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Abstract Atopic dermatitis (AD) is a common chronic inflammatory skin disorder affecting all

age groups, especially children, with a prevalence of up to 20% globally. AD remains burdensome

and incurable with current therapeutic strategies―ranging from trigger avoidance and skincare to

medication―primarily address symptoms rather than disease modification, underscoring the imperative

for innovative therapeutic paradigms. RNA-targeted therapies, particularly antisense molecules, have

emerged as a transformative approach in precision medicine, with proven clinical success in diseases such

as spinal muscular atrophy and familial chylomicronemia syndrome. These therapeutics achieve post-

transcriptional regulation unattainable by conventional therapies, enabling direct targeting of messenger

RNA (mRNA) and regulatory non-coding RNAs (ncRNAs) implicated in disease pathogenesis. Further-

more, skin is better suited to the antisense modulation due to the relatively easy access to target cells.

Numerous studies have explored antisense-based targeting of key drivers in AD progression, yielding

promising proof-of-concept results and prompting several early-stage clinical trials. This modality

represents a paradigm shift in AD management―one that aligns with the broader revolution in RNA

therapeutics reshaping modern medicine. This review critically examines the evolving role of antisense

technology in AD, addressing both its mechanistic rationale and the translational challenges that must be

overcome to realize its full clinical potential.
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1. Introduction

Atopic dermatitis (AD), a chronic heterogeneous inflammatory skin

disease, can affect up to 20% of children and 10% of adults world-

wide, with over 200 million people impacted. Its prevalence has

increased in both developed and developing nations in recent

decades1. AD presents with a range of symptoms, from acute eczema-

like eruptions such as erythema, papules, erosion, vesicles, and

exudative lesions, to long-term skin thickening and lichenification2.

The most disruptive symptom is intense, persistent itching, which not

only interferes with daily life but also causes sleep disturbances3,4.

Beyond skin issues, AD has multisystemic features, such as

metabolic disease, including diabetes, cardiovascular disease, etc.,

as well as infections, malignancy, autoimmune diseases, and

mental disorders5-7. Moreover, several studies indicate a positive

correlation between the severity of AD and the incidence of these

comorbidities5,6. AD is highly heritable, and its onset often triggers

other allergic conditions like asthma, allergic rhinitis, and

eosinophilic esophagitis, with the risk increasing with AD

severity8-10. About a third of AD patients may eventually develop

asthma, and another third will have allergic rhinitis11. As a lifelong

condition, AD significantly impacts both patients and their families,

reducing quality of life and placing a financial burden on society

through rising healthcare costs and lost productivity12.

The pathogenesis of AD involves complex interactions

between genetic factors, epidermal barrier dysfunction, immune

system abnormalities, epigenetic changes, and so on13. Although

treatment strategies for AD have evolved, challenges remain in

addressing clinical needs. Traditional treatment regimens, pri-

marily based on topical corticosteroids (TCS), topical calcineurin

inhibitors, phosphodiesterase-4 inhibitors, phototherapy, and

broad-spectrum immunosuppressive agents, have been com-

plemented in recent years by the advent of biologics and small-

molecule drugs14. Notably, dupilumab, targeting the interleukin

(IL)-4/IL-13 receptor, nemolizumab, an IL-31 receptor inhibitor,

and Janus kinase (JAK) inhibitors have improved outcomes for

moderate-to-severe AD15-17. However, a substantial proportion of

patients still experience treatment resistance or partial responses,

and novel targeted therapies may be associated with adverse ef-

fects such as blepharitis, head and neck dermatitis, or exacerbation

of acne18. While current therapies can achieve short-term symp-

tom control, long-term management of AD faces dual challenges:

first, traditional immunosuppressants may increase the risk of

long-term complications such as leukopenia, hepatotoxicity, and

nephrotoxicity due to systemic exposure19; second, existing tar-

geted therapies fail to fully block the multi-pathway pathogenesis

of AD, resulting in persistently high recurrence rates, which un-

derscores the necessity of developing long-term therapies target-

ing the root causes of AD.

Antisense molecule technology, as a focal point in contempo-

rary biopharmaceutical research, offers a promising new direc-

tion20. They are a class of therapeutic oligonucleotides designed to

target disease-associated messenger RNA (mRNA), or regulatory

non-coding RNAs (ncRNAs). And after base complementary

pairing, they modulate the gene expression in various ways21

(Fig. 1). Based on the broad-spectrum action characteristics of

ncRNAs in gene regulation, antisense molecules can systematically

target gene expression networks related to AD, achieving coordi-

nated intervention of multi-pathway nodes22,23. This approach not

only achieves long-term remission but also fundamentally alters

the AD’s course through epigenetic reprogramming24.

More and more antisense drugs have gained approval for various

conditions, such as fomivirsen25, mipomersen26, nusinersen27,

eteplirsen28, inotersen29, golodirsen30, volanesoren31, viltolarsen32,

casimersen33, tofersen34, eplontersen35 (Table 125-41). Several

clinical trials are underway. CDR132L, a first-in-class microRNA

(miRNA)-132 inhibitor, was safe and well-tolerated in a Phase 1b

trial for chronic ischemic heart failure42. A Phase IIa clinical trial of

BP1001, an antisense DNA (ODN) targeting growth factor

receptor-bound protein 2, in combination with venetoclax and

decitabine in patients with acute myeloid leukemia who are not

candidates for intensive induction therapy is ongoing, with interim

data showing encouraging efficacy and no drug-related toxicity

(NCT02781883)43. Bepirovirsen targeting all hepatitis B virus

(HBV) mRNA was shown to continuously reduce hepatitis B sur-

face antigen and HBV DNA in 9 to 10% of patients with chronic

HBV infection in a phase 2b trial44 (Table 242-44). These examples

highlight the potential of antisense therapies (Table 321-24,45-52

provides a brief overview of different kinds of antisense molecules)

as a novel and feasible therapeutic strategy for diseases like AD.

Additionally, since the skin is accessible, antisense drugs can act

directly on the lesion without the need for liver metabolism, which

has a unique advantage for treating skin diseases53,54. To become a

reality for treating AD, however, therapeutic antisense strategy in

AD is still in its infancy and must first clear some significant

obstacles. This review focuses on the latest advances and ongoing

efforts to bring antisense therapeutics to AD.

2. Causes and molecular pathogenesis of AD

2.1. Genetic defects

Typically, AD patients have a family history of atopic diseases. To

date, a variety of AD susceptibility genes have been identified; the

most important ones are those encoding structural and functional

proteins of the epidermis and proteins that modulate the innate and

adaptive immune responses55. One key risk factor for AD is

epithelial barrier dysfunction caused by mutations in the filaggrin

(FLG) gene56. FLG, a major protein in the stratum corneum (SC),

aggregates keratin fibers to form a barrier that prevents moisture

loss and protects against allergens57. Deamination of the FLG

produces a natural moisturizing factor, which can retain an

adequate amount of moisture in the skin, maintain the skin pH

value at a proper level, and then inhibit the expansion of Staph-

ylococcus aureus58. The FLG loss-of-function mutation will

impair the skin barrier, leading to increased water loss, elevated

skin pH, and greater permeability to allergens, which heighten the

risk of AD59,60. Additionally, roughly half of patients with mod-

erate to severe AD had FLG with null mutations61. Genetic barrier

defects also reduce the expression of other key structural proteins,

such as keratin, loricrin, involucrin, and cladin-1, claudin-23,

compromising the mechanical barrier function of the skin62. In

addition, a European and multi-ancestry genome-wide association

meta-analysis of AD reported two other genes significantly asso-

ciated with AD. They were S100A9 (OR � 1.36, P � 5.5E-212)

and RORC (OR � 1.24, P � 3.1E-134), whereas the association

of FLG with AD had an OR � 1.41, P � 1.4E-22863. RORC,

encoding the Th17-specific transcription factor retinoid-related

orphan nuclear receptor gamma t, drives Th17 differentiation

and synergizes with other factors to activate Th17-associated

genes (e.g., IL17A, IL17F, and IL23R)64. Th17 cells, which are

closely associated with AD’s pathogenesis, produce cytokines like

IL-17A, IL-17F, and IL-23. These cytokines are elevated in
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pediatric AD patients and positively correlate with disease

severity65. In murine models of AD, IL-17E upregulation

stimulates the production of endothelin-1, a key pruritogenic

mediator66. Studies have demonstrated that IL-17 can induce the

expression of antimicrobial peptides (e.g., IL-36γ, S100A7, and

human beta-defensin 2), chemokines including C—X—C motif

chemokine ligand 8 and C—C motif ligand 5 (CCL5), as well as

other cytokines like vascular endothelial growth factor, IL-8, and

Figure 1 Mechanisms of oligonucleotide-induced regulation of gene expression. These four methods involve binding complementary oligo-

nucleotides to the target RNA through base pairing, and thus all four methods essentially operate through an antisense mechanism. However, their

downstream mechanisms differ significantly. (A) Antisense DNA (ODN) enter cells, bind to their target mRNA, and recruit ribonuclease H

(RNase H), an enzyme that causes RNA cleavage. (B) Via endocytosis, siRNA enters the cytoplasm, where it combines with Dicer (RNase III

endonuclease), Argonaute (RNase), and transactivation response element RNA-binding protein (TRBP) to form the RNA-induced silencing

complex loading complex (RLC). To create a mature RNA-induced silencing complex (RISC), the RLC keeps the guide strand of siRNA and

eliminates the passenger strand. Once the target mRNAs have sequences complementary to the siRNA guide strand, RISC may bind to them.

