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Abstract: Asthma is a heterogeneous inflammatory airway disease characterized by diverse endotypes, variable clinical severity, and
differential treatment responses driven by genetic, epigenetic, and environmental influences. MicroRNAs (miRNAs), as post-
transcriptional regulators of gene expression, are central modulators of airway inflammation, remodeling, and immune dysregulation
and represent promising candidates for biomarker development and therapeutic targeting. Despite the growing literature on dysregu-
lated miRNAs in asthma, findings remain inconsistent and frequently lack independent validation. Using a structured search strategy
covering 2009-2025, we identified 299 records and applied predefined replication criteria to prioritize reproducible associations. Two
complementary validation Criteria were implemented: cross-study replication across independent cohorts and discovery—replication
study designs addressing clinical heterogeneity. This approach yielded 49 cross-study replicated and 10 discovery—replication validated
journal articles, substantially narrowing the field to a focused set of high-confidence miRNA candidates. Among the most consistently
replicated miRNAs, miR-146a and miR-1246 emerged as central regulators linked to NF-«xB signaling, epithelial dysfunction, and
corticosteroid responsiveness. Replicated miRNAs demonstrated compartment-specific expression across airway epithelium, smooth
muscle, immune cells, and circulating fractions, and were associated with clinically relevant dimensions including disease severity,
exacerbation frequency, lung function variability, and treatment response. Genetic, epigenetic, and environmental influences further
support their biological plausibility. By consolidating independent replication evidence, this review defines a curated set of robust
asthma-associated miRNAs supported by convergent data across populations and phenotypes. These findings provide a basis for future
efforts in endotype-aware biomarker development and inform future strategies toward miRNA-guided precision diagnostics and
therapeutic interventions in asthma.
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Introduction
Asthma is a common complex chronic respiratory disease that is heterogeneous, with a variety of phe-notypes,
endotypes, and severity scales.' It affects about 23.4 million individuals in the United States, including 7 million
children,> and over 300 million people globally live with asthma,® which represents a significant and persistently
evolving public health burden. The climate and environmental changes seen over the past several years have led to an
increase in asthma incidence and mortality. In addition to these factors, changes associated with improved hygiene
practices and western lifestyles, including increased urbanization, have also been implicated in the rising prevalence of
asthma.® Severe asthma affects approximately 5% of patients and is associated with increased morbidity, a poorer quality
of life, and greater healthcare costs.>®

The development and progression of asthma is driven by several factors, including exposures to environ-mental
agents, genetic polymorphisms, and associated epigenetic changes, all of which contribute to the clinical heterogeneity
and the responses to therapy.” One such driving factor is microRNA (miRNA), regulation of gene expression. miRNAs
are small non-coding RNA molecules which bind messenger RNA transcripts using base-pair complementarity, and then
interfere with the translation of those mRNA into proteins by isolating and degrading them. miRNAs are present in
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biological fluids and are more stable compared to messenger RNA (mRNA), enabling for their post-transcriptional
regulatory functions and potential as biomarkers.®*? The stability of circulating miRNAs is largely attributed to their
association with proteins such as HDL and Argonaute or their encapsulation within small vesicles such as exosomes. In
addition to their intracellular roles, miRNAs also act as mediators of intercellular communication, functioning as long-
range regulators that facilitate cell-to-cell signaling. miRNAs packaged in exosomes and emitted from activated immune
cells, such as specific T-cell populations, serve as a window to the airway inflammation status.'%!!

In terms of functionality, miRNAs impact many biological processes relevant to asthma, such as airway epithelial
differentiation, cytokine production, immune modulation, and airway smooth muscle (ASM) remodeling.'* A number of
studies have found that dysregulation of specific miRNAs promotes inflamma-tory persistence, steroid resistance, and
phenotypic heterogeneity across asthma subtypes.®'*'® These characteristics make miRNAs interesting mediators,
potential biomarkers, and even therapeutic targets.

Because miRNAs regulate multiple pathways involved in airway inflammation, immune signaling, and airway
remodeling, understanding their dysregulation may provide insight into asthma pathogenesis and identify potential
biomarkers or therapeutic targets. However, despite the growing number of studies reporting altered miRNAs in
asthma, important gaps remain. Many findings come from small and diverse cohorts and have not been independently
replicated, leading to inconsistent results across studies. Differ-ences in sample types, measurement methods, analysis
approaches, and patient populations further limit direct comparison and make it difficult to determine whether reported
miRNAs reflect true disease biology or study-specific effects.’'*'® In addition, previous reviews have mainly listed
miRNAs associated with asthma without clearly separating those linked to important clinical features such as disease
severity, exacerbations, lung function, or treatment response.'>'>'7 To date, no review has systematically required
replication as a key inclusion criterion to identify a high-confidence set of miRNAs supported by evidence from
independent studies. The present review was designed to fill this gap by focusing on reproducibility and clinical
relevance.

miRNA Formation and Biogenic Pathways

miRNAs are synthesized through a series of tightly coordinated steps involving nuclear and cytoplasmic processing
(Figure 1). They are transcribed mainly by RNA polymerase I as long primary transcripts (pri-miRNAs) derived from
intronic, exonic, or intergenic regions.'®'” Some are organized in clusters and co-transcribed as polycistronic units with
shared seed regions and functions.'’

In the nucleus, pri-miRNAs form a distinctive hairpin structure and are processed by the Drosha—DGCRS
Microprocessor complex into ~70-nt precursor miRNAs (pre-miRNAs). The pre-miRNAs are shuttled to the
cytoplasm by Exportin-5 (XPOS5) in a RanGTP-dependent manner. Once in the cytoplasm, Dicer processes pre-
miRNA into a ~22-nt duplex, where the guide strand is assembled into the RNA-induced silencing complex (RISC)
with Argonaute (AGO) proteins, and the passenger strand is degraded. The miRNA-RISC complex interacts with
mRNAs that are complementary to the miRNA, ultimately inducing either degradation of the mRNA or translational
repression.?® %2

miRNA maturation is governed by two main pathways: the canonical (Drosha—-DGCR8 — Exportin-5 — Dicer — RISC)
and non-canonical pathways, the latter which can bypass Drosha or Dicer (eg, mirtrons, tRNase Z—based processing).?? These
alternative pathways augment regulatory complexity and expression diversity of miRNAs.

In addition to acting intracellularly, miRNAs are released in exosomes and other extracellular vesicles (EVs) allowing
for intercellular communication between epithelial, immune, and smooth muscle cells. miRNAs have a unique stability in
biofluids and demonstrate specific expression patterns among cell-types, traits which make them attractive potential

biomarkers and therapeutic targets in asthma.>*>®

Aims of This Review

Building on prior summaries of miRNAs in asthma,*'*!7-2*32

this review aims to move beyond sim-ply listing reported
associations by emphasizing replication across independent studies and integrating mechanistic and clinical perspectives.
Specifically, we aim to:
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Figure | Biogenesis and mechanism of miRNAs. pri-miRNAs are transcribed and processed by the DROSHA-DGCR8 complex into pre-miRNAs in the nucleus. After
export to the cytoplasm via XPO5/RanGTP, Dicer cleaves pre-miRNAs into duplexes, from which one strand is incorporated into the AGO-containing RISC complex to
guide mRNA degradation or translational repression.

Describe the functions of asthma-associated miRNAs in airway inflammation, remodeling, and immune regulation.
Summarize phenotypic and tissue-specific miRNA expression patterns across clinical and experi-mental models.
Explore how environmental and lifestyle factors affect miRNA regulation and disease outcomes.

