(5):1352-1369. doi:10.1007/s13346-023-01469-7

Chiangjong W, Netsirisawan P, Hongeng S, Chutipongtanate S. Red blood cell extracellular vesicle-based drug delivery: challenges and
opportunities. Front Med Lausanne. 2021;8:761362. doi:10.3389/fmed.2021.761362

Usman WM, Pham TC, Kwok YY, et al. Efficient RNA drug delivery using red blood cell extracellular vesicles. Nat Commun. 2018;9(1):2359.
doi:10.1038/541467-018-04791-8

Bousquet M, Quelen C, Rosati R, et al. Myeloid cell differentiation arrest by mir-125b-1 in myelodysplastic syndrome and acute myeloid
leukemia with the t(2;11)(p21;q23) translocation. J Exp Med. 2008;205(11):2499-2506. doi:10.1084/jem.20080285

Zhou M, Liu Z, Zhao Y, et al. microRNA-125b confers the resistance of breast cancer cells to paclitaxel through suppression of pro-apoptotic
bcl-2 antagonist killer 1 (bakl) expression. J Biol Chem. 2010;285(28):21496-21507. doi:10.1074/jbc.M109.083337

Chen H, Jayasinghe MK, Yeo E, et al. Cd33-targeting extracellular vesicles deliver antisense oligonucleotides against flt3-itd and mir-125b for
specific treatment of acute myeloid leukaemia. Cell Prolif. 2022;55(9):e13255. doi:10.1111/cpr.13255

Hoseini SS, Guo H, Wu Z, Hatano MN, Cheung NV. A potent tetravalent t-cell-engaging bispecific antibody against cd33 in acute myeloid
leukemia. Blood Adv. 2018;2(11):1250-1258. doi:10.1182/bloodadvances.2017014373

Daver N, Schlenk RF, Russell NH, Levis MJ. Targeting fit3 mutations in aml: review of current knowledge and evidence. Leukemia. 2019;33
(2):299-312. doi:10.1038/541375-018-0357-9

Chen Z, Hu T, Zhou J, et al. Overview of tumor immunotherapy based on approved drugs. Life Sci. 2024;340:122419. doi:10.1016/j.
1£5.2024.122419

Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive, and acquired resistance to cancer immunotherapy. Cell. 2017;168(4):707—
723. doi:10.1016/j.cell.2017.01.017

Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P. Tumour-associated macrophages as treatment targets in oncology. Nat Rev Clin
Oncol. 2017;14(7):399-416. doi:10.1038/nrclinonc.2016.217

Gao J, Liang Y, Wang L. Shaping polarization of tumor-associated macrophages in cancer immunotherapy. Front Immunol. 2022;13:888713.
doi:10.3389/fimmu.2022.888713

Kamerkar S, Leng C, Burenkova O, et al. Exosome-mediated genetic reprogramming of tumor-associated macrophages by exoaso-stat6 leads to
potent monotherapy antitumor activity. Sci Adv. 2022;8(7):eabj7002. doi:10.1126/sciadv.abj7002

Fang RH, Gao W, Zhang L. Targeting drugs to tumours using cell membrane-coated nanoparticles. Nat Rev Clin Oncol. 2023;20(1):33-48.
doi:10.1038/541571-022-00699-x

Zeng Y, Li S, Zhang S, Wang L, Yuan H, Hu F. Cell membrane coated-nanoparticles for cancer immunotherapy. Acta Pharm Sin B. 2022;12
(8):3233-3254. doi:10.1016/j.apsb.2022.02.023

Fang Z, Zhang M, Kang R, Cui M, Song M, Liu K. A cancer cell membrane coated nanoparticles-based gene delivery system for enhancing
cancer therapy. Int J Pharm. 2022;629:122415. doi:10.1016/j.ijpharm.2022.122415

Jiang Y, Krishnan N, Zhou J, et al. Engineered cell-membrane-coated nanoparticles directly present tumor antigens to promote anticancer
immunity. Adv Mater. 2020;32(30):¢2001808. doi:10.1002/adma.202001808

Kim HY, Kang M, Choo YW, et al. Immunomodulatory lipocomplex functionalized with photosensitizer-embedded cancer cell membrane
inhibits tumor growth and metastasis. Nano Lett. 2019;19(8):5185-5193. doi:10.1021/acs.nanolett.9b01571

Meng QF, Zhao Y, Dong C, et al. Genetically programmable fusion cellular vesicles for cancer immunotherapy. Angew Chem Int Ed Engl.
2021;60(50):26320-26326. doi:10.1002/anie.202108342