Argonaute then induces cleavage of the mRNA and subsequent degradation by exonuclease. The RISC is a multiple-turnover enzyme, and thus the

still-active RISC continues to bind to other target mRNA molecules. (C) In the nucleus, RNA polymerase II produce hairpin-containing pri

mRNA, which is then processed by Drosha and di George critical region 8 proteins to form pre mRNA. Next, pre mRNA is exported to the

cytoplasm, processed by Dicer into duplex, and loaded into the RLC for action. The mechanism of action is similar to that of siRNA. With the

difference that the mature miRNAs are often not fully complementary to their targets and result in translational repression upon binding to the

target mRNA. When a perfect match is made with the target, the miRNA exerts a cleavage effect. (D) The target RNA binds to the substrate

binding domains of DNAzyme. After the recruitment of RNase H, the DNAzyme cleaves the target RNA in the presence of Mg2+.
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Table 1 Antisense therapeutics approved by the FDA and EMA.

Drugs name Target Indication Administration Approval year Ref.

ODN

Fomivirsen CMV IE2 Cytomegalovirus retinitis Intravitreal 1998a2002 25

Mipomersen Apolipoprotein B-100 Hypercholesterolemia Subcutaneous 2013a2018 26

Nusinersen SMN2 Spinal muscular atrophy Intrathecal 2016 27

Eteplirsen Dystrophin gene exon 51 Duchenne muscular dystrophy Intravenous 2016 28

Inotersen TTR Hereditary transthyroxine amyloidosis Subcutaneous 2018 29

Golodirsen Dystrophin gene exon 53 Duchenne muscular dystrophy Intravenous 2019 30

Volanesorsen Apolipoprotein CIII Familial chylomicronemia syndrome Subcutaneous 2019 31

Viltolarsen Dystrophin gene exon 53 Duchenne muscular dystrophy Intravenous 2020 32

Casimersen Dystrophin gene exon 45 Duchenne muscular dystrophy Intravenous 2021 33

Tofersen Superoxide dismutase 1 Amyotrophic lateral sclerosis Intrathecal 2023 34

Eplontersen TTR TTR-mediated amyloidosis Subcutaneous 2023 35

siRNA

Givosiran Delta-ALA synthase 1 Acute hepatic porphyria Subcutaneous 2019 36

Lumasiran HAO1 Primary hyperoxaluria type 1 Subcutaneous 2020 37

Inclisiran PCSK9 Primary hypercholesterolemia/mixed

dyslipidemia in adults

Subcutaneous 2020 38

Vutrisiran TTR hATTR-PN Subcutaneous 2022 39

Nedosiran LDHA Primary hyperoxaluria type 1 Subcutaneous 2023 40

Patisiran TTR TTR-mediated amyloidosis Intravenous 2018 41

hATTR-PN, hereditary transthyretin amyloid polyneuropathy; LDHA, lactate dehydrogenase A in hepatocytes, ALA, aminolevulinic acid.
aWithdrawal of approval.

Table 2 The current preclinical antisense drugs (mentioned in the text).

Drugs name Target Indication Administration Phase Ref.

miRNA antagonist

CDR132L miR-132 Chronic ischemic heart failure Intravenous Phase 1b 42

ODN

BP1001 Grb2 Acute myeloid leukemia Intravenous Phase 2 43

Bepirovirsen HBV mRNA Chronic HBV infection Subcutaneous Phase 2b 44

HBV, hepatitis B virus.

Table 3 Characteristics of major antisense molecule families21-24,39-46.

Antisense molecule Antisense DNA (ODN) siRNA miRNA DNAzyme

Structure Linear ssDNA or dsDNA Linear dsRNA Linear ssRNA ssDNA with two binding

domains encircling a

central catalytic domain

Length 15—20 nucleotides 21—25 nucleotides 19—25 nucleotides 30—35 nucleotides

Enzymes needed Ribonucleases H1 RNA-induced silencing

complex

No No

Modifications e.g., 2′-O-Me, 2′-MOE

and locked nucleic acids

e.g., 3′-inverted

thymidine

e.g., 2′-F, 2′-O-Me and 2′-

MOE

e.g., 3′-inverted

thymidine and PS

Advantages High target affinity

Extensive modification

capacity → improved

nuclease resistance and

pharmacokinetics

Endogenously processed

by Dicer

Complete mRNA

degradation

Multi-gene regulation

Extensive modification

capacity → enhanced

drug properties

Low immunogenicity

Enhanced cell penetration

Ease of synthesis

Minimal side effects

Disadvantages Off-target effects

Chemistry-dependent

toxicity

Poor in vivo stability

Inadequate cell uptake

Low specificity

Unforeseen side effects

Mg2+-dependent

ss, single-stranded; ds, double-stranded; 2′-O-Me, 2′-O-methyl; 2′-MOE, 2′-O-methoxymethyl; 2′-F, 2′-fluoro; PS, phosphorothioate.
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granulocyte-macrophage colony-stimulating factor, while also

promoting Th2 immune responses67,68. The Th17/Th22 pathway

can induce the expression of S100A9, which is highly elevated in

AD patients’ serum and skin tissues, correlating strongly with the

disease severity69. Extracellular S100A9 acts as a pro-

inflammatory “sirens”, promoting neutrophil, monocyte, and

lymphocyte chemotaxis via Toll-like receptor 4 (TLR4) and

enhancing Th2 responses by inducing keratinocyte-derived IL-33

through the receptor of advanced glycation endproducts70,71.

However, no study has yet revealed a direct link between muta-

tions in either of these genes and the development of AD.

2.2. Immune dysregulation

Immunologic factors are also important in the development of AD

(Fig. 2). One theory suggests that impaired skin barriers lead to

immune dysregulation, while another posits that immune abnor-

malities make the skin more vulnerable to environmental stim-

uli72. Anyway, targeting the immune system is crucial in the

treatment of AD. The main immunological features of AD are Th2

cell activation and related cytokine expression (e.g., IL-4, IL-5,

IL-13, and IL-31), further promoting B cell proliferation, IgE

synthesis, and eosinophilic activation13. The activation of T cells

is regulated by multi-layered signaling mechanisms. Following

antigen recognition by the T cell receptor, which generates the

first signal, the downstream signal molecule, such as IL-2-

inducible tyrosine kinase, amplifies the signaling cascade within

T cells73,74. The second signal for T cell activation is provided by

the interaction between CD86 on antigen-presenting cells and

CD28 on T cells75,76. IL-4 and IL-13 work by binding to IL-4

receptor type II, triggering the phosphorylation of JAK1 and

tyrosine kinase 2 (TYK2), leading to the activation of signal

transducer and activator of transcription 3 (STAT3) and STAT6,

which enter the nucleus to initiate AD cytokine-related gene

expression77. Additionally, aberrantly expressed IL-10 in AD le-

sions activates the STAT1/STAT3 signaling axis via JAK1/TYK2,

playing a pivotal role in regulating Th17/Th22 immune responses,

which are more prominent in chronic AD. And these two signaling

pathways can be inhibited by cytokine signaling transmission1

(SOCS1) inhibitors78.

Beyond the adaptive immune system, the innate immune sys-

tem, serving as the skin’s first line of defense, also plays a sig-

nificant role in the development of AD. Keratinocytes, the primary

cellular component of the epidermis, are key players in the skin’s

innate immunity79. Upon exposure to external environmental

stimuli, the epidermis is damaged, and keratinocytes secrete pro-

inflammatory cytokines such as thymic stromal lymphopoietin

(TSLP), IL-33, IL-25, and intercellular adhesion molecule-1

(ICAM-1), which promote the maturation and migration of eo-

sinophils, Th2 cells, and other immune cells80,81. Furthermore,

macrophage-derived chemokine CCL22 is significantly elevated

in the serum of AD patients and correlates with disease severity,

Figure 2 Immunological dysregulation of AD. Zo-1, zonula occludens protein-1; TJ, protein tight junction protein; PRR, pattern recognition

receptors; AMP, antimicrobial peptides; PAMPs, pathogen-associated molecular patterns; TLR, Toll-like receptors; NLR, NOD-like receptors;

PGRP, peptidoglycan recognition protein; TSLP-R, thymic stromal lymphopoietin receptor; H1R, histamine H1 receptor; VEGF, vascular

endothelial growth factor; IDEC, inflammatory dermal dendritic cell; INF-γ, interferon gamma; TNF-α, tumor necrosis factor alpha.
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helping recruit Th2 lymphocytes82-84. Pattern recognition re-

ceptors, which are mainly expressed on the surface of innate

immune cells, identify pathogen-associated molecular patterns

and help to trigger innate immunity85,86. Pattern recognition re-

ceptors related to AD mainly include TLRs, NOD-like receptors

(NLRs), C-type lectin receptors, etc87. TLRs and NLRs are the

main receptors against S. aureus, and damage to these receptors

increases S. aureus colonization, which is common in AD88. The

adaptive immune response also regulates the innate immune system

in AD, for instance, under the action of Th2 cytokines, antimicro-

bial peptides are suppressed, and dendritic cells also lose their

ability to release anti-inflammatory IL-10 against bacteria89-91.

