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Abstract 

MicroRNAs (miRNAs) are evolutionarily conserved, ~22-nucleotide non-coding RNAs that 
orchestrate post-transcriptional gene silencing across virtually all metazoan lineages. Since the 
landmark discovery of lin-4 in Caenorhabditis elegans over three decades ago, the miRNA field has 
expanded to encompass more than 2,600 annotated human miRNAs collectively targeting over 60% 
of protein-coding genes, establishing miRNAs as master regulators of cellular homeostasis, 
differentiation, and stress adaptation. This review articulates a conceptual framework positioning 
miRNAs as integrative molecular nodes at the intersection of two fundamental biological processes: 
the heat shock response (HSR) and host immunity. We synthesize evidence demonstrating that 
thermal stress, whether arising from environmental hyperthermia, febrile immune responses, or 
climate-driven ecological perturbation, profoundly reshapes miRNA biogenesis, stability, and target 
engagement, with cascading consequences for innate and adaptive immune signaling. 
Mechanistically, we trace how heat shock factor 1 (HSF1) undergoes temperature-dependent liquid–
liquid phase separation to activate transcription of heat shock proteins (HSPs) and specific miRNA 
loci, generating feedback circuits that calibrate inflammatory tone through NF-κB, TLR, and 
inflammasome pathways. Multi-omics integration including transcriptomics, proteomics, 
metabolomics, and small RNA sequencing has revealed a systems-level “regulatory flux” in which 
miRNAs dynamically buffer cellular responses to concurrent thermal and immunological challenges. 
We further examine how pathogens exploit and subvert host miRNA circuits during infection, and 
how extracellular vesicle-mediated miRNA transfer enables intercellular and inter-organ stress 
communication. Finally, we survey the translational horizon, including miRNA mimics, antagomiRs, 
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engineered delivery systems, and synthetic miRNA circuits, highlighting both therapeutic promise 
and outstanding challenges. By reframing miRNAs as rheostatic integrators bridging stress 
physiology and immunology, this review establishes a foundation for interdisciplinary research at 
the thermal stress–immunity nexus. 

Keywords: microRNA; heat shock response; immunity; thermal stress; extracellular vesicles; multi-
omics; miRNA therapeutics; host–pathogen interaction 
 

1. Introduction 

The discovery of microRNAs (miRNAs) stands as one of the most transformative advances in 
molecular biology since the elucidation of the genetic code. In 1993, Victor Ambros and colleagues 
identified lin-4, a small non-coding RNA in Caenorhabditis elegans that regulated developmental 
timing through antisense complementarity to the 3′ untranslated region (UTR) of lin-14 mRNA [1]. 
Concurrently, Ruvkun et al. demonstrated that this regulatory interaction mediated post-
transcriptional repression of LIN-14 protein without substantially altering mRNA abundance [2]. 
These findings, initially regarded as a nematode-specific curiosity, were dramatically 
recontextualized seven years later when let-7 was identified as a second heterochronic small RNA in 
C. elegans with deeply conserved homologs across bilaterian phyla, including humans [3,4]. The 
floodgates subsequently opened: systematic cloning efforts, computational prediction algorithms, 
and deep sequencing technologies collectively expanded the known miRNA repertoire to more than 
2,600 annotated human miRNAs catalogd in miRBase v22.1 [5,6], with recent evidence suggesting 
that a substantial fraction of additional functional small RNAs remain to be characterized [7]. 

The regulatory reach of miRNAs is staggering. Computational analyses estimate that more than 
60% of human protein-coding genes harbor conserved miRNA binding sites within their 3′ UTRs [8], 
and individual miRNAs can simultaneously modulate hundreds of transcripts, thereby functioning 
as master regulators of gene expression networks [9]. The mechanistic basis for this regulation 
involves loading of the mature ~22-nucleotide (nt) miRNA guide strand onto Argonaute (AGO) 
family proteins to form the RNA-induced silencing complex (RISC), which recognizes target mRNAs 
through seed-region complementarity (typically nucleotides 2–8 of the guide strand) and induces 
translational repression, mRNA deadenylation, and/or endonucleolytic cleavage [9,10]. A landmark 
comprehensive review by Kim et al. in 2025 synthesized decades of biogenesis research, revealing 
that the apparent simplicity of miRNA maturation belies an extraordinarily complex regulatory 
architecture involving post-transcriptional modifications, phase separation of processing complexes, 
target-directed miRNA decay (TDMD), and nuclear functions of miRNA-AGO complexes [7]. 

Beyond their housekeeping roles in development and tissue homeostasis, miRNAs have 
emerged as critical mediators of cellular stress responses. The heat shock response (HSR), a 
phylogenetically ancient cytoprotective program triggered by proteotoxic stress, represents one of 
the most intensively studied stress pathways in biology [11,12]. Activation of heat shock factor 1 
(HSF1) drives rapid transcription of heat shock proteins (HSPs), which function as molecular 
chaperones to maintain proteostasis under thermal duress [13,14]. Recent groundbreaking work has 
revealed that HSF1 itself undergoes temperature-dependent liquid–liquid phase separation (LLPS) 
with lower critical solution temperature (LCST) behavior, establishing a direct biophysical link 
between temperature sensing and transcriptional activation [15]. Simultaneously, the mammalian 
immune system has evolved to deploy fever as a frontline defense mechanism against pathogenic 
challenge [16,17]. This evolutionary convergence of thermal stress physiology and host immunity 
suggests the existence of shared molecular circuitry, yet the regulatory logic connecting these two 
fundamental processes remains incompletely understood. 

MicroRNAs are uniquely positioned to serve as integrative nodes bridging the HSR and immune 
signaling. Several lines of evidence support this assertion. First, thermal stress profoundly alters 
miRNA biogenesis at multiple levels, from transcription of primary miRNA (pri-miRNA) transcripts 
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through nuclear processing, cytoplasmic maturation, and RISC assembly [18,19]. Second, key 
immune-regulatory miRNAs including miR-146a, miR-155, miR-21, and miR-223 are themselves 
thermally responsive, with expression levels that shift dynamically during febrile episodes [20,21]. 
Third, HSPs released into the extracellular milieu during thermal stress function as damage-
associated molecular patterns (DAMPs) that activate innate immune receptors, particularly Toll-like 
receptor 2 (TLR2) and TLR4, initiating signaling cascades that are themselves subject to miRNA-
mediated fine-tuning [22,23]. Fourth, the advent of multi-omics technologies integrating 
transcriptomics, proteomics, metabolomics, and epigenomics has enabled systems-level 
interrogation of miRNA regulatory networks under combined thermal and immunological stress, 
revealing emergent properties that cannot be captured by single-pathway analyses [24,25]. 

The urgency of understanding miRNA-mediated regulatory flux at the thermal stress–immunity 
nexus is amplified by contemporary global challenges. Anthropogenic climate change is driving 
unprecedented increases in ambient temperature extremes, with profound consequences for both 
human health and agricultural productivity [26]. Heat waves are associated with increased 
susceptibility to infectious diseases, impaired vaccine efficacy, and dysregulated inflammatory 
responses [27]. In livestock species, chronic heat stress compromises immune competence and 
elevates disease burden, with substantial economic implications for food security [28,29]. Moreover, 
the emergence and re-emergence of zoonotic pathogens exemplified by SARS-CoV-2, influenza 
H5N1, and dengue virus occur against a backdrop of shifting thermal ecologies that modulate both 
vector biology and host immunity [30,31]. Understanding how miRNAs integrate thermal and 
immunological signals is therefore not merely an academic exercise but a prerequisite for developing 
rational therapeutic and agricultural interventions. 

This review provides a comprehensive, mechanistically detailed synthesis of the current 
understanding of miRNA-mediated regulatory flux at the interface of thermal stress and host 
immunity. We begin by surveying the molecular machinery of miRNA biogenesis and its multi-
layered regulation (Section 2), followed by an in-depth examination of the heat shock response and 
its integration with miRNA networks (Section 3). We then dissect the roles of miRNAs in innate and 
adaptive immune signaling, with particular attention to the convergence with thermal stress 
pathways (Section 4), and explore miRNA dynamics at the host–pathogen interface (Section 5). 
Subsequent sections address extracellular vesicle-mediated miRNA transfer (Section 6), therapeutic 
and engineering applications (Section 7), and emerging frontiers (Section 8). Throughout, we 
emphasize multi-omics perspectives, evolutionary conservation, and translational relevance, aiming 
to catalyse interdisciplinary research at this critical biological nexus. 

2. miRNA Biogenesis: Molecular Machinery and Regulatory Layers 
2.1. Canonical Biogenesis Pathway 

As shown in Figure 1, the canonical miRNA biogenesis pathway begins with transcription of 
miRNA genes by RNA polymerase II (Pol II), yielding primary miRNA transcripts (pri-miRNAs) that 
possess 5′ 7-methylguanosine caps and 3′ poly(A) tails, features shared with protein-coding mRNAs 
[32,33]. Pri-miRNAs contain one or more hairpin structures, each consisting of an imperfectly base-
paired stem of approximately 33–35 base pairs (bp), a terminal loop, and flanking single-stranded 
RNA segments [7,34]. The nuclear processing of pri-miRNAs is executed by the Microprocessor 
complex, a heterotrimeric assembly comprising one molecule of the RNase III enzyme Drosha and 
two molecules of the double-stranded RNA-binding protein DGCR8 (DiGeorge syndrome critical 
region 8, also known as Pasha in invertebrates) [35,36]. Structural and biochemical studies have 
established that DGCR8 recognizes the pri-miRNA hairpin through a combination of cis-acting 
sequence and structural motifs: the basal UG motif at the single-stranded RNA–stem junction, the 
apical UGU or UGUG motif near the terminal loop, a mismatched GHG motif within the lower stem, 
and the overall stem length of ~35 bp [7,37,38]. DGCR8 anchors the apical junction while Drosha 
measures approximately 11 bp from the basal junction to introduce staggered cuts, generating a ~60–
70 nt precursor miRNA (pre-miRNA) hairpin with a characteristic 2-nt 3′ overhang [39,40]. 
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Recent work has added nuance to this canonical framework. Yang et al. (2025) demonstrated 
that intrinsically disordered regions (IDRs) within Drosha selectively promote the biogenesis of a 
specific subset of miRNAs, suggesting that the Microprocessor is not a monolithic processing 
machine but rather a tunable complex whose substrate selectivity is modulated by the conformational 
dynamics of its own subunits [41]. Furthermore, evidence has emerged that the Microprocessor can 
undergo liquid–liquid phase separation (LLPS) in certain cellular contexts, potentially concentrating 
processing substrates and enhancing catalytic efficiency in a manner analogous to other nuclear 
condensates [42,43]. These findings underscore the principle that miRNA biogenesis is not a 
constitutive, invariant process but rather a dynamically regulated program subject to modulation by 
cellular state, including thermal stress. 

Following nuclear processing, pre-miRNAs are exported to the cytoplasm through the nuclear 
pore complex by Exportin-5 (XPO5) in a Ran-GTP–dependent manner [44,45]. XPO5 recognizes the 
~2-nt 3′ overhang and the double-stranded stem of the pre-miRNA, protecting it from nuclear 
degradation during transit [46]. In the cytoplasm, the pre-miRNA is cleaved by a second RNase III 
enzyme, Dicer, which operates in concert with the trans-activation response RNA-binding protein 
(TRBP, also known as TARBP2) [47,48]. Dicer employs two distinct ruler mechanisms for measuring 
the cleavage site: a 5′-counting rule, in which the PAZ domain anchors the 5′ phosphate of the pre-
miRNA and measures ~22 nt to the cleavage site, and a loop-counting rule, in which the distance 
from the terminal loop determines the cut position [49,50]. The two RNase III domains of Dicer 
introduce staggered cuts to liberate an ~22-nt miRNA duplex with 2-nt 3′ overhangs at both ends [51]. 

The final step of canonical biogenesis involves loading the miRNA duplex onto an AGO protein 
to form the RISC. In humans, four AGO paralogs (AGO1–4) can load miRNAs, but only AGO2 retains 
endonucleolytic (“slicer”) activity [52,53]. Guide strand selection is governed by the thermodynamic 
asymmetry rule: the strand whose 5′ end is less stably base-paired is preferentially retained as the 
guide strand, while the opposing “passenger” strand (miRNA*) is ejected and degraded [54,55]. 
Recent cryo-electron microscopy (cryo-EM) structures of human AGO2 in complex with fully paired 
guide-target RNA, reported by Mohamed et al. (2025), have revealed the structural rearrangements 
that enable the slicing-competent conformation [56]. Critically, the N domain of AGO2 rotates to 
permit unimpeded passage of the RNA duplex through the central channel, while a conserved loop 
in the PIWI domain secures the RNA near the catalytic site, enhancing both slicing rate and specificity 
[56]. These structural insights have profound implications for the rational design of siRNA-based 
therapeutics and illuminate how target-binding geometry modulates AGO2 activity under varying 
cellular conditions, including thermal stress. 

2.2. Non-Canonical Biogenesis Pathways 

While the canonical Drosha–Dicer–AGO pathway accounts for the maturation of the majority of 
miRNAs, several non-canonical routes have been delineated, each with potential significance for 
stress-responsive small RNA generation [7,57]. Mirtrons constitute a class of Drosha-independent 
miRNAs in which the pre-miRNA hairpin corresponds precisely to a short intron, such that splicing 
and lariat debranching yield a pre-miRNA substrate directly accessible to Dicer without 
Microprocessor cleavage [58,59]. First identified in Drosophila melanogaster and C. elegans, mirtrons 
have subsequently been catalogd in mammals and may expand the repertoire of miRNAs available 
under conditions such as thermal stress where Drosha activity is limiting [60]. 

The most extensively characterized Dicer-independent miRNA is miR-451, which is processed 
by AGO2 itself [61,62]. Following Drosha cleavage, the pre-miR-451 hairpin is too short (~18 bp stem) 
for Dicer recognition and is instead loaded directly onto AGO2, which cleaves the 3′ arm of the 
hairpin through its slicer activity (Figure 1). The resulting intermediate is subsequently trimmed by 
the poly(A)-specific ribonuclease PARN to generate the mature miR-451 [63]. This pathway is of 
particular immunological significance because miR-451 plays a critical role in erythropoiesis and has 
been implicated in sickle cell trait-mediated resistance to Plasmodium falciparum malaria [64,65]. 
Additional non-canonical pathways include small nucleolar RNA (snoRNA)-derived miRNAs, 
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which are generated by Dicer processing of snoRNA precursors [66], and transfer RNA-derived 
fragments (tRFs), which can associate with AGO proteins and exert miRNA-like post-transcriptional 
regulatory functions [67,68]. The relevance of these non-canonical small RNAs to the thermal stress–
immunity interface is an emerging area of investigation, as several tRFs are stress-responsive and 
accumulate under conditions of heat shock, oxidative stress, and nutrient deprivation [69,70]. 