Highlight reproducible miRNAs validated across independent cohorts, supported by mechanistic evidence, and
with potential clinical utility.

Bl o

Methods

Literature Search Strategy
To identify biologically robust miRNAs implicated in asthma, we conducted a structured literature search using PubMed.
The search included studies published between 2009 and 2025. The following search query was applied:

(“microRNA”[MeSH] OR “miRNA”[Title/Abstract] OR “micro RNA”[Title/Abstract]) AND (“asthma”[MeSH] OR
“asthmatic”[Title/Abstract])

A total of 299 records were initially identified. Search results were restricted to human studies to ensure clinical
relevance. Titles and abstracts were screened for relevance, followed by full-text review of potentially eligible studies to
confirm replication status and study design (Figure 2). This review employed predefined eligibility criteria to prioritize

reproducibility and biological robustness.
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Figure 2 Overview of the structured literature search and dual replication-based selection strategy (2009—-2025). A total of 299 records were identified through PubMed
and restricted to human studies. After screening and application of predefined replication criteria, 240 studies were excluded. Two complementary validation approaches
were applied: (I) cross-study replication (miRNAs independently reported in 22 publications), resulting in 49 included journal articles; and (2) discovery—replication
validation (miRNAs validated in independent replication cohorts), resulting in 10 included journal articles.

Eligibility Criteria

Studies were included if they:

1. involved human subjects with asthma or asthma-related phenotypes;

2. evaluated miRNA expression in relation to asthma diagnosis, severity, exacerbations, lung function, or treatment
response; and

3. provided evidence of independent replication, either through cross-study validation or discov-ery—replication
cohort designs.

Studies were excluded if they:
involved non-human models or in vitro experiments only;

reported findings from a single cohort without independent replication;
lacked sufficient methodological detail to determine replication status; or

il .

focused exclusively on non-asthma respiratory diseases without asthma-specific analysis.

Based on these criteria, 240 studies were excluded, primarily due to absence of replication evidence, non-human
design, or lack of independent validation.

Replication Criteria
To minimize cohort-specific or methodological bias and to enhance biological confidence, we priori-tized miRNAs
supported by replication across independent populations. Two complementary validation strategies were applied:

1. Cross-study replication: miRNAs independently identified in at least two separate peer-reviewed publications
involving non-overlapping patient cohorts, distinct study populations, and independent analytical pipelines.

2. Discovery-replication design: miRNAs identified in a discovery cohort and subsequently validated in an
independent replication cohort within the same study.
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Replication was defined as confirmation of directionally consistent association across independent study populations;
it was not intended to imply causal validation.
Abstracts and full texts were manually reviewed to identify explicit evidence of replication, including terminology

” EERNTS

such as “replication,” “validation,” “independent cohort,” “discovery and validation,” or “multiple cohorts.” Eligible
studies included those examining asthma diagnosis (case—control compar-isons), disease severity, exacerbation fre-
quency, lung function parameters, incident asthma prediction, and treatment response.

Application of this dual replication Criteria resulted in 49 journal articles meeting cross-study replication criteria and

10 journal articles meeting discovery—replication validation criteria.

Risk of Bias and Methodological Considerations

A formal risk-of-bias assessment was not performed because this review did not combine data or calculate pooled effect
sizes. Instead, we used independent replication across different cohorts as an indicator of robustness and reproducibility.
Differences in sample type, measurement platforms, data processing methods, and patient characteristics were taken into
account during the qualitative interpretation of the findings. This structured, replication-focused Criteria was designed to
emphasize reproducibility and strengthen biological plausibility rather than to provide an exhaustive catalog of all
reported miRNA associations in asthma.

Search Results
The search approach presented in the Method section led to the identification of significant asthma-related miRNA
studies and a core list of biologically relevant and consistently replicated candidates. The top ten most replicated
miRNAs are highlighted in Figure 3, emphasizing the reproducibility of these findings. In particular, miR-146a and
miR-1246 demonstrate high levels of replication across studies, underscoring their potential as key regulators in asthma
pathogenesis. By concentrating on replication, we reduce study-to-study variability and establish a robust foundation for
subsequent analyses of mechanistic functions, tissue-specific expression patterns, and clinical relevance.

Table 1 presents asthma-associated miRNAs that have been consistently replicated across multiple inde-pendent
studies comparing asthmatic patients to healthy controls. These miRNAs were identified through external validation—
meaning they were independently discovered and reported in at least two separate publications, each with its own cohort
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Figure 3 Top 10 most replicated miRNAs in asthma literature. Deep blue squares indicate miRNA presence across publications, highlighting independent replication.
miRNAs are ranked top to bottom by citation frequency.
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Table | Asthma-Associated miRNAs Replicated Across Multiple Studies, Including Reference Studies, Replication Counts, and Sample
Sizes for Asthmatic and Control Cohorts, as Well as the Total Number of Participants. NR Indicates That the Sample Size Was Not
Reported in the Original Study

miRNA Replication Asthma Control Total Reference(s)
Count Sample Size (n) Sample Size (n) Sample Size (n)
miR-146a 5 NR; 46; 347; 2441; 92 NR; 21; 172; 3044; 24 NR; 67; 519; 5485; 116 [33-37]
miR-1246 5 35; 167; 3; NR; 945 12; 49; 3; NR; NR 67; 216; 6; 298; 945 [25,38—41]
miR-16 3 8, 7,72 8; 9; NR 16; 16; 72 [42-44]
miR-26a 3 8; 90; 46 8; 50; 21 16; 140; 67 [34,42,45]
miR-30a-5p 3 35; 8; 50 12; 6; 50 67; 14; 150 [38,46,47]
miR-29a-3p 3 35; 8; NR 12; 6; NR 67; 14; 298 [38,40,46]
miR-106b-5p 3 35; 3; NR 12; 3; NR 67; 6; 80 [38,39,48]
miR-27b-3p 3 35; 8; 50 12; 6, 18 67; 14; 68 [38,46,49]
miR-200a-3p 3 35; NR; NR 12; NR; NR 67; 80; 298 [38,40,48]
miR-34b-5p 3 35, 10; 3 12; 10; 3 67; 20; 6 [38,39,50]
miR-34c-5p 3 35, 10; 3 12; 10; 3 67; 20; 6 [38,39,50]
miR-21 3 10; 90; 46 10; 50; 21 20; 140; 67 [34,45,50]
miR-126 3 46; NR; 92 21; NR; 24 67, NR; 116 [34,35,51]
miR-155 3 46; 92; 18 21;24; 18 67; 116; 36 [34,35,52]
miR-451a 3 167; 46; 21 49; NR; I5 216; 46; 46 [25,53,54]
miR-140-3p 3 NR; NR; NR NR; NR; NR NR; NR; 298 [40,55,56]
miR-148b-3p 3 8; NR; 46 6; NR; NR 14; 80; 46 [46,48,53]
miR-30a-3p 3 272; 51; NR 165; 16; NR 437; 67; 80 [48,57,58]
miR-146a-5p 3 167; NR; 3 49; NR; 3 216; NR;6 [25,39,59]
miR-125b-5p 3 79;3; 50 82; 3; 50 161; 6; 150 [39,47,60]
miR-223-3p 3 79; 50; 1165 82; 50; NR 161; 150; 1165 [47,60,61]
miR-200b-3p 3 NR; NR; 945 NR; NR; NR 161; NR; 945 [41,62,63]
miR-320a 3 46; 167,755 21; 49,0 67; 216,755 [25,34,64]
miR-17-5p 2 55; 20 30; 10 85; 30 [65,66]
hsa-miR-363-3p 2 55; 20 30; 10 85; 30 [64,66]
let-7b 2 8; 10 8, 10 16; 20 [42,50]
miR-146b 2 8, NR 8; NR 16; NR [33,42]
miR-223 2 8; 92 8; 24 16; 116 [35,42]
miR-221 2 4,18 4; 18 8; 36 [52,67]
miR-665 2 35, 10 12; 10 67; 20 [38,50]
let-7c 2 35, 10 12; 10 67; 20 [38,50]
(Continued)
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Table | (Continued).