Therefore, therapies targeting the Th2 bias in AD may help restore

balance to both the adaptive and innate immune responses.

2.3. Damaged epidermal barrier

AD often originates from skin barrier dysfunction, which is driven

by the synergistic interaction between genetic defects (as previ-

ously mentioned), environmental factors, and inflammation,

creating a vicious cycle of “barrier damage-environmental stim-

ulus-immune activation-barrier deterioration”92,93. In AD patients,

ceramide levels are significantly reduced, correlating positively

with disease severity94. The activities of proteases secreted by S.

aureus and house dust mites are markedly elevated in AD lesions,

while the activity of endogenous protease inhibitors is insufficient,

resulting in increased barrier permeability and amplified inflam-

mation. In addition, the use of soap or detergent increases skin pH,

together with the activation of serine protease, which accelerates

the degradation of ceramide synthetase, leading to disorganized

lipid layer structures and further compromising the hydrophobic

barrier function95. In vitro studies show that elevated Th2 cyto-

kines can induce barrier defects even without genetic mutations by

downregulating key epidermal proteins like FLG, loricrin, and

involucrin, thus impairing barrier function96. Notably, pruritus-

related inflammatory cytokines such as IL-31 induce scratching

behavior, further exacerbating physical barrier damage97.

2.4. Epigenetic changes

The rapid rise in the prevalence of AD in recent years cannot be

fully explained by the low probability of genetic mutations alone.

Instead, environmental factors, such as exposure to house dust mite

allergens, have emerged as significant contributors to AD devel-

opment98. Epigenetic mechanisms, including histone modifica-

tions, DNA methylation, and miRNA dysregulation, have been

identified as key mediators of environmental influences on gene

expression. Histone modifications such as acetylation induce

tighter chromatin packing, thereby suppressing transcription, while

deacetylation promotes chromatin relaxation and transcriptional

activation. DNA methylation targets cytosine-phosphate-guanosine

(CpG)-rich promoter sequences and inhibits gene expression by

blocking transcription factor binding55,99.

The interaction between miRNA therapy and important targets

in the pathogenesis of AD has been extensively studied (Fig. 3).

Sonkoly et al.100 and Yao et al.101 identified 44 differentially

expressed miRNAs (34 downregulated and 10 upregulated) in AD

lesional skin compared to healthy controls. Notably, miRNA-155,

one of the most upregulated miRNAs in AD, positively correlates

with disease severity. miR-155 can activate the JAK/STAT

pathway by targeting SOCS1 and exacerbate T cell activation

by inhibiting cytotoxic T lymphocyte-associated antigen-4

expression100,101. One study confirmed that miR-155-5p

destroyed tight junction (TJ) protein by targeting protein kinase

inhibitor102. Conversely, miR-143 is downregulated in AD lesions

and directly targets IL13RA1 mRNA, regulating the impact of

IL-13 on epidermal barrier function100,103. Another miRNA,

miR-100-5p, inhibits the NLRP3 (NLR family, pyrin domain

containing 3) signaling pathway by targeting forkhead box protein

3 (a transcription factor of the O subclass of the forkhead family),

thereby reducing inflammation and pyroptosis104. Additionally,

miR-146a, known for its role in innate immune responses, sup-

presses the expression of immune-related factors in keratinocytes,

such as IL-1 receptor-associated kinase 1 and tumor necrosis

factor (TNF) receptor-associated factor 6, both of which are

critical molecules in TLR signaling105. Rebane et al.106 further

demonstrated elevated miR-146a levels in chronic AD lesions and

identified novel targets, including CCL5 and caspase recruitment

domain-containing protein 10, which mediate the degradation of

nuclear factor kappa-B (NF-κB) inhibitors. Yang et al.107 reported

reduced miR-124 expression in AD lesions, inversely correlated

with elevated levels of RELA, IL8, CCL5, and CCL8 mRNA.

Recently, a study found that miR-147a is significantly down-

regulated in the serum and skin lesions of AD mice108.

Furthermore, prenatal and postnatal environmental exposures

can permanently alter the epigenome of offspring109,110. For

example, maternal tobacco exposure during pregnancy increases

miR-223 expression in umbilical cord blood, reduces methylation

levels at the TSLP 5′CpG island, and alters DNA methylation

patterns at the forkhead box protein 3 locus, leading to reduced

Treg cell counts and heightened susceptibility to AD within the

first three years of life99,111,112.

2.5. Other aspects

Pruritus, one of the hallmark symptoms of AD, arises from a

highly organized interplay among keratinocytes, the immune

system, and the nervous system. Chronic itch in AD is primarily

driven by non-histaminergic pathways113. TSLP directly activates

sensory neurons expressing transient receptor potential ankyrin 1,

thereby triggering itch signaling114. Additionally, Th2 cytokines

such as IL-4 directly stimulate afferent neurons via the IL-4 re-

ceptor α and JAK1115. TSLP and substance P amplify this process

by activating the production of Th2 cytokines, creating a feed-

forward loop in which Th2 cytokines induce additional TSLP

expression, perpetuating the itch116. Beyond peripheral sensitiza-

tion mechanisms, dysregulation of central neural circuits also

contributes to AD-associated pruritus. Peptidergic C fibers release

neuropeptides such as substance P, exacerbating itch and neuro-

inflammation117. Moreover, non-peptidergic sensory neurons

stimulated by IL-31 release brain natriuretic peptide, which

transmits IL-31-mediated itch signals to the spinal cord, linking

peripheral inflammation to central pruriceptive processing118,119.

Dysbiosis of the skin microbiome, particularly the abnormal

colonization of S. aureus, also plays a significant role in AD

pathogenesis120,121. Overgrowth of S. aureus exacerbates skin

barrier dysfunction and inflammation through multiple

mechanisms, such as the release of δ-toxin, which stimulates

mast cell degranulation, and superantigens like enterotoxins,

which activate T cells122,123. Recent studies have emphasized the

role of vascular endothelial growth factor in AD by promoting

angiogenesis124.

Specific transcription factors are integral to AD pathogenesis.

Notably, NF-κB not only enhances the transcription of Th2
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cytokines but also induces cytokines like interferon-gamma (IFN-

γ), modulating the delayed Th1-dominant allergic response in

AD125-127. IFN-γ can upregulate cytokines such as CCL5, which

recruits eosinophils and macrophages, and CCL8, which drives the

recruitment of Th2 cells128-131. Knockdown of RELA significantly

reduces the levels of CCL5 and CCL8107. Hwang et al.132

demonstrated that upregulated IL-31 levels in AD mouse skin

lesions are directly associated with increased infiltration of nu-

clear factor of activated T-cells 1 (NFAT1)+CD4+ T cells, with

NFAT1 enhancing IL-31 expression. Additionally, transmembrane

protein 232, significantly elevated in both MC903-induced AD

mouse models and human AD lesions, exacerbates inflammation

by activating NF-κB and STAT3 pathways133. Guanine adenine

thymine adenine sequence-binding protein 3 (GATA-3) and T-box

expressed in T cells (T-bet) are master transcription factors for

Th2 and Th1 cell differentiation and activation, respectively134.

GATA-3 drives Th2 cells to produce IL-4, IL-5, and IL-13, while

T-bet is essential for Th1 cells to produce IFN-γ18,135,136.

3. AD: Current therapeutic landscape

Topical anti-inflammatory treatments remain the cornerstone of

AD symptomatic control. TCS, with its multiple mecha-

nisms―anti-inflammatory, immunosuppressive, vasoconstriction

promotion, and so on, has long been the first-line treatment for

AD137. As an alternative to TCS, topical calcineurin inhibitors

(e.g., tacrolimus and pimecrolimus) exert their immunosuppres-

sive effect by inhibiting the activation of T lymphocytes138.

Phosphodiesterase-4 inhibitors have demonstrated clinical efficacy

in AD patients by enhancing anti-inflammatory cytokine produc-

tion (e.g., IL-10) while concurrently suppressing pro-inflammatory

mediators (IL-4, IL-13, IL-22) and chemokine synthesis139,140.