 

Figure 1. Canonical and non-canonical miRNA biogenesis pathways and regulatory checkpoints. This 
schematic delineates the spatiotemporal lifecycle of miRNA maturation from transcription to target silencing. 
(A) Canonical pathway: RNA Pol II transcribes pri-miRNA, which is processed by the Drosha–DGCR8 
Microprocessor complex in the nucleus, recognizing the basal UG motif, apical UGU motif, GHG mismatch, and 
~35-bp stem length. The resulting pre-miRNA is exported via Exportin-5/RanGTP and cleaved by the Dicer–
TRBP complex in the cytoplasm using 5′-counting and loop-counting ruler mechanisms. The miRNA duplex is 
loaded onto AGO2, with guide strand selection determined by thermodynamic asymmetry, forming the mature 
RISC. (B) Non-canonical pathways: mirtrons bypass Drosha via splicing; miR-451 bypasses Dicer via AGO2-
mediated slicing and PARN trimming; snoRNA-derived and tRNA-derived fragments (tRFs) represent 
additional stress-responsive small RNA sources. (C) Regulatory checkpoints (indicated by numbered callout 
boxes): (1) RNA editing (ADAR-mediated A-to-I) at the pri-miRNA level; (2) m6A modification enhancing 
Microprocessor recognition; (3) 3′ tailing uridylation (TUT4/TUT7) promoting degradation via DIS3L2, 
adenylation (TENT2) promoting stabilization; (4) Target-directed miRNA decay (TDMD) mediated by ZSWIM8 
ubiquitin ligase; (5) ceRNA sponging by lncRNAs and circRNAs; (6) Nuclear AGO2 functions in transcriptional 
regulation. Stress-responsive modulation points are highlighted with thermal stress indicators. Arrows in red 
denote pathways enhanced under thermal stress; dashed arrows in blue denote pathways suppressed during 
heat shock. Created in BioRender https://BioRender.com/. 
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2.3. Post-Transcriptional Regulation of miRNA Biogenesis 

The abundance and activity of mature miRNAs are modulated by a sophisticated array of post-
transcriptional regulatory mechanisms that operate at every step of the biogenesis pathway, from 
pri-miRNA processing to mature miRNA turnover [7,71]. RNA editing by adenosine deaminases 
acting on RNA (ADARs) can convert adenosine to inosine (A-to-I editing) within pri-miRNA or pre-
miRNA hairpins, altering processing efficiency, strand selection, and target specificity [72,73]. For 
example, A-to-I editing of pri-miR-142 by ADAR1 impairs Drosha cleavage and redirects the edited 
substrate to degradation by Tudor staphylococcal nuclease (TSN), demonstrating that RNA editing 
serves as a quality-control checkpoint in miRNA biogenesis [74]. 

The 3′ terminal modification of pre-miRNAs and mature miRNAs by nucleotidyl transferases 
constitutes another critical regulatory layer. Uridylation of pre-miRNAs by terminal 
uridylyltransferases TUT4 (ZCCHC11) and TUT7 (ZCCHC6) promotes degradation by the 
exonuclease DIS3L2, particularly for pre-miRNAs with non-canonical 1-nt 3′ overhangs [75,76]. 
Conversely, adenylation of the 3′ end of mature miRNAs by TENT2 (GLD-2) can stabilize certain 
miRNAs, extending their half-lives and augmenting their regulatory impact [77]. This tailing-
dependent regulation of miRNA stability has implications for thermal stress responses, as the 
activities of TUT4/TUT7 and TENT2 are themselves subject to post-translational regulation by stress-
responsive kinases [78]. 

Target-directed miRNA decay (TDMD) has emerged as a particularly important mechanism for 
selective miRNA turnover [7,79]. In TDMD, a highly complementary target RNA typically possessing 
extensive 3′ supplementary pairing beyond the seed region, induces conformational changes in AGO 
that expose the miRNA to degradation [80,81]. The ZSWIM8 ubiquitin ligase has been identified as a 
central effector of TDMD, mediating the polyubiquitination and proteasomal degradation of AGO 
proteins engaged in TDMD-competent interactions [82,83]. Well-characterized TDMD substrates 
include miR-7 (regulated by the circular RNA ciRS-7/CDR1as) and miR-29b (regulated by the long 
non-coding RNA NREP) [84,85]. TDMD provides a mechanism for rapid, target-specific elimination 
of individual miRNAs, enabling cells to dynamically reconfigure their miRNA landscape in response 
to environmental cues, including thermal perturbation. 

RNA modifications on pri-miRNAs further modulate Microprocessor recognition and 
processing efficiency. N6-methyladenosine (m6A), installed by the METTL3–METTL14 
methyltransferase complex and recognized by the reader protein HNRNPA2B1, marks a subset of 
pri-miRNAs for enhanced Drosha processing [86,87]. 5-Methylcytosine (m5C) modifications have 
also been detected on pri-miRNAs, although their functional consequences for biogenesis are less 
well characterized [88]. These epitranscriptomic marks create an additional layer of regulation 
through which signaling pathways potentially including thermal stress signaling can modulate the 
miRNA repertoire. 

Finally, the competing endogenous RNA (ceRNA) hypothesis posits that long non-coding RNAs 
(lncRNAs) and circular RNAs (circRNAs) bearing multiple miRNA response elements (MREs) can 
function as miRNA “sponges,” titrating miRNAs away from their cognate mRNA targets and thereby 
derepressing gene expression [89,90]. While the physiological relevance of ceRNA interactions 
remains debated, particularly regarding whether endogenous ceRNAs achieve sufficient 
stoichiometric abundance to appreciably sequester miRNAs under normal conditions, evidence 
supports ceRNA functionality in specific contexts, including cancer and stress responses where 
individual ceRNA and miRNA expression levels are substantially perturbed [91,92]. 

2.4. Nuclear Functions of miRNAs 

Although miRNAs have been predominantly studied in the context of cytoplasmic post-
transcriptional gene silencing, a growing body of evidence indicates that AGO-miRNA complexes 
also reside in the nucleus, where they engage chromatin-associated RNAs and participate in 
transcriptional gene regulation [93,94]. Nuclear AGO2-miRNA complexes have been implicated in 
both transcriptional gene silencing (TGS), through recruitment of chromatin-modifying complexes to 
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target gene promoters, and transcriptional gene activation (TGA), through interactions with 
enhancer-associated RNAs [95,96]. Recent chimeric eCLIP (enhanced crosslinking and 
immunoprecipitation) data generated by Hofman et al. demonstrated that the canonical let-
7/HMGA2 regulatory interaction occurs in both the nucleus and the cytoplasm, questioning the 
prevailing view that miRNA-mediated regulation is exclusively a cytoplasmic phenomenon [97]. 
These nuclear functions expand the potential regulatory repertoire of miRNAs under stress 
conditions, as thermal stress induces substantial reorganization of nuclear architecture, chromatin 
accessibility, and transcription factor occupancy [98,99]. Whether stress-responsive nuclear miRNA 
complexes contribute to the epigenetic memory of thermal stress in plants and animals represents a 
compelling question for future investigation. 

3. The Heat Shock Response: Molecular Architecture and miRNA Integration 
3.1. Heat Shock Factors and Transcriptional Activation 

The heat shock response (HSR) is orchestrated primarily by heat shock factor 1 (HSF1), a 
transcription factor that serves as the master regulator of proteostasis under conditions of thermal 
and proteotoxic stress [11,100]. The domain architecture of HSF1 comprises a winged helix-turn-helix 
DNA-binding domain (DBD) that recognizes heat shock elements (HSEs) inverted repeats of the 
pentameric sequence nGAAn in the promoters of target genes; a hydrophobic heptad repeat domain 
(HR-A/B) that mediates ligand-independent trimerization; a regulatory domain (RD) that integrates 
post-translational modification signals; and a C-terminal transactivation domain (TAD) that recruits 
transcriptional co-activators and the Mediator complex [101,102]. Under non-stress conditions, HSF1 
exists predominantly as an inactive monomer, sequestered in a repressive complex with HSP90 and 
co-chaperones [103]. Upon thermal stress, the accumulation of misfolded proteins titrates HSP90 
away from HSF1, releasing the monomer for trimerization, nuclear accumulation, and DNA binding 
[104,105]. This binding initiates the rapid transcriptional upregulation of a suite of cytoprotective 
Heat Shock Proteins (HSPs). As shown in the final stages of the cascade in Figure 2, these chaperones 
function as ATP-dependent foldases, facilitating the re-folding of nascent polypeptides and 
preventing the formation of toxic insoluble aggregates, thereby preserving cellular proteostatic 
stoichiometry. 

A paradigm-shifting advance in understanding HSF1 activation was reported by Ren et al. 
(2025), who elucidated the molecular mechanism of temperature-dependent phase separation of 
HSF1 [15]. Using a combination of in vitro reconstitution, all-atom molecular dynamics simulations, 
and live-cell imaging, these authors demonstrated that the regulatory domain (RD) of HSF1 
undergoes LLPS with lower critical solution temperature (LCST) behavior that is, phase separation 
is promoted by increasing temperature, in direct contrast to the more commonly observed upper 
critical solution temperature (UCST) behavior of most intrinsically disordered protein regions [15]. 
This LCST behavior provides an elegant “chemical code” through which HSF1 directly senses 
physiological temperature: at normal body temperature (~37 °C), the RD remains soluble, but at 
febrile or heat-shock temperatures (>39 °C), it phase-separates into condensates that concentrate 
HSF1 at HSE-containing promoters, dramatically amplifying transcriptional output [15]. Post-
translational modifications, particularly phosphorylation of key serine residues (S326, S303, S307), 
modulate the LCST threshold, providing a mechanism through which signaling pathways can tune 
the temperature set point for HSF1 activation [15,106]. The conceptual significance of this discovery 
extends well beyond the HSR: it establishes that biomolecular phase separation can serve as a bona 
fide thermosensor, with direct implications for understanding febrile immune responses and their 
miRNA-mediated regulation. 

The post-translational modification (PTM) landscape of HSF1 is extraordinarily complex and 
constitutes a critical regulatory layer [107,108]. Phosphorylation at S326, mediated by mTOR, MEK1, 
and other kinases, is essential for full transactivation competence, while phosphorylation at S303 and 
S307, mediated by GSK3β and ERK1/2, promotes transcriptional attenuation and nuclear export 
[109,110]. Acetylation of HSF1 at K80 by p300/CBP impairs DNA-binding activity and promotes HSF1 
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release from HSEs, contributing to the attenuation phase of the HSR [111]. Sumoylation at K298 
further modulates HSF1 transcriptional activity in a phosphorylation-dependent manner [112]. These 
PTMs do not operate in isolation but interact synergistically and antagonistically to fine-tune HSF1 
activity across different temporal phases of the stress response and in different tissue contexts. 

 

Figure 2. The canonical HSF1-HSP activation cascade. Schematic representation of the cellular Heat Shock 
Response (HSR) mechanism. (A) Basal conditions (Eustress): In the absence of thermal stress, Heat Shock Factor 
1 (HSF1) is sequestered in the cytoplasm as an inactive monomer, bound by molecular chaperones HSP70 and 
HSP90 (represented by molecular brackets). (B) Thermal Perturbation (Heat Shock): Hyperthermia induces the 
accumulation of denatured, misfolded proteins. The requirement for immediate refolding creates a competitive 
demand (indicated by dynamic arrows), recruiting the HSP70/90 chaperones away from HSF1. This titration 
facilitates the release, homotrimerization, and nuclear translocation of activated HSF1 (represented by the 
orange molecular trimer). The trimer binds with high affinity to Heat Shock Elements (HSEs) within the 
promoter regions of target genes, initiating the rapid transcription of cytoprotective Heat Shock Proteins (HSPs). 
These newly synthesized foldases restore proteostatic stoichiometry and prevent the formation of toxic 
aggregates. Created in BioRender https://BioRender.com/. 

Beyond its canonical role in the HSR, HSF1 has been increasingly recognized as a multifaceted 
transcription factor with constitutive functions in cancer biology, neurodegeneration, and metabolic 
regulation [113,114]. Xu et al. (2023) demonstrated that HSF1 forms a specific transcription factor 
complex with c-MYC, potentiating c-MYC-mediated transcription of oncogenic target genes 
independently of thermal stress [115]. This HSF1–c-MYC axis provides a mechanistic basis for the 
well-documented oncogenic role of HSF1 in diverse malignancies and raises the question of whether 
miRNAs that regulate HSF1 expression may also modulate oncogenic transcriptional programs. 
Among the other heat shock factor family members, HSF2 plays a role in development and 
spermatogenesis and can hetero-oligomerize with HSF1 to modulate the target gene repertoire of the 
HSR [116]. HSF4 is predominantly expressed in the lens and has been implicated in cataractogenesis 
[117]. 
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3.2. Heat Shock Proteins as Molecular Chaperones 

The transcriptional targets of HSF1 include the major families of heat shock proteins, which 
function as molecular chaperones to maintain proteostasis under thermal and proteotoxic stress 
[118,119]. HSP90 is among the most abundant and functionally complex chaperones in eukaryotic 
cells, constituting 1–2% of total cellular protein under non-stress conditions, with expression further 
induced during heat shock [120]. A comprehensive review by Chiosis et al. (2023) elucidated the 
structural and functional complexity of HSP90, including its domain architecture (N-terminal ATPase 
domain, middle domain for client and co-chaperone binding, and C-terminal dimerization domain), 
its extensive co-chaperone network (CDC37, AHA1, HOP/STIP1, p23/PTGES3), and the concept of 
“epichaperomes”, pathological higher-order assemblies of HSP90 with co-chaperones and client 
proteins that form in disease states [14]. HSP90 clients include numerous protein kinases, steroid 
hormone receptors, and transcription factors, many of which are central to immune signaling, 
including JAK kinases, IκB kinase (IKK), and components of the TLR signaling apparatus [121,122]. 

The HSP70 family (including the stress-inducible HSPA1A/HSPA1B and the constitutive 
HSC70/HSPA8) operate through an ATP-dependent substrate binding cycle in which the nucleotide-
binding domain (NBD) undergoes conformational changes that allosterically regulate the substrate-
binding domain (SBD) [123,124]. J-domain proteins (JDPs, also known as HSP40/DNAJ co-
chaperones) stimulate the ATPase activity of HSP70 and deliver substrate proteins, while nucleotide 
exchange factors (NEFs), including the HSP110 family (HSPH1–3) and BAG domain proteins, 
promote ADP-to-ATP exchange and substrate release [125,126]. The HSP70 system acts as a central 
hub for protein quality control, triaging substrates for productive folding, refolding, or 
proteasomal/autophagic degradation depending on the severity and duration of proteotoxic stress 
[127]. 