Shi F, Nomden A, Oberle V, Engberts JB, Hoekstra D. Efficient cationic lipid-mediated delivery of antisense oligonucleotides into eukaryotic
cells: down-regulation of the corticotropin-releasing factor receptor. Nucleic Acids Res. 2001;29(10):2079-2087. doi:10.1093/nar/29.10.2079
Gamage RS, Chasteen JL, Smith BD. Lipophilic anchors that embed bioconjugates in bilayer membranes: a review. Bioconjug Chem. 2023;34
(6):961-971. doi:10.1021/acs.bioconjchem.3c00204

Hu Q, Bally MB, Madden TD. Subcellular trafficking of antisense oligonucleotides and down-regulation of bcl-2 gene expression in human
melanoma cells using a fusogenic liposome delivery system. Nucleic Acids Res. 2002;30(16):3632-3641. doi:10.1093/nar/gkf448

Langiu M, Dadparvar M, Kreuter J, Ruonala MO. Human serum albumin-based nanoparticle-mediated in vitro gene delivery. PLoS One. 20149
(9):¢107603. doi:10.1371/journal.pone.0107603

Piao L, Li H, Teng L, et al. Human serum albumin-coated lipid nanoparticles for delivery of siRNA to breast cancer. Nanomedicine. 2013;9
(1):122-129. doi:10.1016/j.nano.2012.03.008

Li H, Quan J, Zhang M, et al. Lipid-albumin nanoparticles (lan) for therapeutic delivery of antisense oligonucleotide against hif-1alpha. Mol
Pharm. 2016;13(7):2555-2562. doi:10.1021/acs.molpharmaceut.6b00363

Ginn SL, Mandwie M, Alexander IE, Edelstein M, Abedi MR. Gene therapy clinical trials worldwide to 2023-an update. J Gene Med. 2024;26
(8):¢3721. doi:10.1002/jgm.3721

Verma IM, Weitzman MD. Gene therapy: twenty-first century medicine. Annu Rev Biochem. 2005;74:711-738. doi:10.1146/annurev.
biochem.74.050304.091637

Zinn E, Unzu C, Schmit PF, et al. Ancestral library identifies conserved reprogrammable liver motif on aav capsid. Cell Rep Med. 2022;3
(11):100803. doi:10.1016/j.xcrm.2022.100803

Huang AY, Kao CL, Selvaraj A, Peng L. Solid-phase dendrimer synthesis: a promising approach to transform dendrimer construction. Mater
Today Chem. 2023;27. doi:10.1016/j.mtchem.2022.101285

Jiang Y, Zhao W, Xu S, et al. Bioinspired design of mannose-decorated globular lysine dendrimers promotes diabetic wound healing by
orchestrating appropriate macrophage polarization. Biomaterials. 2022:280. doi:10.1016/j.biomaterials.2021.121323.

Wang M, Li J, Li X, et al. Magnetically and ph dual responsive dendrosomes for tumor accumulation enhanced folate-targeted hybrid drug
delivery. J Control Release. 2016;232:161-174. doi:10.1016/j.jconrel.2016.04.015

Hu Q, Yao J, Wang X, et al. Combinational chemoimmunotherapy for breast cancer by codelivery of doxorubicin and pd-11 siRNA using a
pamam-incorporated liposomal nanoplatform. Acs Appl Mater Interfaces. 2022;14(7):8782—8792. doi:10.1021/acsami.1c21775

1022 https: Drug Design, Development and Therapy 2025:19


https://doi.org/10.3389/fmolb.2021.743013
https://doi.org/10.1007/s13346-023-01469-7
https://doi.org/10.3389/fmed.2021.761362
https://doi.org/10.1038/s41467-018-04791-8
https://doi.org/10.1084/jem.20080285
https://doi.org/10.1074/jbc.M109.083337
https://doi.org/10.1111/cpr.13255
https://doi.org/10.1182/bloodadvances.2017014373
https://doi.org/10.1038/s41375-018-0357-9
https://doi.org/10.1016/j.lfs.2024.122419
https://doi.org/10.1016/j.lfs.2024.122419
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1038/nrclinonc.2016.217
https://doi.org/10.3389/fimmu.2022.888713
https://doi.org/10.1126/sciadv.abj7002
https://doi.org/10.1038/s41571-022-00699-x
https://doi.org/10.1016/j.apsb.2022.02.023
https://doi.org/10.1016/j.ijpharm.2022.122415
https://doi.org/10.1002/adma.202001808
https://doi.org/10.1021/acs.nanolett.9b01571
https://doi.org/10.1002/anie.202108342
https://doi.org/10.1093/nar/29.10.2079
https://doi.org/10.1021/acs.bioconjchem.3c00204
https://doi.org/10.1093/nar/gkf448
https://doi.org/10.1371/journal.pone.0107603
https://doi.org/10.1016/j.nano.2012.03.008
https://doi.org/10.1021/acs.molpharmaceut.6b00363
https://doi.org/10.1002/jgm.3721
https://doi.org/10.1146/annurev.biochem.74.050304.091637
https://doi.org/10.1146/annurev.biochem.74.050304.091637
https://doi.org/10.1016/j.xcrm.2022.100803
https://doi.org/10.1016/j.mtchem.2022.101285
https://doi.org/10.1016/j.biomaterials.2021.121323
https://doi.org/10.1016/j.jconrel.2016.04.015
https://doi.org/10.1021/acsami.1c21775