Figure 3 Antisense therapies based on the pathogenesis of AD. APC, antigen-presenting cells; ICAM-1, intercellular adhesion molecule-1;

LFA-1, leukocyte function-associated antigen-1; MHC II, major histocompatibility complex II; TCR T, cell receptor; ITK, IL-2-inducible

tyrosine kinase; IP3, inositol triphosphate; DAG, diacylglycerol; PKC, protein kinase C; SOCS1, suppressors of cytokine signaling 1; STAT1,

signal transducers and activators of transcription 1; T-bet, T-box expressed in T cells; GATA-3, guanine adenine thymine adenine sequence-

binding protein 3; NF-κB, nuclear factor kappa-B; CTLA-4, cytotoxic T lymphocyte-associated antigen-4; CARD10, caspase recruitment

domain-containing protein 10; IRAK1, IL-1 receptor—associated kinase 1; UBD, ubiquitin D; TRAF6, tumor necrosis factor receptor-associated

factor 6; CCL22, chemokine ligand 22; VEGF-A, vascular endothelial growth factor-A.
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For mild-to-moderate AD, these therapies provide transient relief,

but disease recurrence often necessitates prolonged use, leading to

dose-dependent adverse effects such as skin atrophy, increased

susceptibility to infections, metabolic disturbances, and malig-

nancies141,142. In moderate-to-severe AD, topical agents exhibit

minimal efficacy, necessitating escalation to systemic immuno-

suppressants like cyclosporine, a calcineurin inhibitor used

systemically to treat AD143, methotrexate, or azathioprine, which

use their cytotoxicity to inhibit cells, particularly T lymphocytes,

and exert anti-inflammatory effects by inhibiting activation and

adhesion molecules144,145. However, these approaches are plagued

by non-specific immunosuppression, resulting in substantial off-

target risks, such as renal toxicity, hepatosis, and leukopenia19.

In recent years, the introduction of new targeted biologics and

small-molecule drugs has brought new hope to AD patients.

Dupilumab, a fully humanized monoclonal antibody that blocks

the α-chain of IL-4 and IL-13 receptors, has a good curative effect

in adults and children aged 6 years or older with moderate-to-

severe AD and has been listed in many countries15. Nevertheless,

in addition to being costly, it may suffer from conjunctivitis, herpes

zoster, acne, or folliculitis146. Nemolizumab, which targets IL-31

receptor α, has demonstrated promising efficacy in alleviating

itching and improving symptoms in AD patients aged 12 years and

older16, but the efficacy of this biologic was only temporary,

suggesting that IL-31 has no upstream role in the pathogenesis of

AD147. JAK inhibitors such as abrocitinib, upadacitinib, and bar-

icitinib have been approved for the systemic treatment of

moderate-to-severe AD patients and have shown good therapeutic

effects. However, this class of drug has been associated with

hepatotoxicity, nephrotoxicity, and blood toxicity (including

thrombocytopenia and lymphocytopenia), with black box warnings

of increased mortality, malignancy, and major cardiovascular

events148. Despite the availability of these new treatments, a sub-

stantial proportion of patients further face treatment resistance or

partial responses18. Allergen immunotherapy (AIT), also known as

desensitization therapy, refers to the gradual increase of patient

exposure to specific allergen doses, enabling the immune system to

progressively adapt and develop tolerance, ultimately achieving the

aim of desensitization149. Several large randomized clinical

trials150-152 have reported that this strategy can importantly

improve AD severity and the quality of life of AD patients.

However, AIT’s adverse events increased, and no study addressed

its potential long-term immunomodulatory effects. A critical lim-

itation of current therapies is their inability to fully address the

multi-pathogenic nature of AD, which encompasses dysregulated

epidermal barrier function, Th2/Th1-driven inflammation, genetic

and epigenetic changes, neuroimmune interactions, and other

contributing factors13. This incomplete blockade of disease path-

ways perpetuates a “relapse upon discontinuation” cycle and

further complicates long-term management. As a result, the

development of safe and effective treatments that synergistically

target upstream core disease drivers in AD remains a pressing

medical priority, motivating researchers to investigate treatments

such as oligonucleotide-based therapies (Fig. 4).

4. Antisense DNA and siRNA as therapeutic strategies for

AD

ODNs and small interfering RNA (siRNA) have emerged as potent

tools for the specific modulation of gene expression, gaining

increasing acceptance for therapeutic applications (Table 1). While

siRNAs demonstrate robust mRNA degradation capabilities in

cellular cultures, their cell penetration lags behind ODNs and

requires the use of cell-penetrating proteins21,153,154. The in vivo

administration of siRNAs often suffers from poor specificity155,156

and immunogenicity, which can lead to severe toxicity157. To solve

those problems, several chemical modification techniques for

siRNAs, such as 2′-O-benzyl have been used158. ODNs are

generally preferred due to their superior stability in both cellular

and cell-free environments, as well as their simpler synthesis159,160.

Nevertheless, the potential for ODNs to exhibit protein-binding

activity must be carefully considered in their application161.

Given their promise for AD therapy, substantial efforts have been

directed toward developing these strategies. This section highlights

key examples (Table 4103,105-108,132,133,162-183).

Hertl et al.184 demonstrated the efficacy of a phosphorothioate

oligonucleotide (S-ODN) targeting the 3′ untranslated region of

ICAM1 mRNA. At concentrations ranging from 0.2 to 1.0 μmol/L,

S-ODN abolished ICAM-1 expression in up to 75% of keratino-

cytes. Their work emphasized the importance of lipid-based de-

livery systems and ODN backbone structure in optimizing

Figure 4 Pharmacological actions of antisense molecules as potential therapeutics for AD. ODN, antisense DNA; NF-κB, nuclear factor kappa-

B; STAT6, signal transducers and activators of transcription 6; T-bet, T-box expressed in T cells; GATA-3, guanine adenine thymine adenine

sequence-binding protein 3.
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Table 4 Studies describing antisense molecules administered in AD therapy.

Antisense

molecule

Target Delivery vector Administration Model Action Adverse reaction Ref.

ODN Icam1b Liposome Intravenous Mice Inhibit lymphocyte

trafficking and

activation

Unreported 162

Atelocollagen Immunostimulation/

Histological changes

of liver and kidney

163

Il10b / Iontophoresis Mice Inhibit IL-10 Unreported 173

NF-κBb / Topical application Mice Regulate Th1 and Th2

immune responses

Local

immunosuppression

causes infection and

cancer

164

Patient Unreported 165

STAT6b HVJ—liposome Subcutaneous/

Intramuscular

Mice Regulate Th2 immune

responses and IgE

production

Unreported 170

Topical application Patient 171

Il13b Cationic

liposome

Topical application Mice Inhibit IL-13 No obvious side

effects

174

siRNA Cd86 Cream Topical application Mice Inhibit T cell

activation

Unreported 175

Stat6 Cationic

liposome

Subcutaneous Mice Regulate Th2 immune

responses and IgE

production

Th2/Th1 imbalances

lead to increased risks

of Th1-mediated

disease progression

172

ITK / Transfection Cell Inhibit T cell

development,

activation and

function

Unreported 176

Rela Cell-penetrating

peptide

Transfection/To-

pical application

Cell/mice Regulate Th1 and Th2

immune responses

Unreported 166-169

Il31 / Transfection Cell Inhibit IL-31 Unreported 132

Tmem232 / Topical application Mice Activate the NF-κB

and STAT3 pathways

Unreported 133

miRNA Ccl22 Recombinant

Salmonella

typhimurium

Transfection/Or-al Cell/mice Inhibit Th2 cell

recruitment

No obvious side

effects

177

miR-146a / Transfection/To-

pical application

Cell/mice Inhibit IRAK1,

TRAF6,CCL5,CCL8,

CARD10,UBD

Unreported 105,106

miR-155 / Transfection Cell Inhibit SOCS1 Unreported 179

miR-143a / Transfection Cell Inhibit IL-13Rα1 Unreported 103

miR-124a / Transfection Cell Inhibit RelA Unreported 107

miR-155-5p / Transfection/Su-

bcutaneous

Cell/mice Inhibit PKI Unreported 180

miR-147aa Exosomes Transfection Cell Inhibit VEGFA and

MEF2A-TSLP axis

Unreported 108

miR-100-5pa OSA-CMCS

hydrogel

Topical application Mice Reduce pyroptosis Unreported 178

DNAzyme GATA3 / Transfection Cell Inhibit Th2 cell

differentiation and

activation

No off-targeted

effects

181

Topical application Mice Unreported 182

Patient 183

TBX21 / Transfection/To-

pical application

Cell/mice Inhibit Th1 cell

differentiation and

activation

Unreported 182

NF-κB, nuclear factor kappa-B; HVJ, hemagglutinating virus of JAPAN; CARD10, caspase recruitment domain-containing protein 10; IRAK1, IL-1

receptor—associated kinase 1; UBD, ubiquitin D; SOCS1, suppressor of cytokine signaling-1; PKI, protein kinase A inhibitor; MEF2A, myocyte

enhancer factor 2A; TRAF6, tumor necrosis factor receptor-associated factor 6; TLR2, Toll-like receptor 4.
aExpression in AD patients is downregulated.
bThe chemical modification of antisense molecule is phosphorothioate.
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antisense efficacy and represented an early successful attempt to

combine antisense ODN with lipid delivery systems for gene

modulation. Further, atelocollagen-mediated delivery of S-ODN

in inflamed mouse models showed over 50-fold greater efficacy

compared to a single S-ODN infusion, suggesting enhanced sys-

temic delivery and antisense efficacy162. Comparable results were

observed in a murine AD model using S-ODN encapsulated with

egg phosphatidylcholine and cholesterol163. However, the absence

of pharmacokinetic data―such as half-life (t1/2), maximum blood

concentration, and area under the curve―limits the ability to

guide clinical dosing regimens, such as administration frequency

and dose.