Small heat shock proteins (sHSPs), exemplified by HSP27 (HSPB1), function as ATP-
independent “holdase” chaperones that bind unfolded client proteins and prevent their irreversible 
aggregation, maintaining substrates in a folding-competent state for subsequent processing by the 
HSP70/HSP90 machinery [128,129]. sHSPs exhibit remarkable oligomeric plasticity, assembling into 
dynamic higher-order complexes of variable size and composition, with oligomeric equilibrium 
influenced by temperature, phosphorylation, and redox state [130]. HSP27 phosphorylation by 
MAPKAPK2 downstream of p38 MAPK promotes dissociation of large oligomers into smaller, more 
active chaperone species, establishing a direct link between stress-activated kinase cascades and 
sHSP chaperone function [131]. Additionally, HSP60 (HSPD1) functions primarily within the 
mitochondrial matrix as a chaperonin that facilitates the folding of imported mitochondrial proteins 
through an encapsulation mechanism involving its co-chaperonin HSP10 (HSPE1) [132]. Extracellular 
release of HSP60, whether through active secretion or passive release from necrotic cells, triggers 
innate immune activation through TLR2 and TLR4, positioning HSP60 at the interface of 
mitochondrial proteostasis and immune regulation [133,134]. 

3.3. miRNA-Mediated Regulation of the Heat Shock Response 

The intersection of miRNA regulatory networks with the HSR operates bidirectionally: specific 
miRNAs target components of the HSR machinery, while HSF1-driven transcription activates the 
expression of specific miRNA loci, generating complex feedback circuits that calibrate the magnitude 
and duration of the stress response [135,136]. Several miRNAs have been identified as direct 
regulators of HSF1 expression. miR-644a directly targets the 3′ UTR of HSF1 mRNA, suppressing 
HSF1 protein levels and attenuating the transcriptional amplitude of the HSR in cancer cells [137]. 
Similarly, miR-216a-5p has been reported to repress HSF1 expression in the context of cardiac 
ischemia–reperfusion injury, where HSF1 downregulation exacerbates mitochondrial dysfunction 
and apoptosis [138]. These miRNAs may serve as “safety valves” that prevent excessive or prolonged 
HSR activation, which can be detrimental as exemplified by the oncogenic consequences of 
constitutive HSF1 activity [114]. 
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The HSP70 family members HSPA1A and HSPA1B are targeted by multiple miRNAs across 
diverse biological contexts. miR-1, a muscle-enriched miRNA, directly suppresses HSP70 expression 
in cardiomyocytes, and its downregulation during cardiac ischemia permits HSP70 upregulation as 
a cytoprotective response [139]. miR-378 targets HSP70 in the context of skeletal muscle hypertrophy, 
while the miR-181 family, particularly miR-181a regulates HSP70 expression in T cells, with 
implications for both thermal tolerance and immune cell activation thresholds [140,141]. HSP90 is 
targeted by miR-628-3p and miR-223, the latter of which is also a critical regulator of inflammasome 
activation, suggesting a mechanistic link between HSP90 chaperoning of immune signaling clients 
and miRNA-mediated inflammatory regulation [142,143]. 

Reciprocally, HSF1-driven transcription activates specific miRNA loci during the HSR. Heat 
shock induces the expression of miR-214, miR-320a, and several members of the miR-17-92 cluster 
through direct HSF1 binding to HSE motifs in their genomic regulatory regions [144,145]. These 
HSF1-induced miRNAs can target pro-apoptotic factors, cell cycle regulators, and immune signaling 
components, thereby contributing to the cytoprotective and immunomodulatory consequences of 
HSR activation [146]. The resulting feedforward and feedback loops create a regulatory architecture 
in which miRNAs both modulate and are modulated by the HSR, enabling precise temporal control 
over the cellular stress response. A comprehensive summary of experimentally validated miRNA–
HSR target pairs, including their mechanisms of action, model organisms, and effects on thermal 
tolerance, is provided in Table 1. 

Thermal stress also exerts profound effects on the miRNA processing machinery itself. Elevated 
temperatures can alter the enzymatic activities of Drosha and Dicer, the conformational dynamics of 
RISC assembly, and the subcellular localization of AGO proteins [18,147]. During severe heat shock, 
AGO2 and associated miRNAs are rapidly sequestered into stress granules (SGs) cytoplasmic 
ribonucleoprotein condensates that form upon translational arrest, potentially reducing the effective 
concentration of functional RISC available for target silencing [148,149]. This SG sequestration 
represents a mechanism through which acute thermal stress can transiently reprogram the miRNA 
regulatory landscape, with implications for the post-stress recovery of gene expression homeostasis. 
The bidirectional regulatory architecture linking miRNAs with the HSR encompassing miRNA-
mediated suppression of HSF1 and HSP targets, HSF1-driven transcription of miRNA loci, and 
thermal stress-induced perturbation of miRNA processing machinery is depicted schematically in 
Figure 3. 

Table 1. Key miRNAs modulating heat shock response components. 

miRN

A 

Target gene(s) Mechanism 

of action 

Organism/Mod

el 

Effect on 

thermal 

tolerance 

Reference(s

) 

miR-

644a 

HSF1 Direct 3′ UTR 

targeting; 

translational 

repression 

Human (cancer 

cell lines) 

Reduced HSR 

amplitude; 

increased 

thermosensitivit

y 

[137] 

miR-

216a-

5p 

HSF1 Direct 3′ UTR 

targeting; 

mRNA 

destabilizatio

n 

Mouse (cardiac 

I/R) 

Impaired 

cardioprotection

; increased 

apoptosis 

[138] 
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miR-1 HSPA1A/HSPA1

B (HSP70) 

Direct 3′ UTR 

targeting 

Human/mouse 

(cardiomyocytes

) 

Attenuated 

cytoprotection; 

exacerbated 

ischemic injury 

[139] 

miR-

378 

HSPA1A 

(HSP70) 

Direct 3′ UTR 

targeting 

Mouse (skeletal 

muscle) 

Modulated 

muscle recovery 

under heat 

stress 

[140] 

miR-

181a 

HSPA1A 

(HSP70) 

3′ UTR 

targeting; 

translational 

repression 

Human (T cells) Altered T cell 

activation 

threshold under 

febrile 

conditions 

[141] 

miR-

628-3p 

HSP90AA1 Direct 3′ UTR 

targeting 

Human (cancer 

cells) 

Destabilization 

of HSP90 client 

proteins; 

reduced 

thermotolerance 

[142] 

miR-

223 

HSP90B1 Indirect 

regulation via 

NLRP3 

inflammasom

e pathway 

Human/mouse 

(myeloid cells) 

Modulated 

inflammatory 

response to 

thermal stress 

[143] 

miR-

214 

PTEN, BAX HSF1-

induced; 

targets pro-

apoptotic 

genes 

Human 

(hepatocytes) 

Enhanced cell 

survival under 

heat stress 

[144] 

miR-

320a 

MAPK1, NFKB1 HSF1-

induced; 

attenuates 

inflammatory 

signaling 

Human 

(endothelial 

cells) 

Dampened 

inflammation 

during 

hyperthermic 

stress 

[145] 

miR-

27a 

HSPA5 

(GRP78/BiP) 

3′ UTR 

targeting; ER 

stress 

modulation 

Bovine 

(mammary 

epithelial cells) 

Compromised 

UPR under 

combined 

heat/ER stress 

[150] 

miR-

143 

HSPA6 Direct 

targeting; 

mRNA 

degradation 

Bovine (PBMCs) Impaired 

leukocyte 

thermotolerance 

[151] 
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let-7a HMGA2, HSPA8 Translational 

repression 

Human 

(multiple 

tissues) 

Modulated 

constitutive 

chaperoning 

under mild 

stress 

[97,152] 

miR-

17-92 

cluster 

BIM, PTEN HSF1-

coregulated; 

anti-apoptotic 

Mouse 

(lymphocytes) 

Enhanced 

lymphocyte 

survival during 

febrile response 

[145,155] 

miR-

34a 

SIRT1, HSF1 Indirect 

regulation via 

SIRT1 

deacetylation 

axis 

Human 

(neuronal cells) 

Modulated 

HSF1 

acetylation; 

altered neuronal 

thermotolerance 

[156] 

miR-

199a 

HSF1, HSPA5 Dual 

targeting; 

coordinated 

ER/heat stress 

attenuation 

Human (liver 

cells) 

Reduced 

combined stress 

response 

capacity 

[157] 

Summary of experimentally validated miRNA–heat shock response (HSR) target pairs. The table catalogs 15 
miRNAs that either suppress core HSR effectors (HSF1, HSP90, HSP70 family members, HSP27) or are 
transcriptionally induced by HSF1 during thermal stress. For each entry, the direct target gene(s), experimentally 
established mechanism of action (3′ UTR targeting, translational repression, mRNA destabilization, or indirect 
regulation), organism and cell/tissue model system, functional effect on thermal tolerance, and primary 
literature reference(s) are provided. miRNAs are grouped by directionality: those that attenuate the HSR by 
repressing its core components (miR-644a through miR-223) and those that are induced as part of the HSR 
transcriptional program and shape downstream cytoprotective or immunomodulatory outcomes (miR-214 
through miR-17–92 cluster). Abbreviations: HSF1, heat shock factor 1; HSP, heat shock protein; HSPA, heat shock 
protein family A; HSPB1, heat shock protein family B member 1; I/R, ischemia–reperfusion; ER, endoplasmic 
reticulum; UPR, unfolded protein response; PBMCs, peripheral blood mononuclear cells. 

3.4. Multi-Omics Perspectives on Thermal Stress 

The advent of multi-omics technologies has enabled comprehensive, systems-level 
characterization of the molecular responses to thermal stress, revealing previously unappreciated 
complexity in the regulatory networks that link the HSR to broader cellular physiology. A landmark 
study by Wen et al. (2024) employed longitudinal multi-omics profiling of acute heat exposure in 
human subjects, quantifying 478 differentially expressed proteins and 1,995 altered metabolites [24]. 
This molecular maneuvering encompassed coordinated changes across immune response pathways, 
coagulation cascades, oxidative stress markers, and energy metabolism networks, demonstrating that 
the HSR in humans extends far beyond the canonical HSF1–HSP axis to engage virtually every major 
physiological system [24]. Critically, pathway analysis revealed that innate immune signaling 
including complement activation, cytokine production, and acute-phase protein induction was 
among the most significantly perturbed functional categories, underscoring the intimate connection 
between thermal stress and immune regulation at the systems level. 

Transcriptomic approaches have yielded important insights into the specificity of thermal stress 
responses across different pathophysiological contexts. Duan et al. (2025) used comparative 
transcriptomic profiling to distinguish heatstroke from fever at the molecular level, identifying 
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heatstroke-specific marker genes including Hspa1a, Hspa1b, Cyp7a1, Arrdc3, and G6pc, that are 
mechanistically distinct from the immune/inflammatory gene signatures characteristic of febrile 
responses [25]. This molecular dissection has practical implications for forensic medicine, clinical 
diagnosis, and the understanding of how different thermal stress intensities differentially engage 
miRNA regulatory networks. 

 

Figure 3. Bidirectional miRNA regulatory architecture in the heat shock response. This schematic illustrates 
the multilayered regulatory circuitry through which miRNAs both modulate and are modulated by the heat 
shock response (HSR). (Top left) Thermal stress triggers the release of HSF1 monomers from inhibitory 
HSP90/HSP70 complexes, enabling trimerization, nuclear translocation, and binding to heat shock elements 
(HSEs) on target gene promoters. (Top right) HSF1-driven transcription induces specific miRNA loci including 
miR-214, miR-320a, and the miR-17–92 cluster which in turn target pro-apoptotic factors, cell cycle regulators, 
and immune signaling components, thereby shaping the downstream cellular stress response. (Center) The 
major heat shock protein families (HSP90, HSP70/HSPA1A/HSPA1B, HSP27/HSPB1) are depicted as central 
effector nodes, each subject to post-transcriptional fine-tuning by specific miRNAs: miR-644a and miR-216a-5p 
suppress HSF1 directly; miR-1, miR-378, and miR-181a target HSP70 family members in tissue-specific contexts 
(cardiomyocytes, skeletal muscle, and T cells, respectively); miR-628-3p and miR-223 repress HSP90, with miR-
223 providing a dual link to NLRP3 inflammasome regulation. A negative feedback loop is shown in which 
HSP90 represses HSF1 trimerization, closing the transcriptional circuit. (Bottom) Thermal stress-induced 
perturbation of the miRNA processing machinery is depicted: elevated temperatures alter Drosha and Dicer 
enzymatic activities, promote AGO2 sequestration into cytoplasmic stress granules (SGs), and reduce functional 
RISC availability collectively resulting in a transient, global reprogramming of the miRNA landscape during 
acute heat shock. Red flat-headed arrows denote inhibitory/repressive interactions; green pointed arrows denote 
activating/inductive interactions; dashed arrows indicate attenuated or conditionally active pathways. 
Abbreviations: HSF1, heat shock factor 1; HSE, heat shock element; HSP, heat shock protein; AGO2, Argonaute 
2; RISC, RNA-induced silencing complex; SG, stress granule; NLRP3, NLR family pyrin domain containing 3. 
Created in BioRender https://BioRender.com/. 

In livestock species, where chronic heat stress poses a significant threat to animal welfare and 
agricultural productivity, integrated miRNAome–transcriptome–proteome analyses have identified 
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hub miRNAs and their regulatory circuits in cattle, poultry, swine, and aquaculture species 
[28,150,151]. These studies have revealed that thermally responsive miRNAs in livestock including 
members of the miR-27, miR-143, miR-181, and let-7 families, converge on pathways regulating 
apoptosis, oxidative stress, immune function, and energy metabolism, paralleling the multi-omics 
findings in human thermal stress [29,152]. Systems biology approaches, including weighted gene co-
expression network analysis (WGCNA), Bayesian network inference, and causal mediation analysis, 
have been employed to infer regulatory hierarchies and identify master regulatory miRNAs “hub 
miRNAs” that disproportionately influence the thermal stress response [153,154]. These 
computational frameworks provide a foundation for prioritizing candidate miRNAs for functional 
validation and therapeutic or agricultural intervention. 

4. miRNAs in Innate and Adaptive Immune Signaling 
4.1. miRNAs in Pattern Recognition and TLR Signaling 

The innate immune system relies on pattern recognition receptors (PRRs) to detect conserved 
molecular structures associated with invading pathogens pathogen-associated molecular patterns 
(PAMPs) and endogenous danger signals released from damaged tissues, damage-associated 
molecular patterns (DAMPs) [158]. Toll-like receptors (TLRs) constitute the best-characterized family 
of PRRs, comprising 10 functional members in humans and 13 in mice [159]. A comprehensive review 
by Kawai et al. (2024) provided an updated framework for understanding TLR biology, 
distinguishing cell surface TLRs (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10) that primarily detect 
extracellular PAMPs, including lipopolysaccharide (LPS), lipoproteins, and flagellin, from 
endosomal TLRs (TLR3, TLR7, TLR8, TLR9) that sense nucleic acids derived from phagocytosed 
pathogens [160]. TLR engagement initiates signaling cascades through adaptor proteins (MyD88, 
TRIF, MAL, TRAM) that converge on the activation of NF-κB, MAP kinases, and interferon 
regulatory factors (IRFs), driving transcription of pro-inflammatory cytokines, chemokines, and type 
I interferons [161,162]. 

