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Annual development trends in technological innovations and therapeutic
applications of RNA therapy
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(Shanghai Information Center for Life Sciences, Shanghai Institute of Nutrition and Health, Chinese Academy of
Sciences, Shanghai 200031, China)

Abstract: Driven by synergistic breakthroughs in chemical modifications, delivery technologies, and mechanistic
understanding, RNA therapeutics—spearheaded by oligonucleotide therapeutics and mRNA technologies—has
rapidly evolved from fundamental discoveries into a phase of extensive clinical translation. It now stands as a pivotal
frontier in global biomedical innovation. This review systematically analyzes the progress in 2025 across foundational
platforms, disease-targeting research, clinical development, and industrialization, while assessing future trends and
offering strategic recommendations. At the technology level, sequence and structural design have become more
refined, evolving from an empirical and rule-dependent approach to a new stage of Al-driven rational design.
Advances in chemical modification technologies targeting the backbone, ribose, and nucleobases continue to enhance
RNA stability and effectively reduce immunogenicity, while achieving precise and intelligent modulation has emerged
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as a focal point in the field. Although current delivery systems remain dominated by liver-targeting approaches using

lipid nanoparticles (LNPs) and GalNAc conjugates, next-generation technologies are diversifying toward overcoming

hepatic clearance and achieving tissue-specific targeting. Meanwhile, the application of artificial intelligence tools is

significantly accelerating the processes of sequence design and delivery vehicle screening. In the field of basic and

clinical research, the application of oligonucleotide therapeutics is rapidly expanding from genetic disorders to
chronic diseases such as cardiovascular and neurodegenerative conditions. mRNA technology has also advanced
beyond infectious diseases into oncology and metabolic disorders, with particularly deepening progress in cancer
immunotherapy, where personalized neoantigen vaccines have achieved milestone developments. Capitalizing on its
inherent stability, circular RNA (circRNA) has emerged as a highly promising platform for novel vaccines and
therapeutic drugs. As these technologies mature, the industry is transitioning from the proof-of-concept phase to
commercial-scale production. Supported by innovative platform technologies and global collaborations, China is
rising as a pivotal force in global biomedical innovation. Looking ahead, critical challenges remain in achieving
extrahepatic tissue-specific delivery, realizing precise and tunable regulation, and understanding long-term biological
effects. Overcoming these hurdles is essential for developing the next generation of accurate, safe, and broadly

applicable RNA therapies.
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Figure 1 Schematic diagram of the RNA therapy development system
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Table 2 Small nucleic acid therapeutics in phase lll clinical trials and candidates planned for market approval

in rare inherited diseases
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Table 3 Development status of mRNA tumour vaccines in clinical trials
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Table 4 Status of mRNA drug development in clinical trials
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Table 5 Status of circular RNA drug development in clinical stage
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Figure 2 Number of deals and collaborations in key technology platforms and R&D pipelines within the RNA
therapeutics field by 2025



306 HA 202544 iy fEE R AT AT 4 A

H38%:

PETFFRNATERFE N A E . [FRT, RNATL A&
AR IE IR L A0 1) 45 RE G W 4%, SR AL
(1R 28 AR S M ST 5 4 7 B, O B A B e
SO i i

TR SRR E DU R B A B 2 AL
NSNS . RGBSR AERNAJZ A BB HL
FIH 24 2= 5 AR AR AT HRNAFF S, LA 7 ik
WERE, [ RA SR IEGIFRNALIBE .RNAE
(I GECSSXE 9 G e e (RS Yk c P LIS AR
KT T — AR m R MR AR P RN AR Y 7 T4
HERATE T

SRR A S R B L il 5 KAk &
o BEA B, B 2 0 A 2 DL A R S
MTEENA N BT ; KAARNAY T AT 2
FRAR - et I 5 A R A5 08 P s FB 3 1 A 0 T
W BT IR 2 A HH s mRNA BRI B 5 CAR-TY Y
T IR A AT SIS, A R T e 4ok 2
Y B ETRT T IR R I SCHRE A

DU N TR RETR MR AERT & b 4 . AT ACKE
BUOE BN BETT AR ARG 1k 2] 24555 0 A 4 i A, B
FHIF RS I da s fE &

2 B BTV RN BV B B A 5]
Free i RIE i A AR A RNAFE AR I BBl
IR 5 S T AT i RSk  — 1A
A B A B HT AR

S Uk

[1] Krawczyk PS, Mazur M, Orzet W, et al. Re-adenylation
by TENT5A enhances efficacy of SARS-CoV-2 mRNA
vaccines. Nature, 2025, 641: 984-92.