Nakamura et al.164 investigated the efficacy of an NF-κB

decoy ODN ointment in NC/Nga mice. The results demonstrated

significant improvements in clinical skin scores and histology,

with reduced mast cell migration and increased apoptotic cells.

This ointment exhibited fewer prominent local or adverse effects

compared to TCS. In a clinical trial with 10 severe adult AD

patients, 6 out of 7 patients with facial inflammation responded

favorably to the 2% NF-κB decoy ointment. Although the trunk

lesions showed no improvement, suggesting a possible site-

dependent effect, the mechanism of which needs to be further

explored (e.g., skin thickness). Further phase II trial revealed

optimal efficacy at the medium dosage165. The NF-κB target has

also been validated in the siRNA strategy. Uchida et al.

demonstrated effective Rela mRNA silencing in mouse dendritic

cells using anti-Rela siRNA (siRela) complexed with the cell-

penetrating peptide Tat, which improved nuclease resistance

and transdermal delivery significantly166. Further optimization

with Tat and AT1002 significantly improved ear thickness, skin

severity, cytokine levels, and serum IgE in AD mice, enhancing

siRNA stability and delivery efficiency greatly167. Another study

employed siRela with a stearoyl-oligopeptide OK-102, demon-

strating effective Rela knockdown without immunotoxicity,

highlighting its clinical potential168. Ibaraki et al.169 used siRela

complexed with a peptide STR-CH2R4H2C and AT1002,

showing increased cellular uptake, reduced TNF-α and IL-6

expression, and significant symptom relief in AD mice.

Despite the availability of various cell-penetrating proteins,

systematic comparisons of their stability, delivery efficiency,

and toxicity are lacking, making it difficult to determine the

optimal strategy and hindering the timely progress of clinical

trials for AD.

In targeting STAT6, siRNA and ODN approaches exhibit

distinct developmental trajectories. In the ODN paradigm, Yoko-

zeki et al.170 reported that subcutaneous STAT6 decoy ODN

administration attenuated late-phase inflammatory responses in

murine models through suppression of eosinophil/neutrophil

infiltration and Th2 cell recruitment. This strategy demonstrated

translational potential in a 7-patient clinical trial171 showing

reduced refractory facial erythema and pruritus, though its broader

applicability remains constrained by limited sample size and

unverified long-term safety profiles. Hosoya’s team172 screened

three Stat6 siRNA variants, identifying siRNA 3 as the optimal

candidate through its superior suppression of STAT6 protein

overexpression in dermal fibroblasts. Subcutaneous injection of

siRNA 3 into the auricle of mice resulted in a marked reduction in

contact hypersensitivity to trinitrochlorobenzene, dinitro-

fluorobenzene, and oxazolone, with histopathologic analysis

confirming reduced dermal cell infiltration and edema. In sum-

mary, despite promising therapeutic prospects demonstrated by

animal experiments, safety evaluations, and quantitative data on

t1/2 and delivery efficiency of Stat6 siRNA 3 remain incomplete.

As for clinical studies, Stat6 siRNA has yet to commence,

and decoy ODN is still confined to the phase of localized

application.

ODN therapy has also been studied for other AD-related tar-

gets. Arima et al.185 used an ODN for mouse Il10 mRNA (AS6),

which significantly decreased the production of IL-10 in

RAW264.7, a murine macrophage-like cell line. Sakamoto

et al.173 demonstrated that topical AS6 application in NC/Nga

mice decreased IL-10 and its mRNA levels, leading to lesion

resolution. The aforementioned study utilized AS6 derived from

murine sources, and its safety and efficacy necessitate further

validation through human cellular or clinical trials. Additionally,

there was research using the Il13 ODN/cationic elastic liposome

combination, and the IL-13 secretion from Th2 cells was greatly

inhibited. Treating the ovalbumin-sensitized murine models of AD

with this complex significantly reduced the IL-13 production (by

as much as 70% of the control) in the suffering skin regions as

well as the IL-4 and IL-5 levels, alongside decreased inflamma-

tory cell infiltration and skin thickness174.

There have been significant efforts made to develop siRNA

therapeutics for AD. Hwang et al.132 transfected NFAT1 siRNA

into activated CD4+ T cells, and IL-31 expression levels were

considerably decreased, suggesting the potential of NFAT1 siRNA

to treat IL-31-mediated AD symptoms. A study has shown the

therapeutic efficacy of cream-emulsified Cd86 siRNA in NC/Nga

mice, resulting in significant improvement of AD clinical signs,

along with decreased serum levels of IL-4, IgE, and IgG175. von

Bonin et al.176 have proved that siRNA-mediated inhibition of IL-

2-inducible tyrosine kinase in primary human T cells effectively

suppressed T cell receptor-induced lymphokine production.

Topical application of transmembrane protein 232 siRNA signif-

icantly ameliorated MC903-induced AD-like lesions in mice,

reducing AD severity scores, ear thickness, and inflammatory cell

infiltration. Concurrently, the phosphorylation levels of RelA and

STAT3 were significantly suppressed, and mRNA levels of AD-

related cytokines (e.g., IL-1ß, IL-4, IL-5, IL-6, IL-13, IL-31,

and IL-33) and chemokines (e.g., CCL17, CCL22) were notably

downregulated133.

5. Targeting key miRNAs in the pathogenesis of AD

Since miRNAs are very stable in tissues and biofluids186,187, they

can be identified with great specificity and sensitivity using high-

throughput sequencing technology. Despite the fact that several

miRNAs have been associated with AD, only a small number of

them have been functionally validated in AD models to confirm

their potential as therapeutic targets. Next, we review several key

miRNA studies that highlight potential therapeutic benefits for AD

(Table 4).

5.1. miRNA mimic

Zeng et al.103 showed that forced expression of miR-143 mimic in

normal human epidermal keratinocytes could reverse the IL-13-

induced downregulation of FLG, loricrin, and involucrin. Yoon

et al.177 designed a recombinant strain of Salmonella typhimurium

that expressed CCL22 miRNA, which downregulated CCL22

expression in activated lymphocytes. When mice with AD-like

lesions were treated with Ccl22 miRNA, CCL22 and IL-4 levels

were suppressed, and IFN-γ levels were induced. Yang et al.107

identified that miR-124 directly suppressed the expression of
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RelA, suggesting its potential to regulate IFN-γ-induced cytokine

production. And transfection of miR-124 mimics into IFN-γ-

induced human keratinocytes significantly downregulated the

levels of IL-8, CCL5, and CCL8.

In a research105 using miR-146a mimics in TLR2-induced

human keratinocytes, the expression of IL-8, CCL20, and TNF-

α was considerably inhibited, further repressing the recruitment of

neutrophils. Furthermore, even under homeostatic conditions,

miR-146a still suppressed the expression of inflammatory medi-

ators and weakened the TLR2 stimulation in nonstimulated ker-

atinocytes. In MC903-induced AD mouse models, the expression

of miR-146a was enhanced in wild-type mice, while miR-146a-

deficient mice showed more obvious inflammation, characterized

by increased dermal infiltrating cells and increased production of

IFN-γ, CCL5, and CCL8106. This suggests the potential of miR-

146a to alleviate chronic skin inflammation in AD.

One study employed miR-147a-overexpressing exosomes in

human epidermal keratinocyte (HaCaT) cells and human umbili-

cal vein endothelial cells, which notably weakened inflammatory

responses and cell apoptosis in HaCaT cells, and inhibited

angiogenesis in human umbilical vein endothelial cells. In the

mouse models of AD, miR-147a successfully inhibits pathological

angiogenesis and inflammatory damage108. A study178 has eval-

uated the efficacy of miR-100-5p, which is highly expressed in

extracellular vehicles (EVs) extracted from the mucus of Pinctada

fucata martensii, for the treatment of AD. The results demon-

strated that it had significant anti-inflammatory effects on HaCaT

cells. Furthermore, in vivo experiments confirmed its ability to

suppress inflammation and pyroptosis. Future research should

focus on assessing the immunogenicity and other potential safety

risks of these EVs as foreign substances in humans.