Ding et al

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Perumal S, Atchudan R, Lee W. A review of polymeric micelles and their applications. Polymers. 2022;14(12). doi:10.3390/polym14122510
Bailly N, Thomas M, Klumperman B. Poly(n-vinylpyrrolidone)-block-poly(vinyl acetate) as a drug delivery vehicle for hydrophobic drugs.
Biomacromolecules. 2012;13(12):4109—4117. doi:10.1021/bm301410d

Min HS, Kim HJ, Naito M, et al. Systemic brain delivery of antisense oligonucleotides across the blood - brain barrier with a glucose - coated
polymeric nanocarrier. Angew Chem Int Ed Engl. 2020;59(21):8173-8180. doi:10.1002/anie.201914751

Lundstrom K. Viral vectors in gene therapy: where do we stand in 2023? Viruses. 2023;15(3):698. doi:10.3390/v15030698

Duncan R, Izzo L. Dendrimer biocompatibility and toxicity. Adv Drug Deliv Rev. 2005;57(15):2215-2237. doi:10.1016/j.addr.2005.09.019
Wang H, Ding S, Zhang Z, Wang L, You Y. Cationic micelle: a promising nanocarrier for gene delivery with high transfection efficiency. J Gene
Med. 2019;21(7):¢3101. doi:10.1002/jgm.3101

Liu P, Chen G, Zhang J. A review of liposomes as a drug delivery system: current status of approved products, regulatory environments, and
future perspectives. Molecules. 2022;27(4). doi:10.3390/molecules27041372

Bader J, Brigger F, Leroux JC. Extracellular vesicles versus lipid nanoparticles for the delivery of nucleic acids. Adv Drug Deliv Rev.
2024;215:115461. doi:10.1016/j.addr.2024.115461

de Jesus MB, Zuhorn IS. Solid lipid nanoparticles as nucleic acid delivery system: properties and molecular mechanisms. J Control Release.
2015;201:1-13. doi:10.1016/j.jconrel.2015.01.010

Vormehr M, Schrors B, Boegel S, Lower M, Tureci O, Sahin U. Mutanome engineered RNA immunotherapy: towards patient-centered tumor
vaccination. J Immunol Res. 2015;2015:595363. doi:10.1155/2015/595363

Fornaguera C, Garcia-Celma MJ. Personalized nanomedicine: a revolution at the nanoscale. J Pers Med. 2017;7(4):12. doi:10.3390/
jpm7040012

Zhang L, Wang P, Feng Q, et al. Lipid nanoparticle-mediated efficient delivery of crispr / cas9 for tumor therapy. Npg Asia Mater. 2017;9:e441—
e441. doi:10.1038/am.2017.185

Drug Design, Development and Therapy DOVepI'eSS

Taylor & Francis Group

Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2025:19 Ei X in a 1023


https://doi.org/10.3390/polym14122510
https://doi.org/10.1021/bm301410d
https://doi.org/10.1002/anie.201914751
https://doi.org/10.3390/v15030698
https://doi.org/10.1016/j.addr.2005.09.019
https://doi.org/10.1002/jgm.3101
https://doi.org/10.3390/molecules27041372
https://doi.org/10.1016/j.addr.2024.115461
https://doi.org/10.1016/j.jconrel.2015.01.010
https://doi.org/10.1155/2015/595363
https://doi.org/10.3390/jpm7040012
https://doi.org/10.3390/jpm7040012
https://doi.org/10.1038/am.2017.185
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Mechanism of ASOs
	RNA Degradation Mechanisms
	Occupancy-Only Mechanisms
	Antisense miRNA (Anti-miRNA)


	ASOs and Potential Targets for Cancer Therapy
	Delivery Strategies for ASO Drugs
	Chemical Modifications
	Lipid-Based ASO Delivery Systems
	Extracellular Vesicles Based ASO Delivery Systems
	Cell Membrane-Based Delivery Systems
	Other ASO Delivery Systems

	Lipid Nanovesicles: Superior Carriers for ASO Delivery
	Concluding and Future Perspectives
	Abbreviations
	Acknowledgments
	Author Contributions
	Disclosure
	References