miRNA Replication Asthma Control Total Reference(s)
Count Sample Size (n) Sample Size (n) Sample Size (n)
miR-24-3p 2 355 12; 5 67; 10 [38,68]
miR-99a-5p 2 35,3 12;3 67; 6 [38,39]
miR-26a-5p 2 35,79 12; 82 67; 161 [38,60]
miR-19b-3p 2 35; NR 12; NR 67; NR [38,69]
miR-27a-3p 2 353 12; 3 67; 6 [38,39]
miR-29¢-3p 2 35; 50 12; 18 67; 68 [38,49]
miR-152 2 57; 591 36; 621 93; 1212 [70,71]
miR-19a 2 NR; 20 NR; NR NR; 20 [72,73]
miR-92-3p 2 83 63 14; 6 [39,46]
miR-532-5p 2 8; 46 6; 21 14; 67 [34,46]
miR-660-5p 2 8; 50 6; 50 14; 150 [46,47]
miR-331-3p 2 8; NR 6; NR 14; 80 [46,48]
miR-185-5p 2 8; 167 6; 49 14; 216 [25,46]
miR-3182 2 83 6; 3 14; 6 [39,46]
miR-133a-3p 2 NR; 3 NR; 3 NR; 6 [74,75]
miR-499 2 347; 2441 172; 3044 519; 5485 [36,37]
miR-145 2 13; 92 7; 24 S5I; 116 [35,76]
miR-142-3p 2 2155 NR; 5 215 10 [77,78]
miR-1290 2 167; NR 49; NR 216; 80 [25,48]
miR-144-3p 2 167; 46 49; NR 216; 46 [25,53]
miR-144-5p 2 167; 46 49; NR 216; 46 [25,53]
miR-21-5p 2 167; 3 49; 3 216; 6 [25,39]
miR-4521 2 167; 3 49; 3 216; 6 [25,39]
miR-148a-3p 2 5, NR 5, NR 10; 298 [40,68]
miR-326 2 5; 21 515 10; 46 [54,68]
miR-125b 2 80; NR 80; NR 160; 72 [79,80]
miR-619-5p 2 20; 3 NR; 3 40; 6 [39.81]
miR-30d-3p 2 272; NR 165; NR 437; NR [57,82]
miR-142-5p 2 3; 50 3; 18 6; 68 [39,49]
miR-203a-3p 2 3; NR 3; NR 6; NR [39,82]
miR-221-5p 2 3; 46 3; NR 6; 46 [39,53]
miR-191-5p 2 NR; 50 NR; 50 80; 150 [47,48]
miR-99b-5p 2 21; 389 I5; NR 46; 389 [54,83]
Journal of Inflammation Research 2026:19 https: 7
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and methodology. For each miRNA, the table provides the reference studies, replication counts, and sample sizes for

asthmatic and control cohorts. This cross-study replication approach allows readers to evaluate the reproducibility of

each miRNA’s association with asthma presence across different research groups, populations, and experimental

conditions.

Table 2 takes a complementary but distinct approach, presenting miRNAs replicated through prospective discovery—

replication study designs that examine asthma’s clinical heterogeneity—including variation in severity, symptoms,

exacerbations, lung function, and treatment response. Unlike Table 1°s cross-study validation, Table 2 focuses on

Table 2 miRNAs Validated Through Discovery — Replication Designs Examining Asthma Severity, Exacerbations, Lung Function, and
Treatment Response

miRNA Phenotype Discovery — Replication | Reference(s)
Sample Size (n)
miR-451b Frequent vs no/infrequent ex- acerbations 351 — 450 [84]
miR-7-5p Frequent vs no/infrequent ex- acerbations 351 — 450 [84]
miR-532-3p Frequent vs infrequent exac- erbations; ICS response 351 — 450, 462 — NR [84,85]
miR-296-5p Frequent vs nofinfrequent ex- acerbations 351 — 450 [84]
miR-766-3p Frequent vs nofinfrequent ex- acerbations 351 — 450 [84]
miR-99b-5p* Severe uncontrolled vs mild allergic asthma 36 — 236 [54]
miR-451af Severe uncontrolled vs mild allergic asthma 36 — 236 [54]
miR-326" Severe uncontrolled vs mild allergic asthma 36 — 236 [54]
miR-505-3p Severe uncontrolled vs mild allergic asthma 36 — 236 [54]
miR-200b-3p’ High vs low BDR 555 — 390 [41]
miR- 12461 High vs low BDR, case- control 555 — 390 [41]
miR-28-5p Good vs poor ICS response 351 — 462 [86]
miR-339-3p Good vs poor ICS response 351 — 462 [86]
miR-432-5p Good vs poor ICS response 351 — 462 [86]
miR-125a-5p ICS response modulated by vi- tamin D 187 — 568 [64]
miR-181a-5p ICS response modulated by vi- tamin D, genetic regulation 187 — 568, 187 — 607 [64,87]
miR-101-3p ICS response modulated by vi- tamin D 187 — 568 [64]
miR-107 ICS response modulated by vi- tamin D 187 — 568 [64]
miR-155-5p ICS response (functionally validated) 462 — NR [85]
miR-345-5p ICS response (functionally validated) 462 — NR [85]
miR-574-5p Incident asthma in children with recurrent wheeze 73 — 20 [88]
miR-151a-5p Incident asthma in children with recurrent wheeze 73 — 20 [88]
miR-125b-2-3p | Incident asthma in children with recurrent wheeze 73 — 20 [88]
miR-342-3p Incident asthma in children with recurrent wheeze 73 - 20 [88]
miR-193b-5p Incident asthma in children with recurrent wheeze 73 - 20 [88]
miR-122-5p Incident asthma in children with recurrent wheeze 73 - 20 [88]
(Continued)
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Table 2 (Continued).

miRNA Phenotype Discovery — Replication | Reference(s)
Sample Size (n)
miR-215-5p Incident asthma in children with recurrent wheeze 73 —» 20 [88]
miR-6852-5p Incident asthma in children with recurrent wheeze 73 —» 20 [88]
miR-370-3p Incident asthma in children with recurrent wheeze 73 —» 20 [88]
miR-4433b-3p Genetic control of miRNA ex- pression 462 — 580 [87]
miR-3131 Genetic control of miRNA ex- pression 462 — 580 [87]
miR-335-3p Genetic control of miRNA ex- pression 462 — 580 [87]
miR-186-5p Eosinophilia, airway hyperre- sponsiveness, airflow obstruc-tion 1165 — 492 [61]
miR-143-3p Eosinophilia, airway hyperre- sponsiveness, airflow obstruc-tion 1165 — 492 [61]
miR-192-5p Eosinophilia, airway hyperre- sponsiveness, airflow obstruc-tion 1165 — 492 [61]
miR-223-3p’ Eosinophilia, airway hyperre- sponsiveness, airflow obstruc-tion, case-control | 1165 — 492 [61]
miR-320a' ICS response modulated by vi- tamin D; lung function (FEV,) response 187 — 568 [64]
miR-363-3p! ICS response modulated by vi- tamin D; lung function (FEV,) response 187 — 568 [64]