5.2. miRNA antagonist

In one study, transfection of miR-155 antagonists into cultured

CD4+ T cells significantly reduced miR-155, Th17 cell differen-

tiation, and IL17 expression, while markedly increasing SOCS1

expression179. This highlights the potential of miR-155 antago-

nists to modulate Th17-mediated immune response in AD. Wang

et al.180 transfected miR-155-5p antagonists into HaCaT cells,

protein kinase inhibitor, and TJ proteins (occludin, Zo-1, claudin)

expression rose, whereas TSLP and IL-33 levels showed a marked

decline. In the AD mouse models administered with miR-155-5p

antagonists, molecular changes similar to the cell experiments

were seen. Decreased Th2 cytokines release, inflammatory cell

infiltration, and epidermal thickening were observed.

6. DNAzymes: Targeting transcription factors in AD

Since their first demonstration of in vivo activity in 1999188,

10—23 Dzs have shown significant therapeutic potential in pre-

clinical studies across various animal models, positioning them as

promising candidates for clinical applications181,189,190. Their

catalytic activity, which is independent of intracellular enzymes,

allows for flexible design and broad applicability191. Up to now,

Dzs against chronic inflammatory illnesses are under clinical

investigation, with two Phase II trials being successfully con-

ducted (NCT01743768 and NCT02129439). Dz hgd40, in

particular, has emerged as a strong candidate for Phase III tri-

als192. As more clinical data become available, Dzs may prove to

be a safe and effective treatment. This section highlights the

progress of Dzs in AD therapy, focusing on their ability to target

key transcription factors (Table 4).

The GATA-3-specific Dz hgd40, with 100% sequence identity

between mice and humans. In vitro, hgd40 reduced GATA-3

protein and IL-13 production in human Th2-polarized CD4+ T

cells compared to control Dzs181. Similarly, the human T-bet-

specific Dz htd70 decreased T-bet and IFN-γ levels in human

Th1-polarized CD4+ T cells182. In vivo, hgd40 mitigated

oxazolone-induced skin swelling in AD mouse models, consistent

with its efficacy in allergic asthma models, underscoring its broad

therapeutic potential across target organs182,193. To enhance de-

livery, Schmidts et al.194,195 formulated hgd40 in a water-in-oil-in-

water emulsion, improving penetration and protecting Dzs. A

phase IIa clinical trial evaluated this formulation in 25 patients

with AD (NCT02079688), though results remain unpublished183.

For T-bet, the mouse-specific Dz mtd32 reduced skin swelling in

both oxazolone-induced (mixed Th1/Th2 inflammation) and

ovalbumin-induced (Th1-dominant inflammation) models182.

7. Challenges of using antisense therapeutic agents to treat

AD

The above studies have shown that antisense molecules hold po-

tential for treating AD; however, before putting them into clinical

practice, several critical challenges require resolution, particularly

in ensuring effective and safe delivery, prolonged target-specific

action, and favorable pharmacokinetics in vivo. These issues are

outlined below.

7.1. Inefficient delivery―instability, nucleases, and permeation

Although good effects of antisense molecules on gene regulation

have been demonstrated, several major concerns remain―the

instability, susceptibility to nuclease degradation, and low

permeation efficiency. Recent efforts to optimize their efficiency

have focused on chemical modifications and advanced delivery

vectors (Table 4).

Chemical Modifications. To enhance stability and resistance

to nuclease degradation, the backbone of antisense molecules has

been modified with various chemical groups, such as phosphor-

othioate (PS), 2′-O-methyl, 2′-O-methoxymethyl (2′-MOE),

2′-fluoro, or phosphorodiamidate morphino (PMO)196. And

currently approved antisense drugs are dominated by 2′-MOE

(e.g., mipomersen26, nusinersen27, inotersen29, volanesoren31 and

tofersen34) and PMO (e.g., eteplirsen28, golodirsen30, viltolarsen32

and casimersen33) modifications. In antisense therapeutics for AD,

the most widely studied backbone variant is the PS. It not only

protects the antisense molecules from degradation but also in-

creases their hydrophobicity through sulfur atoms and further

enhances their interaction with plasma proteins, making them

have good pharmacokinetic properties197. Nevertheless, this

modification is also linked to a number of unfavorable side ef-

fects198. In addition, further studies are needed to explore the role

of other oligonucleotide modifications in the treatment of AD,

such as second-generation chemical modifications, by modifying a

ribose sugar based on the PS backbone, which have enhanced

nuclease resistance and binding affinity, reduced toxicity, and

immunogenicity. Third-generation chemical modifications that

enhance target binding, such as nucleobase modifications

(methylation on 5′ cytosines), 2′-MOE, and constrained ethyl

groups199. Moreover, there has been a development of nucleic

acids referred to as bicyclic and locked nucleic acids, which
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exhibit remarkable stability in the biological fluids and much-

enhanced hybridization capabilities to targets45. However, the

majority of modifications may also lead to changed toxicological

profiles, necessitating a thorough examination of the adverse ef-

fects, such as the use of pharmacologically exaggerated doses to

assess in rats200.

Delivery Vectors. Through chemical modifications, the sta-

bility of antisense molecules was greatly improved, but the

permeation efficiency from the skin to the target cells was still

unsatisfactory. As large, hydrophilic molecules, antisense mole-

cules struggle to penetrate the skin barriers, including the SC and

TJs201-204. Increasing dosages is not a viable solution due to the

risk of off-target effects. Physical enhancement techniques like

electroporation, sonophoresis, and iontophoresis can promote

transdermal delivery; nonetheless, less invasive and simpler

topical administration strategies are needed since these procedures

are intrusive and subject the skin to injury166. Nanodelivery sys-

tems, which include lipids, polymers, peptides, nucleotides, and

inorganics, are popular for treating AD with antisense mole-

cules197,205. The cationic elastic liposome has been shown to

improve delivery as it is transformable enough to cross the

epidermal barrier202. When applied topically with ODNs, its

positive charge helps reduce systemic toxicity by restricting the

complex to the afflicted region and facilitates easier cell mem-

brane penetration compared to neutral or negatively charged

particles206,207. It has already been reported that the atelocollagen/

siRNA combination is very stable and effective in cell trans-

duction208. Ritprajak et al.175 designed an anti-stimulatory cream-

emulsified siRNA for infants, and it turned out to be more

effective than the atelocollagen strategy. Lee et al.209 created a

poly lactic-co-glycolic acid nanoparticle-based siRNA delivery

approach with little cytotoxicity and efficient cellular uptake.

Furthermore, they combined the nanoformulation with an ablative

laser and showed a significant improvement in epidermis delivery.

Hamasaki et al.210 identified new RNA interference (RNAi) drugs

known as nkRNA1 and PnkRNA1, which have no immunoge-

nicity and are more stable against nucleases than classical siRNA.

In combination with stearoyl-oligopeptide OK-102, these new

RNAi drugs have shown improved cellular uptake and endosomal

escape in AD mouse models. Another study utilized oxidized

sodium alginate-carboxymethyl chitosan hydrogel as a delivery

vector to administer EVs in AD mice. This hydrogel exhibited

several desirable properties, including stability, self-healing

capability, excellent biocompatibility, and sustained release of

EVs at the wound site. Animal experimental results further indi-

cated that the hydrogel-EVs combination significantly alleviated

inflammation in mice178. All in all, for AD’s local antisense

administration, the skin barrier penetration is largely enhanced

with nanodelivery systems, but the target binding affinity still

needs to be further improved.

7.2. Unsafe delivery―toxicity, target engagement, and

immunogenicity

Toxicity. The administration methods of antisense drugs can

significantly affect distribution and toxicity, which remains a key

issue in their clinical applications. Common routes of adminis-

tration include subcutaneous, intraperitoneal, intravenous, direct-

to-site administration, etc211. When administered intravenously,

systemic toxicity may occur. For instance, S-ODNs can stimulate

the immune system and cause histological alterations in the kid-

ney and liver212-214, while lipoplexes can cause the generation of

pro-inflammatory cytokines215,216. Other systemic symptoms

include flu-like symptoms, thrombocytopenia, morphologic

changes (e.g., columnar, shrubby, and sessile microglia), and so

on217,218. But unlike lipid-based delivery methods, polymer-based

delivery systems, such as the ones employed with cyclodextrin

polymer-based nanoparticle formulation containing siRNA and

atelocollagen, do not seem to have the same immunostimulatory

effects219,220. Owing to skin accessibility, the local application can

effectively treat skin conditions without the liver’s first-pass

metabolism. While it minimizes systemic side effects, it may

still cause infection and cancer due to local immunosuppression,

and local injection site reactions (e.g., itching)164,221. Last but not

least, it may be necessary to consider certain clinical side effects

associated with the function of regulated genes. For example, a

disruption in Th1/Th2 imbalance from STAT6 inhibition may

predispose patients to Th1-mediated diseases172. Therefore, it is

important to conduct a comprehensive assessment of the dysre-

gulated network based on the individual condition of patients,

rather than focusing on just one pathway. Overall, although two

completed clinical trials reported no safety concerns165,171, the

safety profile of other antisense strategies in AD is mostly unclear,

with one Phase IIa trial (NCT02079688) yet not been reported

(Table 5).