MicroRNAs serve as critical rheostats of TLR signaling, fine-tuning both the amplitude and 
duration of innate immune responses [163]. miR-146a and miR-146b are among the best-characterized 
negative regulators of the NF-κB pathway (Figure 4). The kinetic stoichiometry of this axis is defined 
by the antagonistic roles of miR-146a and miR-155, a cross-talk mechanism illustrated in Figure 4. 
Induced by NF-κB itself, miR-146a directly targets TRAF6 (TNF receptor-associated factor 6) and 
IRAK1 (interleukin-1 receptor-associated kinase 1) two essential signal transduction adaptor proteins 
downstream of TLR and IL-1R signaling thereby creating a negative feedback loop that restrains 
inflammatory signaling and prevents excessive tissue damage [164,165]. The functional importance 
of this feedback loop is demonstrated by miR-146a-deficient mice, which develop spontaneous 
autoimmunity, myeloproliferative disease, and chronic inflammation [166]. miR-146a also 
contributes to the phenomenon of endotoxin tolerance, the hyporesponsiveness of macrophages to 
repeated LPS stimulation through sustained suppression of TRAF6 and IRAK1 [167]. 

In counterpoint to the anti-inflammatory role of miR-146a, miR-155 functions as a potent pro-
inflammatory miRNA that amplifies innate immune signaling [168,169]. Induced by TLR ligands, 
TNF-α, and interferons, miR-155 targets negative regulators of inflammation, including SOCS1 
(suppressor of cytokine signaling 1), SHIP1 (SH2-containing inositol-5′-phosphatase 1), and TAB2 
(TGF-beta activated kinase 1 binding protein 2), thereby enhancing NF-κB and MAP kinase activation 
[170,171]. miR-155 occupies a dual role in immunity and oncogenesis: while essential for productive 
antiviral and antibacterial responses, sustained miR-155 overexpression is associated with B cell 
lymphoma, highlighting the fine line between protective immunity and pathological inflammation 
[172,173]. As shown in Figure 4, miR-146a functions as a negative feedback rheostat by targeting the 
signal transducers IRAK1 and TRAF6. This interaction effectively decouples the TLR from the NF-κB 
machinery, facilitating a controlled resolution of the inflammatory phase. The temporal balance 
between these two regulatory nodes determines the magnitude and duration of the inflammatory 
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response, ensuring that the NF-κB nexus remains responsive to pathogenic threats while remaining 
homeostatically constrained to prevent metabolic exhaustion. 

 

Figure 4. miRNA-mediated regulation of innate pattern recognition and adaptive immune signaling. (A) Toll-
like receptors (TLR2/4, TLR5, TLR7/9) signal via MyD88/TRIF to activate TRAF6/IRAK1 and NF-κB, inducing 
pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-12). Four miRNA modules regulate this cascade: miR-146a/b 
targets TRAF6/IRAK1 (NF-κB negative feedback); miR-155 targets SOCS1/SHIP1 (pro-inflammatory 
amplification); miR-21 targets PDCD4 (IL-10 induction); let-7 targets TLR4 mRNA (endotoxin tolerance). (B) 
Naïve T cell differentiation into Th1, Th2, Th17, and Treg subsets alongside germinal center B cell reactions is 
governed by six miRNA modules: miR-155 (targets SOCS1, c-Maf, AID; Th1/Th17 and GC B cell regulation), 
miR-181a (targets DUSP5/6, SHP-2; TCR sensitivity), miR-17~92 (targets PTEN, BIM; PI3K/AKT survival), miR-
150 (targets c-Myb; B cell development), miR-29 (targets IFN-γ mRNA; Th1 attenuation), and miR-19a/b (targets 
PTEN; T cell proliferation). Purple bridge zone highlights miR-155 and miR-146a as dual-compartment 
regulators linking innate and adaptive immunity. Created in BioRender https://BioRender.com/. 

Additional miRNAs participate in TLR signaling modulation at multiple levels. miR-21, one of 
the most abundant miRNAs in immune cells, targets the pro-inflammatory tumor suppressor PDCD4 
(programd cell death protein 4) downstream of TLR4/NF-κB signaling, simultaneously promoting 
IL-10 production and restraining IL-12 secretion, thus shifting the inflammatory balance toward 
resolution [174,175]. The let-7 family, among the most evolutionarily conserved miRNAs, regulates 
TLR4 expression itself and modulates endotoxin responsiveness in macrophages and epithelial cells 
[176]. A comprehensive review of the NF-κB signaling network by Guo et al. (2024) emphasized the 
extraordinary complexity of NF-κB regulation, with dozens of miRNAs targeting various nodes of 
the pathway, creating a complex web of positive and negative regulatory interactions that collectively 
determine the cellular inflammatory output [177]. 

4.2. miRNAs in Inflammasome Activation 

The NLRP3 inflammasome is a cytoplasmic multiprotein complex that, upon activation by 
diverse danger signals, catalyzes the processing and secretion of the pro-inflammatory cytokines IL-
1β and IL-18 via caspase-1–mediated proteolytic cleavage [178,179]. Activation of the NLRP3 
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inflammasome requires two signals: a priming signal (typically NF-κB–dependent transcriptional 
upregulation of NLRP3 and pro-IL-1β) and an activation signal (e.g., K⁺ efflux, mitochondrial ROS, 
lysosomal disruption, or extracellular ATP) [180]. Given the potentially destructive consequences of 
unrestrained inflammasome activation including pyroptotic cell death, tissue damage, and 
autoinflammatory disease the NLRP3 inflammasome is subject to stringent regulation at 
transcriptional, post-transcriptional, and post-translational levels [181]. 

miR-223 serves as a direct negative regulator of the NLRP3 inflammasome, targeting the 3′ UTR 
of NLRP3 mRNA in macrophages and neutrophils [182,183]. Downregulation or genetic deletion of 
miR-223 results in elevated NLRP3 protein levels and enhanced inflammasome activation, 
contributing to exacerbated inflammatory pathology in murine models of experimental colitis, 
atherosclerosis, and metabolic syndrome [184]. Additional miRNAs targeting inflammasome 
components include miR-22, which suppresses NLRP3 expression in the context of renal 
inflammation [185], and miR-30e, which targets the adaptor protein ASC (apoptosis-associated speck-
like protein containing a CARD), reducing inflammasome assembly [186]. miR-223 also regulates 
pyroptosis by modulating GSDMD expression, adding another layer to its anti-inflammatory 
function [187]. 

The intersection of thermal stress with inflammasome biology creates a particularly complex 
regulatory landscape. Moderate febrile temperatures (~39–40 °C) have been reported to enhance 
NLRP3 inflammasome activation in macrophages, potentially through increased mitochondrial ROS 
production and altered membrane fluidity, while severe heat shock (>42 °C) can paradoxically 
suppress inflammasome assembly through HSP90/HSP70-mediated stabilization of inhibitory 
complexes [188,189]. miRNA-mediated fine-tuning of these opposing thermal effects on 
inflammasome function likely plays a critical role in determining the inflammatory outcome of febrile 
episodes, although the precise miRNA circuits involved remain to be fully elucidated. 

4.3. miRNAs in Adaptive Immunity 

The adaptive immune system generates antigen-specific responses through the activation, 
proliferation, and differentiation of T and B lymphocytes, processes that are exquisitely regulated by 
miRNAs at virtually every developmental and functional checkpoint [190,191]. The miR-17-92 cluster 
(comprising miR-17, miR-18a, miR-19a, miR-19b, miR-20a, and miR-92a) is a polycistronic miRNA 
unit that is essential for lymphocyte development and function [192,193]. Deletion of the miR-17-92 
cluster in mice causes severely impaired B cell development and T cell-dependent antibody 
responses, while T cell-specific overexpression promotes lymphoproliferative disease and 
autoimmunity [194,195]. Within the cluster, miR-19a and miR-19b play particularly important roles 
by targeting PTEN and BIM, thereby promoting PI3K/AKT signaling and inhibiting apoptosis in 
activated T cells [196]. 

miR-155 is indispensable for both T cell and B cell immunity. In T cells, miR-155 promotes Th1 
and Th17 differentiation while restraining Treg function, at least in part through targeting of SOCS1 
and the transcription factor c-Maf [197,198]. In B cells, miR-155 is essential for germinal center 
reactions, class-switch recombination, and somatic hypermutation, where it targets activation-
induced cytidine deaminase (AID/AICDA) to calibrate the rate of antibody diversification [199,200]. 
miR-150 serves as a critical regulator of B cell development, targeting the transcription factor c-Myb 
to control the transition from pro-B to pre-B cells [201]. miR-181a has a unique role in T cell receptor 
(TCR) signaling: by targeting multiple phosphatases, including DUSP5, DUSP6, SHP-2, and PTPN22, 
miR-181a augments TCR sensitivity in developing thymocytes, effectively lowering the threshold for 
both positive and negative selection [202,203]. The developmental downregulation of miR-181a in 
mature peripheral T cells desensitizes TCR signaling, contributing to the age-related decline in T cell 
responsiveness (immunosenescence) [204]. 

The miR-29 family (miR-29a, miR-29b, miR-29c) regulates interferon-γ (IFN-γ) production in T 
cells and natural killer (NK) cells, directly targeting the IFN-γ mRNA 3′ UTR and modulating Th1 
immune responses [205,206]. Cytokine signaling cascades are further fine-tuned by miRNAs that 
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target components of the JAK-STAT pathway: miR-155 and miR-19a target SOCS1, a negative 
regulator of JAK-STAT signaling, while miR-146a targets STAT1 in specific contexts [207,208]. These 
miRNA–cytokine interactions create interconnected regulatory loops that precisely calibrate the 
magnitude and polarization of adaptive immune responses. The integrated regulatory architecture 
through which miRNAs coordinate innate pattern recognition via TLR/NF-κB signaling with 
adaptive lymphocyte differentiation highlighting the bridging roles of miR-155 and miR-146a across 
both immune arms is depicted in Figure 4. 

4.4. miRNAs in Macrophage Polarization 

Macrophages exhibit remarkable functional plasticity, with the capacity to adopt distinct 
activation states along a spectrum conventionally described as M1 (classically activated, pro-
inflammatory) and M2 (alternatively activated, anti-inflammatory/pro-resolution) [209,210]. Each 
polarization state is associated with a characteristic miRNA signature that both reflects and reinforces 
the underlying transcriptional program [211]. M1 polarization, driven by IFN-γ and TLR ligands, is 
promoted by miR-155, which targets IL-13Rα1, C/EBPβ, and SOCS1 to sustain NF-κB–dependent 
pro-inflammatory gene expression [212,213]. Conversely, M2 polarization, induced by IL-4, IL-13, 
and IL-10, is associated with upregulation of miR-124, which suppresses C/EBPα and the NF-κB p65 
subunit, and miR-223, which dampens NLRP3-dependent inflammatory signaling [214,215]. miR-let-
7c targets the M1-associated transcription factor C/EBPδ, promoting M2 polarization in the context 
of tissue repair [216]. 

The miRNA cargo of exosomes released by polarized macrophages plays a critical role in 
intercellular communication and can reprogram the polarization state of recipient macrophages and 
other immune cells [217,218]. Tumor-associated macrophages (TAMs), which predominantly exhibit 
an M2-like phenotype that promotes immune evasion and angiogenesis, release exosomes enriched 
in miR-21, miR-29a, and miR-223 that suppress anti-tumor immunity in the tumor microenvironment 
[219,220]. Conversely, pro-inflammatory exosomal miRNAs from M1 macrophages can promote anti-
tumor responses, suggesting therapeutic potential for engineered exosomal miRNA delivery in 
cancer immunotherapy [221]. 

4.5. Convergence of Thermal Stress and Immune miRNA Networks 

The convergence of thermal stress and immune signaling through shared miRNA regulatory 
networks represents a central theme of this review. Febrile temperatures (38–40 °C) alter the miRNA 
landscape of immune cells through several non-mutually exclusive mechanisms [222]. First, elevated 
temperature directly modulates the expression of thermally responsive miRNAs in immune cells, 
including upregulation of miR-155 and downregulation of miR-146a in LPS-stimulated macrophages 
incubated at 39.5 °C versus 37 °C, effectively shifting the inflammatory balance toward enhanced pro-
inflammatory signaling [223]. Second, extracellular HSPs released during thermal stress, particularly 
HSP60, HSP70, and HSP90 function as DAMPs that activate TLR2/TLR4-dependent signaling, 
initiating miRNA-regulated inflammatory cascades [133,224]. Third, the temperature-dependent 
phase separation of HSF1 can directly activate transcription of miRNA loci containing HSE motifs, as 
discussed in Section 3.3, thereby coordinating HSR activation with miRNA-mediated 
immunomodulation [15,145]. 

HSP-mediated antigen presentation provides another mechanistic link between thermal stress 
and adaptive immunity that is subject to miRNA regulation. HSP70 and HSP90 facilitate peptide 
loading onto MHC class I molecules and enhance cross-presentation of exogenous antigens by 
dendritic cells, processes that can be modulated by miRNAs targeting components of the antigen 
processing and presentation machinery [225,226]. The temperature dependence of miRNA stability 
and RISC efficiency in activated immune cells further contributes to the thermal modulation of 
immune responses: miRNA half-lives and AGO2-binding affinities are temperature-sensitive in vitro, 
and elevated temperatures may alter the kinetic parameters of miRNA-mediated silencing in vivo 
[227,228]. 
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Collectively, these observations support a conceptual model in which thermal stress functions 
as an “immunological rheostat” that is calibrated, at least in part, through miRNA-mediated 
regulatory networks. The breadth of immunomodulatory miRNAs operating across innate and 
adaptive immune compartments, together with their direct targets, pathway affiliations, and known 
thermal stress contexts, is systematically catalogd in Table 2. The three convergence mechanisms 
linking thermal stress to immune miRNA networks direct febrile modulation, extracellular HSP-
mediated DAMP signaling, and HSF1 phase separation-driven miRNA transcription, together with 
the resulting immunological rheostat balancing pro-inflammatory and anti-inflammatory outcomes, 
are depicted in Figure 5. 

 

Figure 5. Convergence of thermal stress and immune miRNA networks: The immunological rheostat model. 
Three non-mutually exclusive mechanisms link thermal stress to miRNA-mediated immune regulation. (1) 
Febrile temperatures (38–40 °C) directly modulate thermally responsive miRNAs in immune cells, miR-155 is 
upregulated and miR-146a downregulated in LPS-stimulated macrophages at 39.5 °C versus 37 °C, shifting the 
inflammatory balance toward enhanced pro-inflammatory signaling. (2) Extracellular HSP60, HSP70, and 
HSP90, released during thermal stress, function as DAMPs that activate TLR2/TLR4, initiating miRNA-regulated 
inflammatory cascades. (3) Temperature-dependent LCST phase separation of HSF1 activates transcription of 
miRNA loci containing HSE motifs, coordinating the heat shock response with immunomodulation. These 
inputs converge on a miRNA regulatory hub where thermal stress reduces Drosha/Dicer processing efficiency, 
promotes AGO2 sequestration into stress granules, and modulates HSP70/HSP90-dependent MHC-I peptide 
loading and dendritic cell cross-presentation. The resulting balance between pro-inflammatory (miR-155↑, miR-
146a↓ → enhanced NF-κB, TNF-α, IL-1β, IL-6; M1 polarization) and anti-inflammatory (miR-21↑ → IL-10; miR-
223↑ → NLRP3 suppression; let-7↑ → TLR4 downregulation; M2 polarization) outputs is conceptualized as an 
immunological rheostat calibrated by temperature-dependent miRNA networks. Created in BioRender 
https://BioRender.com/. 