Notes: Sample sizes indicate the number of participants in the discovery and replication cohorts, respectively. fIndicates cross-study validation (Table I). NR indicates that
the sample size was not reported in the original study.

miRNAs that were identified in a discovery cohort and then independently validated in a separate replication cohort
within the same study or research program. This rigorous within-study validation approach spans multiple clinically

important phenotypic dimensions:

1. disease severity (severe uncontrolled vs mild asthma),

2. exacerbation frequency (frequent vs infrequent exacerbators), with cross-study replication (external replication) in
independent adult COPD cohorts,

3. asthma symptoms and disease progression through incident asthma prediction in children with recurrent wheeze,

4. lung function measures including bronchodilator response, eosinophilia, airway hyperresponsiveness, and airflow
obstruction, and

5. treatment response to inhaled corticosteroids and bronchodilators, including studies examining vitamin D effect
modification and functional validation through NF-xB pathway assays.

Sample sizes are presented in a discovery cohort — replication cohort format to emphasize this sequential validation
process. Several studies achieved cross-age validation, replicating findings from pediatric discovery cohorts in indepen-
dent adult replication cohorts or vice versa. Notably, several miRNAs (marked with ) appear in both tables, having been
validated through both external cross-study replication (Table 1) and prospective discovery—replication designs (Table 2).
This dual validation across independent replication strategies indicates that the same miRNAs implicated in asthma
susceptibility also contribute to the molecular pathways driving exacerbation severity, underscoring their mechanistic and
clinical relevance.

By consolidating both types of replication evidence, we identify miRNAs with the strongest empirical support across
complementary validation approaches. Table 1 summarizes miRNAs that demonstrate reproducibility across independent
research efforts and diverse populations, while Table 2 presents miR-NAs validated through prospective discovery—
replication study designs addressing asthma heterogeneity. Together, these tables summarize replicated miRNA

Journal of Inflammation Research 2026:19 hetps: 9



Hadikhani et al

associations across studies and clinical phenotypes. “NA” indicates that the number of participants is not available (not

reported or not found).

miRNA Effects on Mechanisms of Asthma

Asthma is defined by complex interactions between structural airway cells, immune cells, and circulating mediators.

miRNAs are important post-transcriptional regulators in these interactions, regulating airway inflammation, remodeling,

and immune dysregulation. Recent studies are revealing compartment-specific functions of miRNAs and their role in

disease severity, steroid responsiveness, and systemic immune effects.® Table 3 summarizes asthma-associated miRNAs,

their major targets, and biological roles across different biological compartments.

Table 3 Asthma-Associated miRNAs, Their Major Targets, and Biological Roles Across Compartments

miR-363-3p

modeling; biomark-ers for severity and

steroid response

Compartment miRNA Main Targets / Path-Ways Biological Effects in Asthma Reference(s)
Airway Epithelium miR-1246 IL-13 signaling, ep-ithelial Downregulated; corticosteroid-resistant; [38-40]
differentiation promotes exosomal inflamma-tory
signaling
miR-30a-5p, miR-29a-3p, miR-27b-3p, Th2 cytokine (IL-13)-responsive Downregulated un-der IL-13; drives ep- [38]
miR-106b-5p, miR-200a-3p, miR-34 family pathways ithelial remodeling and mucus produc-
tion
miR-30a-3p, miR-30d-3p circRNA-miRNA-mRNA Modulate epithe-lial function and [57,58,82]
regulation, IL-17 signaling immune—epithelial crosstalk
miR-19a TGFp R2/SMAD3 axis Promotes epithelial proliferation and re- [72]
modeling
miR-200b-3p SOCS|-dependent cy-tokine Alters cytokine feed-back and epithelial [62,63]
signaling barrier responses
let-7b, let-7¢c, miR-146b, miR-223, miR-221 Epithelial differentia-tion, Regulate differentia-tion, apoptosis, pro- [38,42,67]
apoptosis, prolif-eration liferation; miR-221 promotes inflamma-
tion
miR-665, miR-24-3p, miR-99a-5p, Various (steroid-resistant Altered in EVs/biopsies; corticosteroid- [39,60]
miR-26a-5p, miR-27a-3p, miR-125b-5p, miR-92-3p, signatures) resistant; potential therapeutic targets
miR-21-5p, miR-4521, miR-223-3p
miR-451b, miR-7-5p, miR-532-3p, miR-296-5p, miR- Inflammation-related pathways Associated with fre-quent exacerbations [84]
766-3p (shared asthma/COPD) in childhood asthma and adult COPD
ASM miR-146a COX-2, IL-1p Negative regulator of inflammation; [33]
damp-ens airway remodel-ing
miR-30a-5p, miR-29a-3p, miR-27b-3p, miR-92-3p, miR- PTEN/PI3K/Akt sig-naling Promote ASM prolif-eration and [33,46]
185-5p remodel-ing
miR-140-3p, miR-133a-3p CD38, RhoA Cytokine (IL-13, IL-17A)-repressed; en- [56,74]
hance ASM hyper-contractility
miR-142-3p WNT signaling Promotes ASM pro-liferation and remod- | [77]
eling
Circulating miR-146a, miR-145, miR-126, miR-142-5p, miR-17-5p, TGFB, DNMTI, PI3K/Akt Reflect airway in-flammation and re- [25,34,49,51,65,66,76]

Immune Cells

miR-19a PTEN, SOCSI, A20 Amplifies Th2 cytokine output; [73]
promotes allergic inflammation
miR-155, miR-19a/b, miR-223, miR-148a-3p, miR-326 Immune activation genes; Th2/IgE Correlate with eosinophil counts, [35,52,68]
signaling corticosteroid responsiveness; modulate
Th2 expansion
miR-223-3p, miR-186-5p, miR-143-3p, miR-192-5p Th2/eosinophil-related pathways Mediate effects on eosinophilia and Th2 [é1]

inflammation

(Continued)
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Table 3 (Continued).