Target engagement. Off-target effects of antisense drugs

include three main aspects: non-target organ accumulation and

unintended RNA or protein binding222,223. One example is the

finding that small hairpin RNAs produced by U6 RNA polymerase

III may overwhelm the endogenous miRNA pathway and result in

significant toxicity in vivo224. Enhancing target engagement at

therapeutic doses is crucial for improving the efficacy and safety

of antisense therapy. One efficient strategy is to conjugate anti-

sense drugs with molecules (e.g., carbohydrates, antibodies, or

aptamers) that bind specific cell membrane proteins225. For

example, N-acetylgalactosamine coupled modification, which has

high affinity with asialal glycoprotein receptor on hepatocytes, is

one of the most widely used antisense drug delivery systems

today, as seen in recently marketed drugs like givosiran36, luma-

siran37, inclisiran38, vutrisiran39, and nedosiran40 (Table 1). Using

the inherent specificity of antibodies to cell surface receptors,

Sela’s team conjugates ODN targeting the microtubule-associated

protein tau with blood—brain barrier penetrating antibodies acting

as a brainshuttle, showing good in vitro activity and in vivo

pharmacokinetic behavior. It opens up new avenues for the

treatment of tau-related neurodegenerative diseases such as Alz-

heimer’s disease226. AD is often accompanied by increased anti-

body release, which makes it easy to employ antisense drugs that

are conjugated with specific antibodies to enhance target binding.

Selective organ-targeted lipid nanoparticles (LNPs), such as tar-

geting the lung, spleen, and liver, have been successfully inves-

tigated227. Additionally, drugs conjugated with LNPs have been

approved, like patisiran41 (Table 1). Although LNP delivery sys-

tems have been widely studied in preclinical studies of AD, their

cellular targeting may need further investigation for treating AD.

The latest study constructed an RNA 3D structure prediction

model named RhoFold + combined with deep learning, which can

accurately and efficiently predict the tertiary and secondary

structure of RNA compared with other algorithms, and may help

screen highly specific antisense sequences to avoid the risk of
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competition with RNA-binding proteins (such as splicing factors)

or non-targeted RNAs228.

Immunogenicity. Innate immune response activation has been

a crucial issue for the safety of antisense therapeutics. Antisense

molecules introduced into cells are perceived as undesirable gene

activity, which in turn stimulates the TLRs (TLR3, TLR7, and

TLR8, etc.), RNA-dependent protein kinase, and so on229-234,

followed by the activation of inflammatory cytokines, the IFN-γ

reactions, and the alternative pathway of the complement system.

Symptoms from inflammatory cytokine release can be managed

with supportive therapies or extended infusion periods235, while

complement activation is transient and resolves within 24 h

without significant adverse effects219. The innate immune sys-

tem’s activation depends on the length and sequence of antisense

molecules. For example, synthetic siRNAs exceeding 30 bases

with 5′ triphosphates demonstrate enhanced activation poten-

tials236-238. Additionally, endosomal TLRs may be activated by

“danger” sequences, such as GU-rich sequences,

5′GUCCUUCAA3′ and 5′UGUGU3′239. Since the expression

cassette-derived RNAi effectors are transcribed in the nucleus,

they will not cross the endosomal compartment to activate

TLRs240, but may still stimulate immunity via unmethylated CpG

islands within the expression cassettes241. While immunogenicity

was a significant issue with the first-generation siRNA drugs230,

substantial 2′-O-methyl base alterations in subsequent RNAi

triggers have greatly solved this problem242. For ODNs, poly-

ethylene glycol (PEG) modification of their vectors has reduced

immunogenicity in some diseases211,243. Although antisense drugs

exhibit generally low and clinically manageable immunogenicity,

comprehensive monitoring remains essential for this novel thera-

peutic class. Given the diverse administration routes of these

drugs, special consideration should be given to detecting anti-drug

antibody subtypes in different samples (such as serum, cerebro-

spinal fluid, and tissue fluid) and their dynamic changes. To enable

more holistic monitoring, samples should be collected and stored

in the early stages of use, and immunogenicity should be inves-

tigated based on emerging clinical presentation and exposure data.

7.3. Pharmacokinetics

The pharmacokinetics of systemically administered oligonucleo-

tides have been extensively studied, revealing key insights into

their distribution, metabolism, and excretion. Using stem-loop

quantitative real-time polymerase chain reaction, it was found that

siRNA was significantly distributed in 7 target organs at 0.5 and

2 h post-intravenous injection. The liver exhibited the highest

siRNA accumulation, followed by the spleen and kidney, while

significantly lower levels were detected in the lung and heart.

Notably, the duodenum and brain showed barely detectable

amounts244. This organ-specific distribution aligns with previous

observations of preferential renal uptake of PS-modified oligo-

nucleotides. It has been demonstrated that the kidney plays a

major role in the excretion of oligonucleotides, with the liver

being the primary site of degradation245-248. While these charac-

teristics position the kidney as a potential therapeutic target for

antisense therapies, they also raise concerns about nephrotoxicity

risk, which calls for periodic monitoring249. Due to their relatively

small size and negative charge, antisense drugs weakly bind to

plasma proteins and are rapidly excreted by the kidneys, which

results in poor pharmacokinetics and raises questions about their

future use in AD197. Various carriers and modifications have been

developed to enhance the size of antisense drugs, thus preventing

glomerular filtration, improving their t1/2, and exhibiting good

gene regulation at therapeutic doses. ALN-VSP employs LNPs to

encapsulate siRNA, achieving the circulatory integrity for most

siRNA and reaching the plateau level in 6—7 h250. Classical PEG

modification prolongs the t1/2 by forming a peripheral hydration

layer that prevents the clearance of the mononuclear macrophage

system. The pharmacokinetics of Willebrand factor-targeted oli-

gonucleotides conjugated to 40 kDa PEG were tested in monkeys

with a half-life of 67 h after intravenous administration and a

subcutaneous bioavailability of 98%. In blood samples taken

300 h later, the complex still showed 90% activity to inhibit

Willebrand factor251. A novel approach utilizing the long cycle

properties of human serum albumin, oligodeoxynucleotides

Table 5 Current AD clinical trials using antisense molecules.

Target Dose Primary

end-point

Status Details Duration of

exposure

Efficacy Adverse

reaction

NF-κB Qd/bid / Phase I completed t.a. single-dose

efficacy study/10

patients

1 month Effective in facial

inflammation, no

relief from skin

lesions on the trunk

Unreported

/ Skin symptom

scores

Phase II completed t.a. multiple-dose-

escalation efficacy/

safety study

/ Improved symptom

scores were observed

in the moderate-dose

group

Undiscovered

STAT6 Bid EASI Phase I completed t.a. investigator-

initiated, open-label

pilot study/7 patients

4 weeks Skin lesions and

pruritus were clearly

improved

Unreported

GATA3 10 mg bid SCORAD Phase IIa completed t.a. single-center,

randomized, vehicle-

controlled, double-

blinded efficacy/

safety study/25

patients

15 days Unreported Unreported

NF-κB, nuclear factor kappa-B; t.a., topical application; STAT6, signal transducers and activators of transcription 6; EASI, eczema area and severity

index; SCORAD, scoring atopic dermatitis.
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targeting factor IXa were conjugated with the cysteine site of al-

bumin, and the constructs showed high stability in serum-

containing buffers and completely blocked factor IXa for 2 h252.

At present, though many targets in AD have been validated in the

preclinical trials, it is urgent to study the pharmacokinetics, safety

profiles, and toxicology of antisense drugs in the treatment of AD,

to enter clinical trials as soon as possible. Additionally, virtual

clinical trial platforms could simulate the pharmacokinetics of

various drug delivery regimens, speeding up the identification of

optimal antisense strategies for treating AD253.

8. Current considerations and future perspectives

The current development of antisense therapies often focuses on

isolated pathways; however, the complexity of AD necessitates a

combinatorial targeting approach. Emerging technologies, such

as integrating antisense molecules with CRISPR-based gene-

modulating tools like CRISPR-Cas9, may offer a promising

avenue to simultaneously regulate RNA expression and repair

mutated genes, and mixed-mode strategies that combine ODN

with siRNA may significantly broaden the therapeutic scopes of

AD254,255. Furthermore, combining antisense therapies with skin

microbiome regulators may provide a dual-dimensional approach

to prevent disease recurrence by simultaneously targeting immune

and microecological pathways. Except for miRNA, circular RNAs

in ncRNAs exhibit functionality as miRNA sponges, translation

templates, and transcriptional regulation, positioning them as

high-value therapeutic targets and tools256. On the one hand, the

ncRNA—miRNA—mRNA competing endogenous RNA network

can be further improved to help identify hub nodes in AD-specific

regulatory circuits for targeted antisense interventions, thereby

reducing the risk associated with pan-targeted therapies257. On the

other hand, engineered circular RNAs as miRNA sponges capable

of sequestering multiple miRNAs have attenuated heart hyper-

trophy and preserved heart function in a mouse model of trans-

verse aortic coarctation of heart disease, demonstrating their

potential as a novel therapeutic tool that may be equally applicable

in AD258.