[2] Fukuchi K, Nakashima Y, Abe N, et al. Internal cap-
initiated translation for efficient protein production from
circular mRNA. Nat Biotechnol, 2026, 44: 120-32.

[3] Zhang H, Liu H, Xu Y, et al. Deep generative models
design mRNA sequences with enhanced translational
capacity and stability. Science, 2025, 390: eadr8470.

[4] Mo O, Zhang Z, Cheng X, et al. mRNA designer: an
integrated web server for optimizing mRNA design and
protein translation in eukaryotes. Nucleic Acids Res,
2025, 53: W415-26.

[5] Chiba S, Lim KRQ, Sheri N, et al. eSkip-Finder: a
machine learning-based web application and database to

identify the optimal sequences of antisense oligonucleotides

(6]

(7]

(8]

(9]

[10]

[12]

[13]

for exon skipping. Nucleic Acids Res, 2021, 49:
W193-98.

Hwang G, Kwon M, Seo D, et al. ASOptimizer:
Optimizing antisense oligonucleotides through deep
learning for IDO1 gene regulation. Mol Ther Nucleic
Acids, 2024, 35: 102186.

Tarbashevich K, Ghosh A, Das A, et al. Optochemical
control over mRNA translation by photocaged
phosphorodiamidate morpholino oligonucleotides in
vivo. Nat Commun, 2025, 16: 3614.

Zhao X, Xu J, Liang X, et al. NQO1-activatable circular
antisense oligonucleotides for tumor-cell-specific survivin
gene silencing and antitumor therapy. J Med Chem,
2025, 68: 4466-76.

Bérouti M, Wagner M, Greulich W, et al. Pseudouridine
RNA avoids immune detection through impaired
endolysosomal processing and TLR engagement. Cell,
2025, 188: 4880-95.¢e15.

Kim M, Pyo Y, Hyun SI, et al. Exogenous RNA
surveillance by proton-sensing TRIM2S5. Science, 2025,
388: eads4539.

Iwai H, Kimura Y, Honma M, et al. Position-specific
ORF nucleoside-ribose modifications enabled by complete
chemical synthesis enhance mRNA stability and translation.
Nat Commun, 2025, 16: 9995.

Castafio D, Bettini E, Kumar B, et al. Distinct
components of mRNA vaccines cooperate to instruct
efficient germinal center responses. Cell, 2025, 188:
7461-80.¢23.

Liu Y, Liu Q, Zhang B, et al. Generation of tolerogenic
antigen-presenting cells in vivo via the delivery of
mRNA encoding PDL1 within lipid nanoparticles. Nat
Biomed Eng, 2025, 9: 1320-34.

Rudra A, Gupta A, Reed K, et al. Degradable cyclic
amino alcohol ionizable lipids as vectors for potent
influenza mRNA vaccines. Nat Nanotechnol, 2025, 20:
1831-42.

Chan A, Kirtane AR, Qu QR, et al. Designing lipid
nanoparticles using a transformer-based neural network.
Nat Nanotechnol, 2025, 20: 1491-501.

Wang C, Xue Y, Markovic T, et al. Blood-brain-barrier-
crossing lipid nanoparticles for mRNA delivery to the
central nervous system. Nat Mater, 2025, 24: 1653—63.
Cao D, Hou X, Wang C, et al. Lipid nanoparticles for
mRNA delivery in brain via systemic administration. Sci
Adv, 2025, 11: eadw0730.

Xue Y, Hou X, Wang S, et al. Antimicrobial peptide
delivery to lung as peptibody mRNA in anti-



Wi r , 5 : RNASTIEEORQUHT 53677 I AR B K J s 307

[19]

[20]

[21]

[22]

(23]

[24]

(25]

(26]

(27]

(28]

inflammatory lipids treats multidrug-resistant bacterial
pneumonia. Nat Biotechnol, 2025:10.1038/s41587-025-
02928-x.

Quijano E, Martinez-Saucedo D, lanniello Z, et al.
Systemic administration of an RNA binding and cell-
penetrating antibody targets therapeutic RNA to
multiple mouse models of cancer. Sci Transl Med,
2025, 17: eadk1868.

Means JC, Martinez-Bengochea AL, Louiselle DA, et
al. Rapid and scalable personalized ASO screening in
patient-derived organoids. Nature, 2025, 638: 237-43.
Borges B, Brown SM, Chen WJ, et al. Intra-amniotic
antisense oligonucleotide treatment improves phenotypes in
preclinical models of spinal muscular atrophy. Sci Transl
Med, 2025, 17: eadv4656.