Compartment miRNA Main Targets / Path-Ways Biological Effects in Asthma Reference(s)
miR-155-5p, miR-532-5p NF-«B signaling, glu-cocorticoid Modulate glucocorticoid-mediated NF- [85]
response B transrepression
Epithelial- Immune miR-16, miR-106b-5p, miR-34b-5p, miR-146a-5p MAPK, mTOR, T/B cell signaling Regulate epithelial apoptosis and adap- [39,42-44]
Interplay tive immune signal-ing
miR-203a-3p IL-17 signaling Links epithelial stress to Th17-driven [82]
inflammation
Genetic / Epigenetic miR-26a, miR-29a-3p, miR-200a-3p, miR-148a-3p Oxidative stress, ep-ithelial Altered by prenatal smoke exposure; [40]
differentiation sex-specific lung effects
miR-146a, miR-152, miR-499 (SNP variants) COX-2, immune sig-naling genes Influence asthma sus-ceptibility, severity, [36,37,70,71]
and steroid respon-siveness
miR-140-3p, miR-133a-3p Histone methylation; IL-13/IL-17- Epigenetically re-pressed in cytokine-rich [56,74]
driven re-pression environments; enhance airway
hyperresponsiveness
miR-4433b-3p, miR-3131, miR-181a-5p, miR-335-3p Genetic regulation of miRNA miRNA-QTLs colo-calizing with asthma 871
expression GWAS signals; may influence susceptibil-
ity

Regulation of Airway Inflammation and Remodeling
Asthma-related miRNAs regulate remodeling of the airway by targeting pathways regulated the epithelial differentiation,

smooth muscle proliferation, and cytokine signaling.”®

e Airway epithelium: The bronchial epithelium serves as a primary interface between environmental triggers and the

immune system. Dysregulated miRNAs in epithelial cells influence epithelial integrity, cytokine signaling, and
repair responses. For example, miR-1246 is consistently down-regulated in asthmatic bronchial epithelial cells,
affecting IL-13—mediated pathways and epithelial differentiation. Importantly, this repression is resistant to corti-
costeroid therapy, linking miR-1246 to steroid-insensitive asthma. Exosomal miR-1246 can propagate pro-
inflammatory signals to neighbor-ing cells, amplifying airway inflammation.*®*° Other miRNAs, including miR-
30a-5p, miR-29a-3p, miR-106b-5p, miR-27b-3p, miR-200a-3p, and the miR-34 family, are downregulated under IL-
13 stimulation, linking Th2 cytokine activity to epithelial remodeling.>® Additionally, miR-30a-3p and miR-30d-3p
operate within circRNA-miRNA-mRNA regulatory networks, modulating airway epithelial function, IL-17 signal-
ing, and immune—epithelial interplay in asthma.>’->*%

In contrast, miR-19a promotes epithelial proliferation via suppression of 7TGFf R2 and reduced SMAD3 phosphor-
ylation, while dysregulation of miR-200b-3p alters SOCSI-dependent cytokine signaling.®*%*"

Additionally, members of the let-7 family, particularly let-7b and let-7c, as well as miR-146b, miR-223, and miR-
221, are highly expressed in airway biopsies and epithelial or macrophage cells, where they regulate epithelial
differentiation, apoptosis, proliferation, and immune responses.****¢7

Notably, repression of let-7c, miR-665, miR-24-3p, miR-99a-5p, and miR-26a-5p in steroid-resistant asthmatic
epithelium highlights corticosteroid-resistant miRNA signatures that could inform alter-native therapeutic strate-
gies. These observations are supported by studies showing that miRNAs including miR-99a-5p, miR-26a-5p, miR-
27a-3p, miR-125b-5p, miR-92-3p, miR-21-5p, miR-4521, and miR-223-3p are altered in EVs or bronchial biopsies

from asthmatic patients.**°

miR-22] also contributes to airway inflammation and has been proposed as
a therapeutic target for controlling airway inflammation in both murine and human models.®’

Airway Smooth Muscle: In ASM, miRNAs regulate proliferation, contractility, and inflammatory responses, all of
which contribute to airway remodeling and hyperresponsiveness. miR-146a serves as a negative regulator of
inflammation by suppressing COX-2 and IL-1f, whereas dysregulation of miRNAs associated with the PTEN/

PI3K/Akt axis (eg, miR-30a-5p, miR-29a-3p, miR-27b-3p, miR-92-3p, miR-185-5p) promotes ASM proliferation
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and remodeling.***® Additionally, miR-140-3p and miR-133a-3p modulate ASM contractility via CD38 and RhoA
signaling; their cytokine-induced repression (IL-13, IL-17A) enhances smooth muscle hypercontractility.’>>%"*
miR-142-3p contributes to ASM proliferation by modulating WNT signaling.”’

Circulating: Systemic miRNAs reflect and propagate airway inflammation. Circulating miR-146a, miR-145, miR-
126, and miR-142-5p influence inflammation and remodeling by targeting pathways such as TGF-f, DNMTI, and
PI3K/Akt signaling, serving as potential biomarkers for disease severity and therapeutic response.?>~*4%1.76
Additional miRNAs, including miR-451b, miR-7-5p, miR-532-3p, miR-296-5p, and miR-766-3p, have been asso-
ciated with frequent exacerbations in both childhood asthma and adult COPD, suggesting shared inflammatory
pathways.** Moreover, members of the miR-17-92 cluster, including miR-17-5p and miR-363-3p, have been
detected in circulating extracellular vesicles and are associated with asthma, including obesity-associated low
type-2 phenotypes, linking metabolic inflammation with airway disease mechanisms.®>® In addition, miR-320a

has been associated with inhaled corticosteroid (ICS) response in analyses stratified by vitamin D status.®*

Together, these findings underscore miRNAs as central regulators linking cytokine signaling, structural cell remodel-

ing, and steroid responsiveness in asthma.

Immune Cell Regulation
miRNAs also coordinate interactions between epithelial, smooth muscle, and immune compartments, shaping adaptive

immune responses and allergic inflammation.

e Epithelial: Epithelial miRNAs modulate immune signaling by regulating apoptosis, cytokine secretion, and T/B

cell activation. For instance, miR-16, miR-106b-5p, miR-34b-5p, and miR-146a-5p control MAPK and mTOR

3942744 0iR-203a-3p regulates IL-17 signaling and Th cell

pathways and influence T/B cell signaling cascades,
differentiation, linking epithelial signals to Th17-mediated inflammation.®*

Immune cells: In immune cells, miRNAs fine-tune cytokine production and inflammatory responses. miR-19a
amplifies Th2 cytokine output by targeting negative regulators such as PTEN, SOCS1, and A20, thereby exacer-
bating allergic inflammation.”® Circulating miRNAs, including miR-155, miR-19a/b, and miR-223, reflect systemic
immune dysregulation and correlate with eosinophil counts and corticosteroid responsiveness.”>>*® Moreover,
miR-155-5p and miR-532-5p have been functionally validated to modulate glucocorticoid-mediated NF-
kB transrepression, reinforcing the mechanistic link between miRNAs and steroid responsiveness.®> Hub
miRNAs, including miR-223-3p, miR-186-5p, miR-143-3p, and miR-192-5p, mediate effects on eosinophilia and
Th2 inflammation,®' further highlighting their role in shaping allergic immune responses. Other circulating
miRNAs, such as miR-148a-3p and miR-326, modulate Th2 expansion, IgE signaling, and general immune
dysregulation, contributing to allergic inflammation and asthma pathophysiology.®®

Genetic and Epigenetic Influences
The expression and function of miRNAs in asthma are shaped not only by inflammation associated with disease, but also

by genetic predispositions, epigenetic changes and exposures during development. These factors may predispose the

airways to increased reactivity and contribute to variability in asthma severity and treatment response.

91

e Prenatal and developmental exposures: Environmental exposures in critical windows of lung development can

introduce permanent changes in miRNA expression. For instance, intrauterine exposure to tobacco smoke is
associated with changes in the expression of miR-26a, miR-29a-3p, miR-200a-3p, and miR-148a-3p. These
miRNAs regulate pathways related to epithelial differentia-tion, oxidative stress responses, and airway remodeling,
and their dysregulation has sex-specific effects on lung structure and function.*® Early-life perturbation may
predispose individuals to asthma by inducing abnormal airway responses prior to experiencing environmental
triggers in the postnatal period.