Delivery Vectors is still being improved and optimized. For

instance, the combination of Tat and AT1002 peptides with siRNA

has shown promising efficacy in treating AD skin lacking

SC166,167. To penetrate the SC efficiently, Kawai et al.259 devel-

oped a lyotropic liquid crystalline system encompassing Tat and

AT1002, and this system considerably boosted intact skin

permeability compared to other combinations. Realizing the full

potential of antisense therapies requires advancements in endo-

somal escape technologies. One promising strategy involves

conjuring cationic peptides with neutral PMOs, which in clinical

trials of Duchenne muscular dystrophy was 18 times more active

when given monthly than the FDA-approved non-cationic ete-

plirsen PMO given weekly260. But this strategy doesn’t work with

siRNA and ODN, due to their anionic phosphodiester and PS

backbones, which will form ionic aggregates with cationic pep-

tides. Another innovative strategy employs photosensitive nano-

carriers that generate reactive oxygen species under near-infrared

light irradiation, enabling precise spatiotemporal control of anti-

sense molecule release261. However, repeated administration of

nanocarriers often triggers antibody production, leading to rapid

immune clearance235. To address this limitation, researchers have

engineered nanocarriers coated with natural red blood cell mem-

branes. This biomimetic approach not only evades immune

detection but also enhances biocompatibility, reduces visceral

organ accumulation, and minimizes toxic side effects262.

The heterogeneity of AD subtypes necessitates real-time

monitoring of disease activity to guide antisense molecule selec-

tion and dosing. Stimuli-responsive hydrogel-based dynamic drug

delivery platforms can be engineered to release antisense oligo-

nucleotides in response to AD-specific biomarkers263,264, such as

elevated IL-31 levels or pathological pH variations in lesional

skin. Significant advancements have been made in leveraging

microneedle delivery systems for AD therapy. Illustratively, re-

searchers have successfully engineered novel nanoantibiotics by

integrating EVs with hyaluronic acid-based microneedles,

demonstrating efficacy in treating AD-associated bacterial in-

fections265. Future research should prioritize the development of

advanced platforms incorporating wearable microneedle sensors.

These platforms can detect molecular levels indicative of disease

activity in real time and transmit the signals into a closed-loop

monitoring system, which immediately initiates microneedle-

mediated precision drug delivery after decision analysis by arti-

ficial intelligence. These platforms have shown good applications

in the management of chronic diseases such as diabetes266,267. By

detecting cytokine fluctuations or RNA signatures, we will further

explore this technology in AD antisense drug therapy to realize

precision therapy. Similarly, the platforms can realize intelligent

drug administration by monitoring the dynamic changes of organ-

specific toxicity biomarkers. While the long-term therapeutic ef-

fects of antisense strategies offer advantages in addressing

adherence issues, they also pose potential risks, particularly in

vulnerable populations such as pregnant women. To mitigate these

risks, high-affinity oligonucleotides that complement the siRNA

guide chain have been developed to rapidly and efficiently reverse

RNAi activity in vivo268.

Current clinical trials on the use of antisense molecules for the

treatment of AD have shown encouraging results, yet further

research is needed to fully realize their therapeutic potential.

Future clinical trials should encompass larger and more diverse

patient populations to ensure statistical significance and general-

izability. Given that AD is a chronic condition, extending the

duration of trials (beyond one year) is crucial for evaluating the

long-term safety and efficacy. Subgroup analysis of patients can

be performed based on age, disease severity, and genetic back-

ground, in which liquid biopsy techniques detecting RNA have

been proven to successfully detect different stages of cancer, it can

also be further developed in the future to classify AD patients into

molecular subgroups, such as “barrier dominant” and “immuno-

dominant”269,270. This stratification will help elucidate differential

antisense treatment responses. Future trials should include active

control groups, such as the current standard treatments, which will

provide clearer insights into the relative efficacy and safety of

antisense molecules.

The production of antisense therapies necessitates advanced

synthesis technologies, exceptional precision, and stringent batch-

to-batch consistency, all of which contribute to high

manufacturing costs and play a critical role in the development

and commercialization of antisense therapies. Consequently, a

comprehensive evaluation of the economic feasibility of these

therapies within patient populations is essential to ensure their

widespread clinical adoption. Existing drugs have achieved sig-

nificant results through the “pay for results” model. For instance,

Harvard Pilgrim Healthcare’s partnership with Amgen shows that

tiered pricing based on clinical metrics like the six-dimensional

evaluation system for rheumatoid arthritis patients can shift the
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payment standard from “drug usage” to “treatment effectiveness

achieved”, significantly reducing costs. This mechanism also

provides a replicable path for cost control of antisense drugs271.

Microfluidic chip technology has shown breakthrough progress in

the field of antisense drug production automation, and its core

advantages are reflected in two aspects: First, its precision fluid

control reduces synthesis cycles to 1/22 of conventional methods,

enabling unprecedented production efficiency; Second, the plat-

form facilitates on-demand drug development, as evidenced by its

success in creating antisense candidates targeting SARS-CoV-2

genomic mRNA for COVID-19 treatment and exon 46 of DMD

pre-mRNA for Duchenne muscular dystrophy. These advances

suggest that the technique could also help produce and develop

antisense candidates to treat AD272.

The therapeutic efficacy of antisense drugs in AD is intrinsi-

cally linked to patient-specific variables encompassing genetic and

epigenetic polymorphisms, immune dysregulation patterns, and

demographic determinants. Thus, personalized medicine should

be a key focus in the development of antisense therapies. A pre-

cision medicine paradigm integrating multi-omics stratification

(such as transcriptomics, epigenomics, and proteomics) with

advanced computational techniques, including artificial

intelligence-driven image analysis and natural language process-

ing, enabling the elucidation of complex molecular networks and

offering individual therapeutic targets in AD for antisense inter-

vention, thereby enhancing therapeutic efficacy and minimizing

the risk of adverse effects273. In addition, the use of animal models

in dermatological research is limited not only for ethical consid-

erations but also because of their inherent physiological disparities

with human skin architecture. In contrast, advanced 3D bio-

printing technology can print a variety of skin cells (such as

melanocytes, endothelial cells, pericellular cells, and adipose

cells) into a specific layer of the engineered skin constructs,

achieving unprecedented biomimicry of native tissue and

enhancement of regenerative function. Beyond replicating cuta-

neous physiology, this platform can harness precision medicine

principles through patient-specific modeling: tumor microenvi-

ronment reconstruction using autologous cancer cells exemplifies

its capacity for personalized drug discovery in oncology274. Such

physiologically relevant models merit additional exploration for

preclinical evaluation of antisense therapy in AD, enabling

simultaneous assessment of target engagement efficiency, dermal

penetration kinetics, and immunotoxicity profiles while main-

taining patient-derived genetic signatures.

9. Conclusions

Contemporary therapeutic paradigms for AD predominantly

adhere to classical single-target interventions, which provide

transient symptom alleviation but frequently induce pharmaco-

logical dependence and tolerance. Moreover, the heterogeneity

among patients and the spatio-temporal evolution of individual

conditions make it difficult to treat all patients with only a few

universal protocols, which poses a significant challenge for the

treatment of AD. However, antisense molecule-based precision

targeting strategies represent a novel therapeutic dimension for

AD, with their multiple molecular intervention and disease

modification capabilities offering potential breakthroughs beyond

current therapeutic limitations. Unlike the easy production of

antisense molecules, despite undergoing a complex screening

process, aptamers were found not to bind to RNA targets in

practical applications275,276. CRISPR-based gene-modulating

tools targeting RNA have been developed recently, but they face

challenges in the nuclear delivery of large Cas—gRNA complexes

and may be more immunogenic than antisense molecules277-279.

Furthermore, the prolonged therapeutic effects of antisense drugs

align with AD’s chronic nature, reducing treatment frequency

burdens compared to short-acting JAK inhibitors. However,

antisense therapy for AD remains in nascent stages compared to

applications in other diseases. To accelerate clinical translation,

the field must prioritize several critical pathways. Leverage multi-

omics technologies to decode AD pathogenesis and identify core

upstream therapeutic targets for individuals. Using microfluidic

chip technology, RNA structure prediction models, and 3D

bioprinting technology to develop and produce antisense drugs

that can treat AD in a precise manner. Developing adaptive

delivery platforms for antisense drugs to enable more efficient

delivery and more precise control to suit AD’s progression.

Despite many preclinical studies showing the great potential of

antisense drugs for AD, their clinical trials have stagnated in the

era of the boom in small nucleic acid drugs. Global consortia

should prioritize multicenter trials targeting NF-κB, STAT6, and

GATA-3, constructing AD-specific molecular subgroups through

integrating multi-omics like transcriptomics and skin barrier

lipidomics. By establishing AD-specific antisense molecule

design guidelines, this approach may herald a new era of

precision, durable AD therapeutics.
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