Tao Y, Tian C, Qi S, et al. Targeting both death and
paracaspase domains of MALT! with antisense
oligonucleotides overcomes resistance to immune-
checkpoint inhibitors. Nat Cancer, 2025, 6: 702—17.
Hipp JF, Bacino CA, Bird LM, et al. The UBE3A-ATS
antisense oligonucleotide rugonersen in children with
Angelman syndrome: a phase 1 trial. Nat Med, 2025,
31: 2936-45.

Wagner M, Berecki G, Fazeli W, et al. Antisense
oligonucleotide treatment in a preterm infant with early-
onset SCN2A developmental and epileptic encephalopathy.
Nat Med, 2025, 31: 2174-78.

Komaki H, Takeshita E, Kunitake K, et al. Phase 1/2 trial of
brogidirsen: Dual-targeting antisense oligonucleotides for
exon 44 skipping in Duchenne muscular dystrophy. Cell
Rep Med, 2025, 6: 101901.

Rosenson RS, Lopez JAG, Gaudet D, et al. Olpasiran,
oxidized phospholipids, and systemic inflammatory
biomarkers: Results from the OCEAN(a)-DOSE trial.
JAMA Cardiol, 2025, 10: 482-86.

Nissen SE, Ni W, Shen X, et al. Lepodisiran-a long-
duration small interfering RNA targeting lipoprotein(a).
N Engl J Med, 2025, 393: 411.

Ray KK, Oru E, Rosenson RS, et al. Durability and
efficacy of solbinsiran, a GalNAc-conjugated siRNA
targeting ANGPTL3, in adults with mixed dyslipidaemia
(PROLONG-ANG3): a double-blind, randomised,
placebo-controlled, phase 2 trial. Lancet, 2025, 28:
405: 1594-607.

[29]

[35]

[37]

[39]

Desai AS, Karns AD, Badariene J, et al. Add-on
treatment with zilebesiran for inadequately controlled
hypertension: The KARDIA-2 randomized clinical trial.
JAMA, 2025, 334: 46-55.

Loomba R, Morgan E, Yousefi K, et al. Antisense
oligonucleotide DGAT-2 inhibitor, ION224, for metabolic
dysfunction-associated steatohepatitis (ION224-CS2):
results of a 51-week, multicentre, randomised, double-
blind, placebo-controlled, phase 2 trial. Lancet, 2025,
406: 821-31.

Vidal SJ, Lasrado N, Tostanoski LH, et al. Mining the
CD4 antigen repertoire for next-generation tuberculosis
vaccines. Cell, 2025, 188: 6791-03.e13.

Friedrich MJ, Pham J, Tian J, et al. Transient hepatic
reconstitution of trophic factors enhances aged immunity.
Nature, 2026, 650: 481-89.

Nakanishi H, Itaka K. Extracellular ligand-responsive
translational regulation of synthetic mRNAs using
engineered receptors. NPG Asia Mater, 2025, doi:
10.1038/s41427-025-00607-6.

Fitz-Patrick D, McVinnie DS, Jackson LA, et al.
Efficacy, immunogenicity, and safety of modified mRNA
influenza vaccine. N Engl J Med, 2025, 393: 2001-11.
Rudman Spergel AK, Wu I, Deng W, et al.
Immunogenicity and safety of influenza and COVID-
19 multicomponent vaccine in adults =50 years: A
randomized clinical trial. JAMA, 2025, 333: 1977-87.
Willis JR, Prabhakaran M, Muthui M, et al. Vaccination
with mRNA-encoded nanoparticles drives early maturation
of HIV bnAb precursors in humans. Science, 2025, 389:
eadr8382.

Sethna Z, Guasp P, Reiche C, et al. RNA neoantigen
vaccines prime long-lived CD8" T cells in pancreatic
cancer. Nature, 2025, 639: 1042-51.

Suo J, Li L, Tan W, et al. Circular RNA-based protein
replacement therapy mitigates osteoarthritis in male
mice. Nat Commun, 2025, 16: 8480.

Zhang Y, Liu X, Shen T, et al. Small circular RNAs as
vaccines for cancer immunotherapy. Nat Biomed Eng,
2025, 9: 249-67.

Feng X, Jiang BW, Zhai SN, et al. Circular RNA
aptamers targeting neuroinflammation ameliorate
Alzheimer disease phenotypes in mouse models. Nat
Biotechnol, 2025, doi: 10.1038/s41587-025-02624-w.