12
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¢ Genetic variation: The presence of single nucleotide polymorphisms (SNPs) can change miRNA maturation,

stability, or target recognition, subsequently altering asthma risk and severity measures, as well as steroid responses.
For instance, SNPs in miR-146a, miR-152, and miR-499 regulate inflammatory signaling, immune activation, and
Th2/Th17 polarization.’**”-"° One SNP can effect the binding efficiency of miR-146a to its target COX-2 that can
trigger airway inflammation. miR-152 targets HLA-G in airway epithelial cells, with maternal asthma status and the
+3142 SNP affecting offspring gene regulation and transgenerational asthma risk, highlighting miR-152 as
a potential biomarker.”' Recent studies have identified miRNA expression quantitative trait loci (miRNA-QTLs)
that colocalize with asthma GWAS signals, including miR-4433b-3p, miR-3131, miR-181a-5p, and miR-335-3p".
These findings suggest that genetic variation directly influencing miRNA expression contributes to asthma
susceptibility and may inform personalized therapeutic strategies.

Epigenetic regulation: Cytokine-driven epigenetic mechanisms can dynamically regulate miRNA expression in
response to the inflammatory milieu. IL-13 and IL-17A, key cytokines in Th2 and Th17-driven asthma, can repress
miR-140-3p and miR-133a-3p through histone modifications and promoter methylation. These epigenetic changes
create self-reinforcing feedback loops that promote airway hyperresponsiveness, smooth muscle proliferation, and
extracellular matrix deposition.®’* This demonstrates how miRNA expression is finely tuned by both the local

cytokine environment and chromatin accessibility, linking inflammation to structural remodeling.

miRNA Profiles Across Asthma Phenotypes and Tissues

Asthma is a heterogeneous disease with distinct phenotypes and variable clinical manifestations. miR-NAs exhibit

phenotype and tissue-specific expression patterns, linking structural cell behavior, immune responses, and systemic

inflammation. Understanding these profiles provides insight into disease mech-anisms and identifies potential biomarkers

or therapeutic targets.”” Table 4 summarizes phenotype and tissue-specific miRNA patterns distinguishing asthma

subtypes and reflecting disease processes.

Asthma Subtypes and Phenotypes

Asthma-associated miRNAs show differential regulation across allergic, non-allergic, mild, and severe disease

phenotypes:

Table 4 miRNA Profiles Across Asthma Phenotypes and Tissue Compartments

Category Tissue / Pheno- | miRNAs Functional Implications Reference(s)
Type
Asthma Subtypes | Allergic vs Non- miR-19a, miR-223 miR-19a enhances Th2 cytokine production in allergic [35,73]
Allergic asthma; miR-223 linked to neu-trophilic inflammation in
non-allergic asthma
Severe vs Mild miR-19a, miR-200b-3p, miR-125b, miR-221, Upregulated miRNAs drive remodeling, hy- [38,44,53,54,72]
miR-155, miR-144- 3p/5p, miR-1246, miR-16, perresponsiveness, and inflammation; downreg-ulated
miR-99b-5p, miR-451a, miR-326, miR-505-3p | miRNAs impair anti-inflammatory path-ways and steroid
re-sponse
Comorbidities miR-21, miR-34c-5p, miR-146a, miR-574- 5p, | Mediate intercellular signaling and systemic [39,50,88]
miR-151a-5p, miR-125b-2-3p inflammation; may exacerbate coexisting allergic/
inflammatory conditions
Tissue-Specific Airway Epithe- miR-1246, miR-16, miR-26a, miR-30a, Regulate epithelial differentiation, apop-tosis, and [38,42—44]
Expression lium miR-34b/c barrier integrity; dysregulation contributes to epithe-lial
dysfunction and impaired repair
ASM miR-146a, miR-140-3p, miR-133a, Control ASM prolifer-ation and contractility; altered [33,55,56,74,77]
miR-142-3p expression pro-motes hyperresponsive-ness and
remodeling
Circulation / De- miR-145, miR-126, miR-223, miR-1246, Mirror lung activity; re-flect severity; devel-opmental [34,48,49,51,83]
velopmental miR-451a, miR-106b-5p, miR-200a-3p, miRNAs in breast milk/cord blood suggest maternal
miR-99b-5p influ-ence on asthma suscep-tibility
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e Allergic vs Non-Allergic Asthma: Allergic asthma is characterized by Th2-driven inflamma-tion. miR-19a
enhances Th2 cytokine production, amplifying allergic responses and eosinophilic inflammation. In contrast,
miR-223 is more relevant in non-allergic asthma, where neutrophilic inflammation predominates.>>’*> These
distinctions highlight the role of miRNAs in defining inflammatory endotypes and clinical heterogeneity.

e Severe vs Mild Asthma: Severe asthma exhibits pronounced airway remodeling, steroid resistance, and chronic
inflammation. Upregulation of miR-19a, miR-200b-3p, miR-125b, miR-221, miR-155, and miR-144-3p/5p contri-
butes to structural changes, hyperresponsiveness, and persistent inflammation. Conversely, downregulation of
regulatory miRNAs such as miR-1246 and miR-16 impairs anti-inflammatory pathways and promotes corticosteroid
insensitivity.>®>*>*7 Additional validated biomarkers include miR-99b-5p, miR-451a, miR-326, and miR-505-3p,
which distinguish severe uncontrolled asthma from mild allergic asthma, highlighting their potential use in risk
stratification and treatment decision-making.>* These miRNA signatures may serve as molecular markers for
identifying patients with high-risk or treatment-resistant asthma.

¢ Comorbidities: Systemic inflammation associated with asthma comorbidities is reflected in exo-somal miRNAs such as
miR-21, miR-34c-5p, and miR-146a. These miRNAs mediate intercellular signaling and may exacerbate coexisting
allergic or inflammatory conditions, suggesting a role in the systemic aspects of asthma pathophysiology.**>°

Furthermore, miRNAs such as miR-574-5p, miR-151a-5p, and miR-125b-2-3p have been shown to predict incident

asthma in children with recurrent wheeze, suggesting their utility as early biomarkers for disease development.®®

Tissue-Specific Expression
Distinct miRNA profiles contribute to compartment-specific regulation of airway biology:

e Airway epithelium: miRNAs such as miR-1246, miR-16, miR-26a, miR-30a, and miR-34b/c regulate epithelial
differentiation, apoptosis, and barrier integrity. Dysregulation in this compart-ment contributes to epithelial dys-
function, impaired repair, and susceptibility to environmental triggers.>® #0424

e ASM: miRNAs including miR-146a, miR-140-3p, miR-133a, and miR-142-3p control ASM prolifer-ation and contractility.
Altered expression promotes airway hyperresponsiveness and remodeling, key features of severe asthma.>*3>-67477

e Circulation: Serum and plasma miRNAs (miR-145, miR-126, miR-223, miR-1246, miR-451a) mirror cellular
activity within the lung and correlate with asthma severity. Developmental miRNAs in breast milk and cord
blood (miR-106b-5p, miR-200a-3p, miR-99b-5p) suggest maternal influences on miRNA-mediated programming

of asthma susceptibility in offspring.**3

The Influence of Environmental and Lifestyle Factors
Environmental triggers and lifestyle exposures can modify miRNA expression, shaping asthma phenotypes and treatment
responses as shown in Table 5.