Table 2. Immunomodulatory miRNAs: targets, pathways, and immune outcomes. 

miRN

A 

Immune 

pathway 

Direct 

target(s) 

Immune cell 

type 

Functional 

outcome 

Thermal stress 

context 

Ref. 

miR-

146a 

TLR/NF-κB TRAF6, 

IRAK1 

Macrophage

s, DCs 

Negative 

feedback; 

Downregulated 

at febrile 

temperatures 

[164,165

] 
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endotoxin 

tolerance 

miR-

155 

TLR/NF-κB, 

JAK-STAT 

SOCS1, 

SHIP1, 

TAB2 

Macrophage

s, T cells, B 

cells 

Pro-

inflammatory 

amplification; 

Th1/Th17 

promotion 

Upregulated at 

febrile 

temperatures 

[168–

171] 

miR-21 TLR4/NF-κB PDCD4 Macrophage

s 

IL-10 

induction; 

anti-

inflammatory 

resolution 

Context-

dependent 

thermal 

regulation 

[174,175

] 

miR-

223 

NLRP3 

inflammaso

me 

NLRP3 Macrophage

s, 

neutrophils 

Inflammaso

me 

suppression; 

M2 

polarization 

Modulated 

during febrile 

inflammasome 

activation 

[182–

184] 

let-7 TLR4 TLR4, 

HMGA2 

Macrophage

s, epithelial 

cells 

Reduced 

endotoxin 

responsivene

ss 

Expression 

altered by HSP-

DAMP signaling 

[176] 

miR-

181a 

TCR 

signaling 

DUSP5, 

DUSP6, 

SHP-2, 

PTPN22 

Thymocytes, 

T cells 

TCR 

sensitivity 

enhancement

; selection 

threshold 

Temperature-

sensitive 

phosphatase 

targeting 

[202,203

] 

miR-

17-92 

cluster 

PI3K/AKT, 

apoptosis 

PTEN, 

BIM 

T cells, B 

cells 

Lymphocyte 

survival and 

proliferation 

HSF1 co-

regulation 

during febrile 

response 

[192–

196] 

miR-

150 

B cell 

development 

c-Myb B cell 

progenitors 

Pro-B to pre-

B transition 

control 

Indirect (HSP-

mediated B cell 

stress) 

[201] 

miR-

29a/b/c 

IFN-γ 

signaling 

IFN-γ, T-

bet 

T cells, NK 

cells 

Th1 response 

modulation 

TDMD-

regulated under 

stress 

[205,206

] 

miR-

124 

NF-κB C/EBPα, 

p65 

Macrophage

s, microglia 

M2 

polarization; 

anti-

inflammatory 

Modulated 

during CNS 

thermal stress 

[214] 
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miR-22 NLRP3 

inflammaso

me 

NLRP3 Macrophage

s, renal cells 

Inflammaso

me 

suppression 

Responsive to 

heat-induced 

kidney injury 

[185] 

miR-

30e 

NLRP3/ASC ASC 

(PYCAR

D) 

Macrophage

s 

Reduced 

inflammasom

e assembly 

Context-

dependent 

regulation 

[186] 

miR-

34a 

NF-κB, p53 SIRT1, 

Notch1 

T cells, 

macrophage

s 

Senescence-

associated 

inflammation 

Links HSF1 

acetylation to 

immune aging 

[156] 

miR-

10a 

Th17/Treg 

balance 

BCL6, 

NCOR2 

T cells, 

intestinal 

DCs 

Treg 

stabilization; 

mucosal 

homeostasis 

Altered during 

gut 

thermal/infectio

us stress 

[229] 

miR-

126 

PI3K/AKT IRS1, 

PIK3R2 

Endothelial 

cells, T cells 

Modulation 

of vascular 

inflammation 

Heat-responsive 

vascular miRNA 

[230] 

miR-9 NF-κB NFKB1 

(p50) 

Monocytes, 

neutrophils 

NF-κB 

negative 

feedback 

Upregulated by 

LPS and febrile 

temperatures 

[231] 

miR-

125b 

TNF 

signaling 

TNF-α Macrophage

s 

Dampened 

TNF 

production; 

tolerance 

induction 

Thermal 

regulation of 

TNF circuit 

[232] 

miR-

132 

MAPK/ERK IRAK4, 

FOXO3 

Macrophage

s, DCs 

Anti-

inflammatory

; M2 skewing 

Context-

dependent stress 

modulation 

[233] 

let-7c M1/M2 

polarization 

C/EBPδ Macrophage

s 

M2 

promotion; 

tissue repair 

Post-heat stress 

resolution phase 

[216] 

miR-

301a 

NF-κB/Th17 PIAS3 T cells, 

macrophage

s 

Enhanced 

NF-κB and 

Th17 

responses 

Thermal stress-

responsive in 

autoimmune 

models 

[234] 

Comprehensive catalog of 20 miRNAs operating across innate and adaptive immune compartments with 
documented thermal stress context. For each miRNA, the table specifies the primary immune signaling pathway 
(TLR/NF-κB, JAK-STAT, PI3K/AKT, NLRP3 inflammasome, TCR signaling, or cytokine-specific circuits), 
validated direct target gene(s), immune cell type(s) in which regulation has been demonstrated, functional 
outcome on immune polarization or effector function, thermal stress context linking the miRNA to temperature-
dependent regulation, and supporting reference(s). Entries span pattern recognition receptors (miR-146a, miR-
155, let-7), inflammasome regulators (miR-223, miR-22, miR-30e), adaptive immunity modulators (miR-181a, 
miR-17–92, miR-150, miR-29a/b/c, miR-10a), macrophage polarization determinants (miR-124, let-7c, miR-132), 
and NF-κB/cytokine circuit fine-tuners (miR-9, miR-125b, miR-301a). Abbreviations: TLR, Toll-like receptor; NF-
κB, nuclear factor kappa-light-chain-enhancer of activated B cells; SOCS1, suppressor of cytokine signaling 1; 
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SHIP1, SH2-containing inositol-5′-phosphatase 1; NLRP3, NLR family pyrin domain containing 3; TCR, T cell 
receptor; DC, dendritic cell; NK, natural killer; TDMD, target-directed miRNA degradation; CNS, central 
nervous system; PKD, polycystic kidney disease. 

5. miRNAs at the Host–Pathogen Interface 
5.1. Viral Infections 

The interaction between host miRNAs and viral pathogens represents one of the most 
intensively studied areas at the intersection of RNA biology and immunology. Viruses both trigger 
and subvert host miRNA networks to modulate antiviral defense, immune evasion, and viral 
replication [235,236]. The COVID-19 pandemic catalysed an unprecedented effort to understand 
miRNA-mediated immunoregulation in the context of SARS-CoV-2 infection. A comprehensive 
analysis by Arziman and colleagues (2026) revealed that SARS-CoV-2 infection reprograms the host 
miRNA landscape, with miR-21, miR-146a, and miR-155 serving as central nodes modulating NF-κB, 
MAPK, and JAK-STAT signaling pathways in infected epithelial and immune cells [237]. Competing 
endogenous RNA (ceRNA) networks were identified in which viral RNA sequences and host 
lncRNAs compete for binding to shared miRNAs, altering the post-transcriptional regulatory 
equilibrium and contributing to the cytokine storm pathology characteristic of severe COVID-19 
[237,238]. 

In HIV-1 infection, miR-29a directly targets the 3′ UTR of the HIV-1 genome, suppressing viral 
replication in CD4+ T cells and macrophages [239]. The antiviral activity of miR-29a is counteracted 
by the viral Tat protein, which suppresses Dicer activity and impairs miRNA maturation [240]. 
Additionally, miR-150 and miR-223, which are normally expressed at high levels in CD4+ T cells, 
contribute to the restriction of HIV-1 replication in resting T cells but are downregulated upon T cell 
activation, potentially facilitating viral propagation [241,242]. In hepatitis B virus (HBV) infection, the 
liver-enriched miR-122 plays a unique dual role: while miR-122 is essential for hepatitis C virus 
(HCV) replication through direct binding to the HCV 5′ UTR, it exerts antiviral activity against HBV 
by targeting viral mRNAs [243,244]. HBV counteracts host miRNA defense by suppressing global 
miRNA processing through viral protein HBx-mediated downregulation of Drosha [245]. 

Herpes simplex virus (HSV) employs multiple strategies to modulate the host miRNA 
landscape. The HSV-1 immediate-early protein ICP4 modulates the expression of host miRNAs, 
while the virus itself encodes miRNAs from its latency-associated transcript (LAT) that target viral 
and host genes to maintain latency [246,247]. Influenza A virus suppresses host miRNA biogenesis 
through its NS1 protein, which binds double-stranded RNA and interferes with Drosha and Dicer 
processing, representing a global strategy for miRNA evasion [248,249]. Host miRNAs miR-323, miR-
491, and miR-654 directly target the influenza PB1 gene, restricting viral replication in an miRNA-
dependent manner [250]. In dengue and Zika virus infections, the febrile response associated with 
flaviviral disease may modulate miRNA-mediated antiviral defense, as fever-range temperatures 
alter the expression and stability of key antiviral miRNAs in infected cells [251,252]. 

5.2. Bacterial Infections 

The role of miRNAs in host defense against bacterial pathogens has been extensively 
characterized, particularly in the context of intracellular pathogens that subvert macrophage killing 
mechanisms [253,254]. Mycobacterium tuberculosis modulates host miRNA expression to promote its 
intracellular survival, and a comprehensive analysis by Aguilar, Mano, and Eulalio (2019) provided 
a systematic framework for understanding the multifaceted roles of miRNAs in host–mycobacterial 
interactions [255]. miR-155 is upregulated upon M. tuberculosis infection and promotes macrophage 
activation through SOCS1 suppression, enhancing pro-inflammatory cytokine production and 
mycobacterial killing [256]. However, miR-21 is also induced during infection and may counteract 
antimicrobial responses by promoting IL-10 production and suppressing Th1 immunity [257]. miR-
144 regulates autophagy, a critical antimicrobial mechanism, by targeting autophagy-related genes, 
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and its upregulation by M. tuberculosis impairs autophagic clearance of intracellular bacilli, 
contributing to pathogen persistence [258]. 

Salmonella infection triggers suppression of the let-7 family in macrophages, resulting in 
upregulation of let-7 target genes involved in cytokine signaling and cytoskeletal reorganization, 
facilitating bacterial invasion [259]. miR-128 targets macrophage colony-stimulating factor (M-
CSF/CSF1), modulating macrophage differentiation and antimicrobial function during Salmonella 
infection [260]. Listeria monocytogenes infection induces miR-146a in intestinal epithelial cells, where 
it regulates the balance between bacterial clearance and inflammatory tissue damage [261]. 
Helicobacter pylori infection of gastric epithelial cells upregulates miR-155 and miR-21, contributing to 
chronic gastric inflammation and, ultimately, gastric carcinogenesis through sustained NF-κB 
activation and epithelial-to-mesenchymal transition [262,263]. In Staphylococcus aureus infections, 
both host and bacterial regulatory small RNAs influence virulence gene expression, biofilm 
formation, and immune evasion, although the precise mechanisms of host miRNA–bacterial 
interaction remain an active area of investigation [264,265]. 

5.3. Parasitic Infections 

Parasitic infections present unique challenges for the host immune system, requiring a 
coordinated Th2-skewed response for helminth clearance while maintaining Th1 competence against 
intracellular protozoan parasites [266]. miR-451 has been implicated in the protective mechanism of 
sickle cell trait against Plasmodium falciparum malaria: aberrant miR-451 expression in sickle cell 
erythrocytes is translocated into the parasite via erythrocyte-derived vesicles, where it impairs 
parasite gene expression and development [65,267]. miR-223 regulates erythrocytic-stage Plasmodium 
infection by modulating the inflammatory response in the liver and spleen, influencing disease 
severity [268]. In Leishmania infections, miR-21 and miR-155 play opposing roles in macrophage 
activation and deactivation during leishmaniasis: miR-155 promotes classically activated 
macrophages (M1) that kill intracellular parasites, while miR-21 promotes alternatively activated 
macrophages (M2) that permit parasite survival [269,270]. Helminth infections, including Schistosoma 
and Heligmosomoides polygyrus, modulate host miRNA profiles to promote Th2 skewing: miR-10a and 
let-7 family members contribute to the expansion of Treg and Th2 populations during chronic 
helminth infection [271,272]. 

5.4. Virus-Encoded miRNAs and Pathogen Counter-Strategies 

Several virus families, particularly the herpesviruses, encode their own miRNAs that target both 
viral and host transcripts to modulate the intracellular environment in favor of viral persistence 
[273,274]. Epstein-Barr virus (EBV) encodes 25 pre-miRNAs yielding at least 44 mature miRNAs, 
many of which target host immune genes, including MICB (a ligand for the NK cell activating 
receptor NKG2D), CXCL11, and components of the interferon signaling pathway [275,276]. Kaposi’s 
sarcoma-associated herpesvirus (KSHV) encodes 12 pre-miRNAs that target host anti-apoptotic and 
immune-regulatory genes, including TWEAKR and BACH1, promoting viral latency and immune 
evasion [277]. Human cytomegalovirus (CMV) encodes miRNAs that target the host miRNA 
processing machinery itself, including Dicer, creating a feed-forward loop that progressively disarms 
the host miRNA-mediated antiviral defense [278]. 

Pathogen counter-strategies against host miRNA defense extend beyond viral miRNA 
expression. As noted above, influenza NS1 protein sequesters dsRNA intermediates from Drosha and 
Dicer, HIV Tat protein suppresses Dicer expression, and HBV HBx protein downregulates Drosha, 
collectively illustrating a convergent evolutionary strategy in which diverse pathogens disrupt host 
miRNA biogenesis to evade immune detection [240,245,248]. These host–pathogen miRNA dynamics 
represent an ongoing evolutionary arms race, with therapeutic implications for developing miRNA-
based antiviral strategies that might be resistant to pathogen counter-measures. 
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5.5. Thermal Stress as a Modifier of Host–Pathogen miRNA Dynamics 

Fever is among the most phylogenetically conserved defense mechanisms in the animal 
kingdom, observed in endotherms and ectotherms alike, suggesting a fundamental role in host 
resistance to infection [16,279]. Febrile temperatures alter miRNA expression in infected cells through 
at least three mechanisms: direct temperature-dependent regulation of miRNA gene transcription, 
HSF1-mediated activation of miRNA loci, and altered processing efficiency of thermally sensitive pri-
miRNA and pre-miRNA substrates [223,280]. In ectotherms and livestock species, environmental 
heat stress can compromise miRNA-mediated antiviral and antibacterial defense by globally 
suppressing miRNA biogenesis, as the enzymatic activities of Drosha and Dicer exhibit temperature 
optima that may be exceeded during severe hyperthermia [28,281]. 