External Triggers

Cytokine exposure (IL-13, IL-17A) recapitulates disease-associated miRNA dysregulation in epithelial and ASM cells,
linking inflammatory environments directly to structural and functional remodeling.>**"* Allergen exposures (ovalbu-
min, house dust mite) regulate circulating miRNAs, including miR-146a, miR-126, miR-21, and miR-26a, highlighting

their role as mediators of immune-environment interactions.>**

Diet and Lifestyle

Maternal factors influence offspring miRNA profiles. Breast milk-derived EVs containing miRNAs (miR-106b-5p, miR-
200a-3p, miR-1290, miR-331-3p) reflect maternal asthma status and may modulate early immune programming,
contributing to asthma risk.** Broader interactions between diet, metabolism, and miRNA regulation remain an emerging
area of research.
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Table 5 Environmental and Lifestyle Influences on Asthma-Associated miRNAs

Factor miRNAs Mechanism / Functional Implications Reference(s)
External miR-146a, miR-126, miR-21, miR-26a | Cytokine exposure (IL-13, IL-17A) in epithelial and ASM cells; allergen [34,38,45,56,74]
Triggers exposures regu-late circulating miRNAs; link inflammatory environment
to remodeling
Diet and miR-106b-5p, miR-200a-3p, miR- Breast milk-derived EVs re-flect maternal asthma; mod-ulate early [48]
Lifestyle 1290, miR-331-3p immune program-ming and offspring asthma risk
Treatment miR-1246, let-7c, miR-26a, miR-19b- | Dysregulation defines corticosteroid-resistant asthma; molecular signa- [38,41]
Response 3p, miR-200b-3p ture of steroid-insensitive disease; miR-200b-3p and miR-1246 associated
with bronchodilator response
miR-126, miR-145, miR-223, miR- Circulating miRNAs show dy-namic changes with corticos-teroid [51,52,86]
155, miR-28-5p, miR-339- 3p, miR- therapy; predictive of ICS response in children; po-tential biomarkers for
432-5p monitor-ing treatment response
miR-125a-5p, miR-181a-5p, miR-101- | ICS responses modulated by vitamin D status; highlights nutrient— [64]
3p, miR-107, miR-363-3p, miR-320a corticosteroid inter-actions

Treatment Response

Corticosteroid resistance in asthma is associated with dysregulation of miRNAs such as miR-1246, let-7c, miR-26a, and
miR-19b-3p, defining molecular signatures of steroid-insensitive disease.’® miR-200b-3p and miR-1246 have been
replicated across pediatric and adult cohorts as associated with bronchodilator response.*' Circulating miRNAs, includ-
ing miR-126, miR-145, miR-223, and miR-1535, exhibit dynamic changes in response to corticosteroid therapy, supporting
their potential as biomarkers for treatment monitoring.’'->* Additional predictive markers of ICS response in children
include miR-28-5p, miR-339-3p, and miR-432-5p%°. Furthermore, miR-125a-5p, miR-181a-5p, miR-101-3p, miR-107, and
miR-320a showed associations with ICS response modified by vitamin D status, highlighting potential interactions
between micronutrients and corticosteroid efficacy. In addition, miR-363-3p emerged as a replicated circulating marker in
the validation analysis, supporting its potential relevance to ICS response and lung function in childhood asthma.®*

Clinical Translation

miRNAs have emerged as promising tools for both the diagnosis and treatment of asthma due to their central role in
regulating airway inflammation, remodeling, and immune responses. Their stability in circulation and tissue-specific
expression profiles make them particularly attractive for clinical applications. Table 6 lists clinically relevant miRNAs for
asthma diagnosis and treatment.

Table 6 Clinical Translation of Asthma-Associated miRNAs: Biomarkers and Therapeutic Targets

Role

miRNA/Panel

Mechanism/Pathway

Reference(s)

Exosomal Biomarker

miR-21, miR-34b/c-5p,
let-7b/c, miR-665

Encapsulated in exosomes; protected from degrada-tion; reflects intercellular signaling [50]

Plasma Biomarker

miR-146a, miR-125b,
miR-200b-3p, miR-1246

Circulating levels; high di-agnostic accuracy; AUC up to 0.9995; miR-200b-3p and miR-1246 | [34,41,79,80]
replicated across pediatric and adult cohorts for bronchodilator response

Hyperre-sponsiveness

Disease Differen- miR-619-5p Downregulated in eosinophilic COPD vs asthma; distinguishes asthma subtypes [81]
tiation

Therapeutic: Anti- miR-146a mimic Suppresses ASM inflam-mation via COX-2, IL-1 in-hibition; reduces cytokine-driven [33]
inflammatory remodeling

Therapeutic: Airway miR-140-3p, miR-133a Reduces ASM prolifera-tion and contractility; miti-gates hyperresponsiveness [56,74]

Therapeutic: Immune
Modu-lation

miR-19a inhibitor, miR-
142-3p, miR-126

Modulates Th2 cytokines, PTEN/AKT, DNMT | path- ways; reduces allergic in-flammation [51,78]
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miRNAs as Biomarkers
Circulating and exosomal miRNAs provide sensitive and specific biomarkers for asthma diagnosis, phenotyping, and
monitoring of disease progression:

¢ Exosomal miRNAs: Exosomal miRNAs such as miR-21, miR-34b/c-5p, let-7b/c, and miR-665 have demonstrated
72% predictive power in distinguishing asthma patients from healthy controls.>® Their encapsulation in exosomes
protects them from degradation and reflects active intercellular signaling in asthma pathophysiology.
miR-200b-3p and miR-1246 have been replicated across independent pediatric and adult cohorts, demonstrating
robust associations with bronchodilator response.*! This replication underscores their potential utility as candidate
biomarkers for asthma diagnosis and treatment monitoring, although prospective validation studies are still needed
before clinical implementation.

e Plasma miRNAs: Circulating miRNAs offer even higher diagnostic accuracy. For instance, plasma miR-146a ratios
achieved the area under the ROC curve (AUC) of 0.92, while exosomal miR-125b levels reached AUC values as
high as 0.9995.347%:80

e Disease differentiation: Certain miRNAs can distinguish asthma from other airway diseases. For example, miR-
619-5p is downregulated in eosinophilic COPD compared to asthma and non-eosinophilic COPD, reflecting distinct
miRNA-mediated molecular pathways and highlighting its potential utility as a biomarker for differentiating asthma
from COPD subtypes.*!

MiRNAs as Therapeutic Targets
Therapeutically modulating miRNAs offers the potential to correct dysregulated pathways underlying asthma
pathogenesis:

e Anti-inflammatory strategies: Mimics of miR-146a can suppress ASM-mediated inflammation by inhibiting
targets such as COX-2 and IL- 1, reducing cytokine-driven remodeling.*”

e Modulation of airway hyperresponsiveness: Restoration of miR-140-3p and miR-133a miti-gates smooth muscle
proliferation and contractility, improving airway dynamics and attenuating hyperresponsiveness.”®’*

¢ Immune modulation: Inhibition of miR-19a, a driver of Th2 cytokine production, reduces allergic inflammation
and eosinophilic responses. Similarly, targeting circulating miRNAs such as miR-142-3p and miR-126 can modulate

systemic pathways including PTEN/AKT and DNMT1, offering opportunities for broader immune regulation.>-’®

The dual role of miRNAs as biomarkers and therapeutic targets underscores their translational potential in asthma. By
combining molecular profiling with functional interventions, miRNA-based strategies could enable early diagnosis,
stratification of disease subtypes, prediction of treatment response, and development of novel precision therapeutics.

Discussion

This review applied a dual replication Criteria cross-study validation and prospective discovery-replication designs to
identify miRNAs with the strongest empirical support in asthma. By prioritizing reproducibility over breadth, we aimed
to distinguish robust, biologically meaningful candidates from findings potentially influenced by small cohorts, platform
variability, or study-specific confounders.>'%!”**32 This approach narrows the field considerably, highlighting a limited
subset of miRNAs with consistent validation across independent populations and phenotypes.

The externally validated miRNAs identified through our replication-based Criteria represent a focused set of high-
confidence candidates supported by evidence from both cross-study validation and discov-ery—replication designs. These
replicated miRNAs provide insight into key pathogenic processes in asthma, including airway inflammation, smooth
muscle remodeling, and immune regulation. In addition, the reviewed studies highlight tissue- and phenotype-specific
expression patterns as well as the influence of environmental and lifestyle factors on miRNA regulation. Collectively,
these findings suggest potential translational applications of replicated miRNAs as biomarkers for disease detection,
severity assessment, exacerbation risk prediction, and treatment response.
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Among these, miR-146a and miR-1246 emerge as central candidates. miR-146a functions as a negative regulator of
NF-xB-driven inflammation in airway smooth muscle and immune cells through suppression of COX-2 and IL-14 47, 53,
65, 72, 73. miR-1246 demonstrates corticosteroid-resistant downregulation in bronchial epithelium and is linked to IL-13
signaling and exosomal propagation of inflammatory sig-nals.***° Their consistent replication across compartments
suggests that they occupy regulatory nodes rather than representing incidental downstream markers. Nevertheless,
replication alone does not establish causality; many highly replicated miRNAs may reflect consequences of established
inflammation rather than primary drivers of disease.**° Disentangling mediators from markers will require longitudinal
designs and functional intervention studies.

8990 miRNA function differs across

A key insight from the mechanistic literature is strong compartment specificity.
bronchial epithelium, airway smooth muscle, immune cells, and circulating fractions. Circu-lating miRNAs are clinically
attractive due to stability and accessibility,®’ but they represent composite signals from multiple tissues. Reported

34,79,80

diagnostic AUC values for plasma and exosomal miRNAs are promising yet derived from relatively small studies

and require large-scale, multicenter validation. Moreover, lack of standardized extracellular vesicle isolation and
quantification protocols limits cross-study comparability.?*-*

Phenotypic heterogeneity further complicates interpretation. miR-19a is closely associated with Th2-driven allergic
inflammation,”® whereas miR-223 is more strongly linked to neutrophilic, non-allergic pheno-types.*> No single miRNA
is likely to capture the full endotypic spectrum of asthma,’® supporting the de-velopment of multi-marker, endotype-
aware panels. Discovery—-replication validated candidates associated with exacerbation frequency, ICS response, lung

648488 strengthen translational relevance. Notably, exacerbation-associated

function, and incident asthma prediction
miRNAs replicated in adult COPD cohorts® suggest shared inflammatory pathways across obstructive airway diseases;
however, such cross-disease replication may reflect generalized inflammation rather than asthma-specific biology.

Genetic and epigenetic data reinforce the biological plausibility of several candidates. miRNA-QTLs colocalizing
with asthma GWAS loci,?’ along with SNP associations involving miR-146a, miR-152, and miR-499 36377071 {ijnk
germline variation to regulatory function. Environmental and developmental influences, including prenatal smoke
exposure*” and cytokine-driven epigenetic repression of miR-140-3p and miR-133a-3p,*>>%"* highlight dynamic regula-
tion within inflammatory environments. These multi-layered influences underscore that miRNA dysregulation reflects the
interaction of genetic susceptibility, environmental exposure, and immune signaling.

Mechanistic studies support therapeutic hypotheses, including miR-146a augmentation to dampen airway smooth

56,74 inhibition of miR-

muscle inflammation,* restoration of miR-140-3p and miR-133a-3p to reduce hypercontractil-ity,
19a to attenuate Th2 amplification,”> and modulation of glucocorticoid signaling via miR-155-5p and miR-532-5p®.
However, translation remains constrained by delivery challenges, tissue specificity, off-target risks, and the absence of

clinical trials in asthma.

Limitations

Several limitations should be considered. First, by prioritizing replication as an inclusion criterion, this review may have
excluded potentially important miRNAs identified in single but methodologically rigorous studies.''® While replication
strengthens confidence in robustness, it may inadvertently overlook emerging candidates that warrant further investiga-
tion. Second, the included studies are heterogeneous with respect to biospecimen source (eg, blood, airway epithelium,
exosomes), patient characteristics, and profiling platforms, which limits direct comparability and may influence observed
replication patterns.'®?%” Third, the predominance of cross-sectional study designs constrains causal inference, as most
associations reflect correlations at a single time point; well-powered longitudinal studies remain relatively scarce.®®
Fourth, generalizability may be restricted by limited ancestry representation in several cohorts, potentially reducing
applicability across diverse populations.®*>%*!%" Finally, although mechanistic insights have been supported by experi-

33,56,67,74,78

mental work, much of this evidence derives from in vitro systems or murine models, which may not fully

recapitulate the complexity of human airway biology.

Journal of Inflammation Research 2026:19 hetps: 17



Hadikhani et al

Future Directions

Future investigations should prioritize integrative, multi-layered approaches that combine miRNA profiling with tran-
scriptomic, epigenomic, and proteomic datasets to better define causal regulatory networks in asthma. The application of
single-cell and spatial transcriptomic technologies will be particularly valuable in resolving cell-type—specific miRNA
activity across epithelial, immune, and smooth muscle compart-ments, thereby clarifying context-dependent effects that
bulk analyses may obscure. Longitudinal cohort studies are also needed to determine the temporal stability of miRNA
signatures and their predictive value for exacerbations, disease progression, and treatment response. Standardization of
sample processing, normalization strategies, and analytic pipelines will be essential to improve reproducibility and enable
meta-analytic comparisons across studies. Mechanistic validation using functional assays and in vivo models should
accompany observational findings to distinguish causal regulators from secondary inflam-matory signals. Finally,
translational efforts must address delivery systems, tissue specificity, and safety considerations for miRNA-based
therapeutics, while prospective clinical trials are required to evaluate the feasibility of miRNA-guided precision medicine
strategies in asthma management.

Conclusion

This review examined the evidence linking microRNAs (miRNAs) to asthma using replication based criteria that
included both cross study validation and discovery and replication study designs. By focusing on reproducibility across
independent studies, we identified a smaller group of miRNAs with consistent evidence and reduced the influence of
findings that may reflect study specific variability.

Several miRNAs, including miR-146a, miR-1246, miR-19a, and miR-223, show repeated associations with processes
involved in asthma such as airway inflammation, immune regulation, and airway smooth muscle remodeling. The
literature also indicates that miRNA expression differs across tissues and asthma phenotypes, suggesting that individual
miRNAs may contribute to specific biological contexts within the disease.

Some of the replicated miRNAs are also associated with clinical features including asthma susceptibility, exacerba-
tion risk, lung function, and treatment response. However, additional studies are needed to confirm these findings across
larger and more diverse populations.

Overall, the evidence summarized here suggests that a limited number of miRNAs show consistent associations with
asthma across studies. Further work integrating multi omics data, single cell approaches, and longitudinal cohorts will
help clarify their biological roles and potential clinical relevance.
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