Multi-omics studies in thermally stressed livestock have revealed coordinated shifts in miRNA, 
mRNA, and protein expression that impair innate immune function, including reduced expression 
of miR-155, miR-146a, and miR-223 in heat-stressed poultry, with concomitant dysregulation of TLR 
signaling and inflammasome pathways [151,282]. The implications of climate change for host–
pathogen miRNA dynamics are profound: as ambient temperatures rise, the chronic thermal stress 
experienced by both wildlife and livestock may progressively erode miRNA-mediated immune 
competence, increasing susceptibility to emerging and re-emerging pathogens [27,283]. 
Understanding how temperature modulates the host miRNA arsenal against specific pathogens 
represents an urgent research priority with direct relevance to global health security and food system 
resilience. A detailed compilation of pathogen-responsive miRNAs across viral, bacterial, and 
parasitic infections including their host cell targets, functional effects, and mechanistic classifications 
is presented in Table 3. 

Table 3. Pathogen-responsive miRNAs and their functional roles. 

Pathogen miRNA(s) Target/Pathway Host cell type Functional effect Ref. 

SARS-CoV-2 miR-21, 

miR-146a, 

miR-155 

NF-κB, MAPK, 

JAK-STAT 

Epithelial 

cells, 

macrophages 

Cytokine storm 

modulation; 

ceRNA network 

perturbation 

[237,238] 

HIV-1 miR-29a HIV-1 3′ UTR 

(direct) 

CD4+ T cells, 

macrophages 

Viral replication 

suppression 

[239] 

HIV-1 miR-150, 

miR-223 

Viral receptors; 

replication 

CD4+ T cells Restriction in 

resting T cells 

[241,242] 

HBV miR-122 HBV mRNAs 

(direct 

targeting) 

Hepatocytes Antiviral 

suppression of 

HBV replication 

[243,244] 

HCV miR-122 HCV 5′ UTR 

(stabilization) 

Hepatocytes Pro-viral: essential 

for HCV 

replication 

[243] 

HSV-1 LAT-

encoded 

miRNAs 

ICP0, ICP4 

(viral), TGF-β 

(host) 

Neurons, 

epithelial cells 

Latency 

maintenance; 

immune evasion 

[246,247] 

Influenza A miR-323, 

miR-491, 

miR-654 

PB1 (viral 

polymerase) 

Epithelial 

cells 

Viral replication 

restriction 

[250] 
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Dengue virus miR-252, 

miR-146a 

DENV NS 

proteins; NF-κB 

Monocytes, 

DCs 

Antiviral defense 

modulation during 

fever 

[251] 

EBV BART 

miRNAs 

(viral) 

MICB, CXCL11, 

IFN pathway 

B cells, 

epithelial cells 

NK cell evasion; 

latency promotion 

[275,276] 

KSHV miR-K12 

cluster 

(viral) 

TWEAKR, 

BACH1 

Endothelial 

cells 

Anti-apoptotic; 

latency 

maintenance 

[277] 

M. 

tuberculosis 

miR-155 SOCS1; SHIP1 Macrophages Enhanced M1 

activation; 

mycobacterial 

killing 

[255,256] 

M. 

tuberculosis 

miR-144 ATG genes 

(autophagy) 

Macrophages Autophagy 

suppression; 

pathogen 

persistence 

[258] 

Salmonella let-7 family Cytokine 

signaling; 

cytoskeleton 

Macrophages Facilitated bacterial 

invasion 

[259] 

L. 

monocytogenes 

miR-146a TRAF6, IRAK1 Intestinal 

epithelial cells 

Balanced clearance 

vs. tissue damage 

[261] 

H. pylori miR-155, 

miR-21 

NF-κB, EMT 

regulators 

Gastric 

epithelial cells 

Chronic 

inflammation; 

carcinogenesis 

[262,263] 

S. aureus miR-24, 

miR-31 

IL-10, biofilm 

regulators 

Keratinocytes, 

macrophages 

Modulated biofilm 

and immune 

evasion 

[264,265] 

P. falciparum miR-451 Parasite gene 

expression 

(trans-species) 

Erythrocytes Sickle trait 

protection; 

impaired parasite 

development 

[65,267] 

Leishmania miR-155, 

miR-21 

M1/M2 

polarization 

Macrophages Opposing roles in 

parasite clearance 

vs. persistence 

[269,270] 

Schistosoma miR-10a, 

let-7 

Th2/Treg 

pathways 

T cells, DCs Th2 skewing; 

chronic infection 

tolerance 

[271,272] 

CMV cmv-miR-

UL112 

(viral) 

MICB, Dicer 

(host) 

Fibroblasts, 

monocytes 

NK cell evasion; 

miRNA processing 

disruption 

[278] 
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Compilation of 20 host and pathogen-encoded miRNAs involved in host–pathogen interactions across viral, 
bacterial, and parasitic infections. For each entry, the table provides the causative pathogen, responsive 
miRNA(s), targeted pathway or gene, host cell type in which the interaction has been characterized, and 
functional effect on infection outcome. Viral pathogens include SARS-CoV-2, HIV-1, HBV, HCV, HSV-1, 
influenza A, dengue virus, EBV, KSHV, and CMV encompassing both host miRNAs that restrict or facilitate 
viral replication and virus-encoded miRNAs (LAT miRNAs, BART miRNAs, miR-K12 cluster, cmv-miR-UL112) 
that promote immune evasion and latency maintenance. Bacterial pathogens include Mycobacterium 
tuberculosis, Salmonella, Listeria monocytogenes, Helicobacter pylori, and Staphylococcus aureus. Parasitic 
pathogens include Plasmodium falciparum (with the sickle trait–miR-451 trans-species regulatory mechanism), 
Leishmania, and Schistosoma. Entries are organized by pathogen class (viral → bacterial → parasitic). 
Abbreviations: ceRNA, competing endogenous RNA; DENV, dengue virus; EBV, Epstein–Barr virus; KSHV, 
Kaposi sarcoma-associated herpesvirus; CMV, cytomegalovirus; EMT, epithelial–mesenchymal transition; 
MICB, MHC class I polypeptide-related sequence B. 

6. Extracellular Vesicle-Mediated miRNA Transfer in Stress and Immunity 
6.1. Biogenesis and Cargo Loading of Exosomal miRNAs 

Extracellular vesicles (EVs), including exosomes (30–150 nm diameter), microvesicles (100–1000 
nm), and apoptotic bodies, serve as vehicles for intercellular transfer of proteins, lipids, and nucleic 
acids, including miRNAs [284,285]. Exosomes originate from the endosomal pathway through 
inward budding of multivesicular body (MVB) membranes, generating intraluminal vesicles (ILVs) 
that are released upon MVB fusion with the plasma membrane [286]. Biogenesis proceeds through 
ESCRT (endosomal sorting complexes required for transport)-dependent and ESCRT-independent 
(ceramide/sphingomyelinase-dependent) pathways, with pathway selection influencing EV size, 
composition, and functional properties [287,288]. 

The loading of specific miRNAs into exosomes is a selective, non-random process governed by 
multiple sorting mechanisms. Sumoylated heterogeneous nuclear ribonucleoprotein A2B1 
(hnRNPA2B1) recognizes specific sequence motifs termed “EXOmotifs” (e.g., GGAG, CCCU) in 
mature miRNAs and directs their sorting into exosomes [289]. Neutral sphingomyelinase 2 
(nSMASE2/SMPD3) controls ceramide-dependent exosome biogenesis and influences miRNA cargo 
composition [290]. Additional sorting determinants include miRNA 3′ terminal modifications, AGO2 
association status, and the abundance of intracellular target RNAs, which can compete with exosomal 
sorting [291]. Thermal stress profoundly alters EV miRNA cargo: heat-shocked cells release exosomes 
enriched in stress-responsive miRNAs, including miR-214, miR-320a, and members of the HSP-
targeting miRNA families, potentially serving as systemic “stress signals” that precondition recipient 
cells against subsequent thermal challenge [292,293]. 

6.2. Intercellular and Inter-Organ Communication 

The recognition that EV-mediated miRNA transfer enables cell-to-cell and organ-to-organ 
communication has prompted the development of computational frameworks for systematically 
mapping these interactions. Shao et al. (2025) introduced miRTalk, a computational framework for 
inferring EV-derived miRNA-mediated cell–cell communication from single-cell RNA sequencing 
(scRNA-seq) data [294]. By integrating miRNA expression profiles, target prediction, and cell type-
specific pathway enrichment, miRTalk enables reconstruction of intercellular miRNA 
communication networks at unprecedented resolution, revealing that immune cells, fibroblasts, and 
epithelial cells engage in extensive EV miRNA cross-talk that is dynamically remodelled during 
inflammation and stress [294]. 

Dendritic cell-to-T cell communication via exosomal miRNAs has emerged as a mechanism for 
antigen-independent immune modulation, in which DC-derived exosomes carrying miR-155 and 
miR-146a regulate the activation threshold of recipient T cells [295,296]. Macrophage-to-epithelial cell 
transfer of miR-223 via exosomes regulates intestinal barrier function and inflammasome activation 
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in epithelial cells, contributing to mucosal immune homeostasis [297]. In the context of exercise 
physiology and thermal stress, muscle-derived EVs containing miRNAs (myomiRs, including miR-
1, miR-133a, and miR-206) circulate systemically and reach distant organs, including the liver, brain, 
and adipose tissue, where they exert metabolic and immunomodulatory effects analogous to 
myokines [298,299]. 

A technically significant advance was reported by Messios et al. (2025), who demonstrated that 
intramuscular delivery of antagomiRs achieves widespread tissue distribution beyond the injection 
site, including detectable knockdown in the liver, kidney, and spleen [300]. This finding has 
important implications for therapeutic miRNA delivery, suggesting that local administration routes 
may achieve systemic effects through a combination of direct tissue absorption and EV-mediated 
secondary distribution. 

6.3. EV miRNAs in Disease and Therapeutic Potential 

Exosomal miRNAs have been implicated in the pathogenesis and progression of diverse 
diseases, including heart failure (miR-21, miR-29b in cardiac fibrosis and remodeling), 
neurodegenerative disorders (miR-137, miR-124 in Alzheimer’s and Parkinson’s disease), and cancer 
(miR-21, miR-10b, miR-200 family in tumor metastasis and immune evasion) [301–303]. The stability 
of miRNAs within exosomal membranes protected from RNase degradation and their detectability 
in accessible biofluids (blood, urine, saliva, cerebrospinal fluid) have fueled intense interest in 
circulating EV miRNAs as minimally invasive diagnostic biomarkers [304,305]. Panels of exosomal 
miRNAs have been proposed for early detection of cancer, cardiovascular disease, and transplant 
rejection, although clinical validation remains ongoing [306]. Engineered EVs, equipped with 
targeting ligands (e.g., RVG peptide for brain targeting, GE11 peptide for EGFR-positive tumors) and 
loaded with therapeutic miRNAs or antagomiRs, represent a promising delivery platform that 
combines the natural biocompatibility and immune-evasive properties of endogenous EVs with the 
precision of synthetic targeting [307,308]. 

7. Therapeutic and Engineering Applications 
7.1. miRNA-Based Therapeutics 

The translation of miRNA biology into clinical therapeutics has progressed substantially over 
the past decade, yielding several candidates in clinical development and establishing design 
principles for miRNA-based drugs [309,310]. miRNA therapeutics fall into two broad categories: 
miRNA mimics, which are synthetic double-stranded RNA molecules designed to restore the 
function of endogenously deficient miRNAs, and anti-miRs (antagomiRs), which are chemically 
modified antisense oligonucleotides that sequester and inactivate overexpressed miRNAs [311]. A 
comprehensive review by Wang et al. (2025) provided an updated assessment of miRNA-based drug 
development, highlighting both the therapeutic promise and the formidable challenges associated 
with this modality [312]. 

Chemical modifications are essential for conferring metabolic stability, nuclease resistance, and 
favorable pharmacokinetic properties to synthetic miRNAs and antagomiRs [313,314]. The 2′-O-
methyl (2′-OMe) modification, in which the 2′ hydroxyl group of the ribose sugar is replaced with a 
methyl group, enhances nuclease resistance while maintaining Watson-Crick base-pairing capacity 
[315]. Locked nucleic acid (LNA) modifications, which introduce a methylene bridge between the 2′ 
oxygen and 4′ carbon of the ribose, dramatically increase binding affinity for complementary RNA 
and enhance both stability and potency [316]. Phosphorothioate (PS) backbone modifications, in 
which one non-bridging oxygen of the phosphodiester bond is replaced with sulfur, improve 
nuclease resistance and promote protein binding, enhancing cellular uptake and tissue distribution 
[317]. These modifications can be combined in various configurations to optimize the 
pharmacological properties of miRNA therapeutics for specific clinical applications. 
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The clinical development of miRNA-based therapeutics has yielded both successes and setbacks 
that have informed the field’s maturation. Miravirsen (SPC3649), an LNA-modified anti-miR-122 
oligonucleotide developed by Santaris Pharma (now Roche), was the first miRNA therapeutic to enter 
clinical trials, demonstrating dose-dependent and durable suppression of HCV RNA in chronically 
infected patients without evidence of viral resistance [318,319]. MRX34, a liposomal miR-34a mimic 
developed by Mirna Therapeutics for advanced solid tumors, showed promising anti-tumor activity 
in a Phase I trial but was discontinued due to immune-related serious adverse events, highlighting 
the challenge of managing the immunostimulatory properties of double-stranded RNA therapeutics 
[320,321]. Cobomarsen (MRG-106), an LNA-modified anti-miR-155 oligonucleotide developed for 
cutaneous T cell lymphoma (CTCL), demonstrated clinical activity in Phase I/II trials but was 
ultimately discontinued for strategic reasons [322]. These clinical experiences have refined the field’s 
understanding of the safety, efficacy, and design requirements for miRNA therapeutics. The current 
landscape of miRNA-based therapeutics in clinical development, encompassing drug names, miRNA 
targets, therapeutic modalities, disease indications, delivery systems, and key clinical findings, is 
summarized in Table 4. 

Table 4. miRNA-based therapeutics in clinical development. 

Drug 

name 

miRNA 

target 

Modalit

y 

Disease 

indication 

Clinical 

stage 

Delivery 

system 

Key 

findings 

Ref. 

Miravirs

en 

(SPC364

9) 

anti-miR-

122 

LNA 

anti-miR 

Hepatitis C 

virus 

Phase II 

(complete

d) 

Naked 

(subcutaneo

us) 

Dose-

depende

nt HCV 

RNA 

reductio

n; 

durable; 

no 

resistanc

e 

[318,3

19] 

RG-101 anti-miR-

122 

GalNAc-

conjugat

ed anti-

miR 

Hepatitis C 

virus 

Phase II 

(discontin

ued) 

GalNAc 

conjugate 

(subcutaneo

us) 

Potent 

viral 

suppressi

on; 

jaundice 

adverse 

events 

[359] 

MRX34 miR-34a 

mimic 

miRNA 

mimic 

Advanced 

solid tumors 

Phase I 

(discontin

ued) 

Liposomal 

(IV) 

Anti-

tumor 

activity 

observed

; 

immune-

related 

SAEs 

[320,3

21] 
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Coboma

rsen 

(MRG-

106) 

anti-miR-

155 

LNA 

anti-miR 

CTCL, 

DLBCL 

Phase II 

(discontin

ued) 

Naked 

(subcutaneo

us/IV) 

Clinical 

activity 

in CTCL; 

managea

ble safety 

profile 

[322] 

Targomi

Rs 

(Mesomi

R-1) 

miR-16 

mimic 

miRNA 

mimic 

Malignant 

pleural 

mesotheliom

a 

Phase I 

(complete

d) 

Bacterial 

minicells 

(IV) 

Objective 

response

s in some 

patients; 

tolerable 

[360] 

MRG-

110 

anti-miR-

92a 

LNA 

anti-miR 

Heart failure; 

wound 

healing 

Phase I 

(complete

d) 

Naked 

(intradermal

) 

Enhance

d 

angiogen

esis in 

wound 

healing 

model 

[361] 

RGLS43

26 

anti-miR-

17 

Short 

anti-miR 

Autosomal 

dominant 

PKD 

Phase I 

(complete

d) 

Naked 

(subcutaneo

us) 

Reduced 

kidney 

cyst 

growth 

in 

preclinic

al models 

[362] 

Remlars

en 

(MRG-

201) 

miR-29 

mimic 

miRNA 

mimic 

Keloid/pathol

ogical fibrosis 

Phase II Naked 

(intradermal

) 

Reduced 

collagen 

depositio

n; anti-

fibrotic 

[363] 

INT-1B3 miR-

193a-3p 

mimic 

miRNA 

mimic 

Advanced 

solid tumors 

Phase I LNP (IV) Multi-

pathway 

anti-

tumor 

activity 

in 

preclinic

al models 

[364] 

TTX-

MC138 

anti-miR-

10b 

Nanopar

ticle 

anti-miR 

Metastatic 

breast cancer 

Phase I 

(ongoing) 

Dextran-

coated iron 

oxide NP 

Metastasi

s 

suppressi

on in 

[365] 
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preclinic

al; MRI-

detectabl

e 

ABX464 miR-124 

(indirect 

upregula

tion) 

Small 

molecule 

Ulcerative 

colitis, HIV 

Phase 

II/III 

Oral Anti-

inflamm

atory via 

miR-124 

inductio

n; well-

tolerated 

[366] 

Overview of 11 miRNA-based therapeutic agents that have entered clinical trials, representing the current 
translational landscape of miRNA medicine. For each agent, the table specifies the drug name, miRNA target, 
therapeutic modality (LNA anti-miR, miRNA mimic, GalNAc conjugate, nanoparticle, small molecule, or 
bacterial minicell), disease indication, clinical development stage (Phase I through Phase III), delivery system, 
key clinical findings to date, and primary reference(s). Modalities span three mechanistic categories: anti-miR 
oligonucleotides that sequester endogenous oncogenic or pro-viral miRNAs (miravirsen, RG-101, cobomarsen, 
MRG-110, RGLS4326, TTX-MC138), miRNA mimics that restore tumor-suppressive or anti-fibrotic miRNA 
activity (MRX34, TargomiRs, INT-1B3, remlarsen), and a small-molecule approach that indirectly upregulates a 
therapeutic miRNA (ABX464 → miR-124). Notable clinical milestones include the first-in-human miRNA 
therapeutic (miravirsen), the first liposomal miRNA mimic (MRX34), and the first MRI-detectable nanoparticle 
anti-miR (TTX-MC138). Abbreviations: LNA, locked nucleic acid; GalNAc, N-acetylgalactosamine; LNP, lipid 
nanoparticle; IV, intravenous; SAE, serious adverse event; CTCL, cutaneous T cell lymphoma; DLBCL, diffuse 
large B cell lymphoma; PKD, polycystic kidney disease; HCV, hepatitis C virus. 

7.2. Delivery Systems 

Effective delivery to target tissues remains the principal challenge for miRNA-based 
therapeutics, as naked oligonucleotides are rapidly degraded by serum nucleases, cleared by the 
kidneys, and exhibit poor cellular uptake [312,323]. Viral vectors, particularly adeno-associated 
viruses (AAVs), offer efficient and durable delivery of miRNA expression cassettes, with tissue 
tropism determined by capsid serotype [324]. AAV-mediated delivery of miR-26a has shown efficacy 
in hepatocellular carcinoma models, while AAV-miR-1 delivery has been explored for cardiac disease 
[325,326]. However, concerns regarding immunogenicity, insertional mutagenesis, and 
manufacturing scalability limit the broad clinical applicability of viral vectors for miRNA delivery. 

Lipid nanoparticles (LNPs), whose clinical potential was validated by the mRNA COVID-19 
vaccines, represent the most advanced non-viral delivery platform for RNA therapeutics [327,328]. 
LNPs encapsulate miRNA mimics or antagomiRs within ionizable lipid bilayers that promote 
endosomal escape following cellular uptake, achieving efficient cytoplasmic delivery primarily to 
hepatocytes following systemic administration [329]. Polymer-based nanoparticles including poly 
lactic-co-glycolic acid (PLGA), polyethylenimine (PEI), and chitosan-based formulations offer 
tunable degradation kinetics, surface functionalization, and controlled release properties [330,331]. 
Inorganic nanoparticles, including gold, mesoporous silica, and superparamagnetic iron oxide 
nanoparticles, provide additional platforms with unique optical, diagnostic, or magnetic targeting 
capabilities [332,333]. 

Exosome-based delivery systems leverage the natural biocompatibility, immune-evasive 
properties, and tissue tropism of endogenous EVs [307,334]. Engineering strategies include surface 
display of targeting ligands (e.g., Lamp2b fusion proteins for tissue-specific delivery) and 
electroporation-mediated loading of therapeutic miRNAs into purified exosomes [335]. Stimuli-
responsive delivery systems represent an emerging frontier in which miRNA release is triggered by 
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specific environmental cues, including pH (tumor microenvironment), temperature (febrile or 
hyperthermic conditions), redox potential (oxidative stress), or enzyme activity [312,336]. 
Thermoresponsive miRNA delivery systems are of particular relevance to this review, as they 
leverage heat-activated phase transitions in carrier materials (e.g., thermosensitive hydrogels, 
temperature-responsive polymeric nanoparticles) to achieve precision miRNA release during 
hyperthermic therapy or febrile immune responses, effectively coupling the pharmacological 
intervention to the pathophysiological state [337,338]. 

7.3. Synthetic Biology and miRNA Engineering 

Advances in synthetic biology have enabled the construction of artificial miRNA circuits that 
function as programmable gene regulatory modules [339,340]. Synthetic miRNA-responsive gene 
switches in which transgene expression is controlled by endogenous miRNA activity, have been 
applied in cell-based therapies to ensure tissue-specific and state-dependent therapeutic gene 
expression [341]. For example, miRNA-responsive mRNA constructs that are selectively silenced in 
off-target tissues (e.g., liver, where miR-122 is abundant) can reduce hepatotoxicity of systemically 
administered mRNA therapeutics [342]. In the context of chimeric antigen receptor T (CAR-T) cell 
therapy, synthetic miRNA circuits have been engineered to modulate CAR expression in response to 
the tumor microenvironment, improving the therapeutic index by coupling cytotoxic activity to 
specific molecular cues [343]. 

CRISPR-based approaches for miRNA modulation include CRISPR-Cas13–mediated 
knockdown of specific miRNAs, CRISPR interference (CRISPRi) silencing of miRNA gene promoters, 
and CRISPR activation (CRISPRa) of endogenous miRNA loci [344,345]. These tools provide 
unprecedented precision for dissecting miRNA function in loss-of-function and gain-of-function 
settings and have been adapted for high-throughput functional screens of miRNA regulatory 
networks [346]. The integration of thermoresponsive elements such as heat-inducible promoters 
driving Cas13 expression with miRNA-targeting CRISPR systems could enable temperature-gated 
miRNA modulation, a strategy with potential applications in both research and thermally triggered 
gene therapy [347]. 

7.4. Agricultural and Veterinary Applications 

The economic impact of heat stress on livestock production, estimated at billions of dollars 
annually in losses due to reduced growth, impaired reproduction, compromised immunity, and 
increased mortality, has motivated research into miRNA-based strategies for improving thermal 
tolerance [28,348]. Profiling studies have identified candidate miRNAs associated with heat tolerance 
phenotypes in cattle (e.g., Bos indicus breeds versus Bos taurus), poultry, and swine, and these 
miRNAs converge on pathways regulating HSP expression, apoptosis, oxidative stress, and immune 
function [29,349,350]. Genomic selection strategies incorporating miRNA-related quantitative trait 
loci (QTLs) may enable breeding for enhanced thermal resilience, while direct miRNA-based 
interventions such as in ovo delivery of miRNA mimics to improve hatchling thermotolerance in 
poultry are under investigation [351,352]. 

Cross-kingdom miRNA transfer, the concept that plant-derived miRNAs consumed in the diet 
can survive gastrointestinal digestion and modulate gene expression in the consuming animal, has 
generated both excitement and controversy [353,354]. While initial reports of dietary plant miR-168a 
regulating mammalian LDLRAP1 expression have been challenged on methodological grounds, 
more recent studies employing improved controls and delivery systems have provided evidence 
supporting functional cross-kingdom transfer in specific contexts [355,356]. In aquaculture, miRNA 
regulation of thermal tolerance in commercially important fish species including salmon, tilapia, and 
catfish is an active area of research, with species-specific miRNA profiles associated with upper 
thermal tolerance limits and heat-shock survival [357,358]. 
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8. Challenges, Emerging Frontiers, and Future Directions 
8.1. Technical Challenges 

Despite the remarkable progress in miRNA biology, several technical challenges impede the 
translation of basic research findings into robust, reproducible, and clinically actionable knowledge. 
miRNA target prediction remains an imperfect science: while seed-based complementarity 
algorithms (TargetScan, miRanda, DIANA-microT) have achieved reasonable sensitivity, they suffer 
from high false-positive rates, as not all computationally predicted miRNA-target interactions are 
functional in physiological contexts [367,368]. The requirement for experimental validation through 
luciferase reporter assays, AGO-CLIP (crosslinking and immunoprecipitation), and functional rescue 
experiments substantially slows target identification throughput [369]. Standardization of 
experimental protocols including cell type, miRNA delivery method, timepoint, and readout is 
essential for improving the reproducibility of miRNA target validation studies [370]. 

Quantification of miRNA expression presents its own challenges. RT-qPCR, the gold standard 
for miRNA quantification, requires careful normalisation using stably expressed endogenous 
controls (e.g., RNU6B, miR-16, miR-191), but the selection of appropriate normalizers is tissue- and 
context-dependent [371]. Small RNA sequencing offers transcriptome-wide miRNA profiling but 
introduces biases during library preparation, particularly through adapter ligation bias, PCR 
amplification bias, and the influence of miRNA terminal modifications on capture efficiency 
[372,373]. Cross-platform comparability between RT-qPCR, microarray, and sequencing-based 
miRNA profiling remains limited, complicating meta-analyses and the development of diagnostic 
biomarker panels [374]. 

8.2. Emerging Technologies 

Single-cell miRNA profiling represents a transformative frontier that will enable cell type-
resolved mapping of miRNA regulatory networks in heterogeneous tissues and tumor 
microenvironments [375]. Integration of single-cell miRNA data with scRNA-seq, CITE-seq (protein-
level information), and spatial transcriptomics will provide multi-modal, spatially resolved views of 
miRNA function in situ [376,377]. Long-read sequencing technologies (Oxford Nanopore, PacBio) 
offer the possibility of isoform-resolved miRNA analysis, enabling direct detection of isomiRs, 
miRNA variants differing in length or sequence at their 5′ or 3′ termini, without the fragmentation 
and amplification biases inherent in short-read approaches [378]. Artificial intelligence and machine 
learning, including deep learning architectures trained on AGO-CLIP data, are dramatically 
improving miRNA target prediction accuracy and enabling in silico drug design for miRNA-based 
therapeutics [379,380]. CRISPR-based functional screens including genome-wide miRNA knockout 
libraries and combinatorial perturbation experiments are enabling systematic dissection of miRNA 
function in specific biological contexts, including stress responses and immune activation [346,381]. 

8.3. Integrative Multi-Omics Frameworks 

The integration of miRNA expression data with matched mRNA, protein, and metabolite 
profiles from the same biological samples represents the most powerful approach for reconstructing 
miRNA regulatory networks and inferring causal relationships [382,383]. Strategies for miRNA–
mRNA–protein integration include correlation-based approaches (identifying anti-correlated 
miRNA–mRNA pairs), causal inference methods (Mendelian randomization, Bayesian network 
modelling), and machine learning-based target network reconstruction [384,385]. Metabolomics 
integration with miRNA networks is particularly informative for thermal stress biology, as acute heat 
exposure induces dramatic metabolic reprogramming that is at least partially miRNA-dependent 
[24,386]. Epigenomic profiling of miRNA gene loci including DNA methylation, histone 
modifications, and chromatin accessibility (ATAC-seq) under thermal stress conditions reveals how 
epigenetic mechanisms regulate the transcriptional responsiveness of miRNA genes to temperature 
[387,388]. Network medicine approaches, which model miRNA–disease associations through 
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protein–protein interaction networks and disease module identification, offer a framework for 
understanding how miRNA dysregulation at the thermal stress–immunity nexus contributes to 
complex disease phenotypes [389,390]. 

8.4. Outstanding Questions and Future Perspectives 

Several fundamental questions remain unresolved and represent priorities for future 
investigation. First, how does chronic versus acute thermal stress differentially reprogram miRNA 
networks? While acute heat shock triggers rapid, transient changes in miRNA expression that are 
substantially reversed upon recovery, chronic thermal stress such as that experienced by livestock 
during prolonged heat waves or by human populations in tropical climates, may induce epigenetic 
reprogramming of miRNA gene loci that produces lasting alterations in the miRNA landscape 
[391,392]. Second, can miRNA-based interventions modulate febrile immune responses to improve 
infectious disease outcomes? The dual role of fever, beneficial at moderate temperatures but harmful 
during hyperpyrexia suggests that precision miRNA therapeutics targeting specific inflammatory 
nodes could optimize the febrile response without suppressing protective immunity [393]. Third, 
what is the evolutionary conservation of thermally responsive miRNA circuits across phyla? 
Comparative genomics and functional studies in ectotherms, endotherms, and invertebrates will 
reveal the ancient core of thermal miRNA regulation and lineage-specific innovations [394,395]. 
Fourth, how can multi-omics data be leveraged for personalized miRNA-based diagnostics? The 
development of patient-specific miRNA profiles integrating circulating EV miRNAs, tissue miRNAs, 
and multi-omics disease signatures could enable precision medicine approaches to thermal stress-
related diseases [396,397]. 

9. Conclusions 

This review has articulated a comprehensive conceptual framework positioning miRNAs as 
integrative molecular nodes at the nexus of thermal stress and host immunity. The evidence 
synthesized across eight major sections demonstrates that miRNAs are not mere post-transcriptional 
fine-tuners but rather dynamic, multi-layered regulatory agents that actively shape the cellular 
response to concurrent thermal and immunological challenges. From the temperature-dependent 
phase separation of HSF1 that drives both HSP and miRNA transcription, through the complex 
feedback circuits connecting miR-146a, miR-155, and miR-223 to NF-κB and inflammasome 
pathways, to the extracellular vesicle-mediated miRNA transfer that enables intercellular and inter-
organ stress communication, a coherent picture emerges of miRNA-mediated regulatory flux as a 
systems-level phenomenon that cannot be adequately captured by single-pathway analyses. 

The multi-omics paradigm shift integrating transcriptomics, proteomics, metabolomics, small 
RNA sequencing, and epigenomics has been instrumental in revealing the emergent properties of 
miRNA regulatory networks under thermal stress. Studies employing longitudinal multi-omics 
profiling of heat-exposed humans and livestock have demonstrated that the molecular choreography 
of the heat shock response extends far beyond the canonical HSF1–HSP axis to engage virtually every 
major physiological system, with miRNAs serving as critical integrative mediators. The host–
pathogen miRNA interface adds further complexity, as both viral and bacterial pathogens exploit 
and subvert host miRNA circuits, with thermal stress modifying these dynamics in ways that have 
profound implications for infectious disease susceptibility in a warming world. 

The translational horizon for miRNA-based therapeutics is both promising and challenging. 
Clinical experience with Miravirsen, MRX34, and Cobomarsen has established proof-of-concept for 
miRNA therapeutics while illuminating the obstacles delivery, immunogenicity, off-target effects 
that must be overcome for broad clinical adoption. Thermoresponsive delivery systems that couple 
miRNA release to the pathophysiological state of the patient represent a particularly elegant strategy 
at the intersection of thermal biology and RNA therapeutics. Agricultural applications, including 
miRNA-based strategies for improving livestock thermal tolerance, address an urgent global 
challenge that will only intensify as climate change progresses. 
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We call for interdisciplinary convergence between the traditionally siloed fields of stress biology, 
immunology, and RNA therapeutics. The thermal stress–immunity nexus is not merely an academic 
curiosity but a critical biological interface with implications for human health, agricultural 
productivity, and ecosystem resilience. Future research should prioritize: (1) single-cell and spatial 
multi-omics dissection of miRNA regulatory networks in thermally stressed immune cells; (2) 
evolutionary comparative studies of thermal miRNA circuits across diverse taxa; (3) clinical 
development of thermoresponsive miRNA delivery platforms; and (4) integration of miRNA 
biomarkers into precision medicine frameworks for heat-related illness and infectious disease. By 
embracing miRNAs as the rheostatic integrators they are, we can unlock new diagnostic, therapeutic, 
and agricultural opportunities at this vital biological nexus. 

Funding: Not applicable. 

Acknowledgments: This review was conducted without specific funding from any public, commercial, or not-
for-profit funding agency. OBM, MSA and BNT were supported by the USDA-NIFA research grant 2023-67016-
39917. We are grateful to the Department of Biology, Virginia State University for ongoing support. 

Authors contributions: OBM conceived the idea; OBM and KHS coordinated the project; OBM, MA, OF and 
MSA performed the primary literature search, curated data, prepared tables and figures, and drafted the 
manuscript; OBM, OF, and KHS supervised the conceptual framing of the review, provided critical input 
throughout, and jointly revised and finalized the manuscript with all authors; KAB MCM, PKS, XL, AOA, AOA, 
JWY, GT, MOA, IMO, BNT and SOP contributed revisions and expertise in their respective fields. All authors 
critically reviewed and approved the final manuscript. 

Competing interests: Authors declare no competing interests. 

References 

1. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small RNAs with 
antisense complementarity to lin-14. Cell. 1993;75:843–854. doi:10.1016/0092-8674(93)90529-Y 

2. Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 
mediates temporal pattern formation in C. elegans. Cell. 1993;75:855–862. doi:10.1016/0092-8674(93)90530-4 

3. Reinhart BJ, Slack FJ, Basson M, et al. The 21-nucleotide let-7 RNA regulates developmental timing in 
Caenorhabditis elegans. Nature. 2000;403:901–906. doi:10.1038/35002607 

4. Pasquinelli AE, Reinhart BJ, Slack F, et al. Conservation of the sequence and temporal expression of let-7 
heterochronic regulatory RNA. Nature. 2000;408:86–89. doi:10.1038/35040556 

5. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ. miRBase: microRNA sequences, 
targets and gene nomenclature. Nucleic Acids Res. 2006;34:D140–D144. doi:10.1093/nar/gkj112 

6. Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA sequences to function. Nucleic 
Acids Res. 2019;47:D155–D162. doi:10.1093/nar/gky1141 

7. Kim H, Lee YY, Kim VN. The biogenesis and regulation of animal microRNAs. Nat Rev Mol Cell Biol. 
2025;26:276–296. doi:10.1038/s41580-024-00805-0 

8. Friedman RC, Farh KKH, Burge CB, Bartel DP. Most mammalian mRNAs are conserved targets of 
microRNAs. Genome Res. 2009;19:92–105. doi:10.1101/gr.082701.108 

9. Bartel DP. Metazoan microRNAs. Cell. 2018;173:20–51. doi:10.1016/j.cell.2018.03.006 
10. Iwakawa HO, Tomari Y. Life of RISC: formation, action, and degradation of RNA-induced silencing 

complex. Mol Cell. 2022;82:30–43. doi:10.1016/j.molcel.2021.11.026 
11. Richter K, Haslbeck M, Buchner J. The heat shock response: life on the verge of death. Mol Cell. 2010;40:253–

266. doi:10.1016/j.molcel.2010.10.006 
12. Singh MK, Shin Y, Ju S, Han S, Choe W, Yoon KS, Kim SS, Kang I. Heat shock response and heat shock 

proteins: current understanding and future opportunities in human diseases. Int J Mol Sci. 2024;25:4209. 
doi:10.3390/ijms25084209 

13. Anckar J, Sistonen L. Regulation of HSF1 function in the heat stress response. Annu Rev Biochem. 
2011;80:1089–1115. doi:10.1146/annurev-biochem-060809-095203 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 34 of 49 

 

14. Chiosis G, Digwal CS, Trepel JB, Neckers L. Structural and functional complexity of HSP90 in cellular 
homeostasis and disease. Nat Rev Mol Cell Biol. 2023;24:797–815. doi:10.1038/s41580-023-00640-9 

15. Ren Q, Li L, Zhao S, et al. The molecular mechanism of temperature-dependent phase separation of heat 
shock factor 1. Nat Chem Biol. 2025;21:831–842. doi:10.1038/s41589-024-01806-y 

16. Evans SS, Repasky EA, Fisher DT. Fever and the thermal regulation of immunity: the immune system feels 
the heat. Nat Rev Immunol. 2015;15:335–349. doi:10.1038/nri3843 

17. Hasday JD, Thompson C, Singh IS. Fever, immunity, and molecular adaptations. Compr Physiol. 2014;4:109–
148. 

18. Leung AKL, Sharp PA. MicroRNA functions in stress responses. Mol Cell. 2010;40:205–215. 
doi:10.1016/j.molcel.2010.09.027 

19. Olejniczak M, Kotowska-Zimmer A, Krzyzosiak WJ. Stress-induced changes in miRNA biogenesis and 
functioning. Cell Mol Life Sci. 2018;75:177–191. 

20. Mendell JT, Olson EN. MicroRNAs in stress signaling and human disease. Cell. 2012;148:1172–1187. 
doi:10.1016/j.cell.2012.02.005 

21. Bhatt DM, Pandya-Jones A, Tong AJ, et al. Transcript dynamics of proinflammatory genes reveal key roles 
for miRNAs in macrophage activation. Immunity. 2012;36:735–748. 

22. Asea A, Rehli M, Kabingu E, et al. Novel signal transduction pathway utilized by extracellular HSP70. J 
Biol Chem. 2002;277:15028–15034. 

23. Tsan MF, Gao B. Heat shock proteins and immune system. J Leukoc Biol. 2009;85:905–910. 
24. Wen J, Zhang Y, Li X, et al. Dynamic molecular choreography induced by acute heat exposure in humans. 

Front Public Health. 2024;12:1384544. doi:10.3389/fpubh.2024.1384544 
25. Duan S, Wang F, Liu Z, et al. Transcriptomic profiling distinguishing heatstroke from fever: identification 

of specific molecular markers. Int J Legal Med. 2025;139:1287–1298. 
26. Mora C, Dousset B, Caldwell IR, et al. Global risk of deadly heat. Nat Clim Change. 2017;7:501–506. 
27. Ebi KL, Capon A, Berry P, et al. Hot weather and heat extremes: health risks. Lancet. 2021;398:698–708. 
28. Collier RJ, Baumgard LH, Zimbelman RB, Xiao Y. Heat stress: physiology of acclimation and adaptation. 

Anim Front. 2019;9:12–19. 
29. Srikanth K, Kumar H, Park W, Byun M, Lim D, Kemp S, te Pas MF, Kim JM, Park JE. Cardiac and skeletal 

muscle transcriptome response to heat stress in Kenyan chicken ecotypes adapted to low and high 
altitudes. Front Genet. 2019;10:993. 

30. Baker RE, Mahmud AS, Miller IF, et al. Infectious disease in an era of global change. Nat Rev Microbiol. 
2022;20:193–205. 

31. Carlson CJ, Albery GF, Merow C, et al. Climate change increases cross-species viral transmission risk. 
Nature. 2022;607:555–562. 

32. Lee Y, Kim M, Han J, et al. MicroRNA genes are transcribed by RNA polymerase II. EMBO J. 2004;23:4051–
4060. doi:10.1038/sj.emboj.7600385 

33. Cai X, Hagedorn CH, Cullen BR. Human microRNAs are processed from capped, polyadenylated 
transcripts that can also function as mRNAs. RNA. 2004;10:1957–1966. 

34. Han J, Lee Y, Yeom KH, et al. The Drosha–DGCR8 complex in primary microRNA processing. Genes Dev. 
2004;18:3016–3027. 

35. Lee Y, Ahn C, Han J, et al. The nuclear RNase III Drosha initiates microRNA processing. Nature. 
2003;425:415–419. 

36. Denli AM, Tops BBJ, Plasterk RHA, Ketting RF, Hannon GJ. Processing of primary microRNAs by the 
Microprocessor complex. Nature. 2004;432:231–235. 

37. Auyeung VC, Ulitsky I, McGeary SE, Bartel DP. Beyond secondary structure: primary-sequence 
determinants license pri-miRNA hairpins for processing. Cell. 2013;152:844–858. 

38. Fang W, Bartel DP. MicroRNA clustering assists processing of suboptimal microRNA hairpins through the 
action of the ERH protein. Mol Cell. 2020;78:289–302. 

39. Han J, Lee Y, Yeom KH, Nam JW, Heo I, Rhee JK, Sohn SY, Cho Y, Zhang BT, Kim VN. Molecular basis for 
the recognition of primary microRNAs by the Drosha–DGCR8 complex. Cell. 2006;125:887–901. 

40. Kwon SC, Nguyen TA, Choi YG, et al. Structure of human DROSHA. Cell. 2016;164:81–90. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 35 of 49 

 

41. Yang B, Galletta B, Sakhawala RM, Rusan NM. An intrinsically disordered region of Drosha selectively 
promotes miRNA biogenesis independent of tissue-specific microprocessor condensates. Genes and 
Development 2025. doi:10.1101/gad.352815.125 

42. Nott TJ, Petsalaki E, Farber P, et al. Phase transition of a disordered nuage protein generates 
environmentally responsive membraneless organelles. Mol Cell. 2015;57:936–947. 

43. Shin Y, Brangwynne CP. Liquid phase condensation in cell physiology and disease. Science. 
2017;357:eaaf4382. 

44. Yi R, Qin Y, Macara IG, Cullen BR. Exportin-5 mediates the nuclear export of pre-microRNAs and short 
hairpin RNAs. Genes Dev. 2003;17:3011–3016. 

45. Lund E, Güttinger S, Calado A, Dahlberg JE, Kutay U. Nuclear export of microRNA precursors. Science. 
2004;303:95–98. 

46. Okada C, Yamashita E, Lee SJ, et al. A high-resolution structure of the pre-microRNA nuclear export 
machinery. Science. 2009;326:1275–1279. 

47. Hutvágner G, McLachlan J, Pasquinelli AE, Bálint É, Tuschl T, Zamore PD. A cellular function for the RNA-
interference enzyme Dicer in the maturation of the let-7 small temporal RNA. Science. 2001;293:834–838. 

48. Chendrimada TP, Gregory RI, Kumaraswamy E, et al. TRBP recruits the Dicer complex to Ago2 for 
microRNA processing and gene silencing. Nature. 2005;436:740–744. 

49. Park JE, Heo I, Tian Y, et al. Dicer recognizes the 5′ end of RNA for efficient and accurate processing. Nature. 
2011;475:201–205. 

50. Tian Y, Simanshu DK, Ma JB, et al. A phosphate-binding pocket within the platform-PAZ-connector helix 
cassette of human Dicer. Mol Cell. 2014;53:606–616. 

51. Macrae IJ, Zhou K, Li F, et al. Structural basis for double-stranded RNA processing by Dicer. Science. 
2006;311:195–198. 

52. Meister G, Landthaler M, Patkaniowska A, Dorsett Y, Teng G, Tuschl T. Human Argonaute2 mediates RNA 
cleavage targeted by miRNAs and siRNAs. Mol Cell. 2004;15:185–197. 

53. Liu J, Carmell MA, Rivas FV, et al. Argonaute2 is the catalytic engine of mammalian RNAi. Science. 
2004;305:1437–1441. 

54. Khvorova A, Reynolds A, Jayasena SD. Functional siRNAs and miRNAs exhibit strand bias. Cell. 
2003;115:209–216. 

55. Schwarz DS, Hutvágner G, Du T, Xu Z, Aronin N, Zamore PD. Asymmetry in the assembly of the RNAi 
enzyme complex. Cell. 2003;115:199–208. 

56. Mohamed AA, Wang PY, Bartel DP, Vos SM. The structural basis for RNA slicing by human Argonaute2. 
Cell Rep. 2025;44:115166. doi:10.1016/j.celrep.2024.115166 

57. Yang JS, Lai EC. Alternative miRNA biogenesis pathways and the interpretation of core miRNA pathway 
mutants. Mol Cell. 2011;43:892–903. 

58. Okamura K, Hagen JW, Duan H, Tyler DM, Lai EC. The mirtron pathway generates microRNA-class 
regulatory RNAs in Drosophila. Cell. 2007;130:89–100. 

59. Ruby JG, Jan CH, Bartel DP. Intronic microRNA precursors that bypass Drosha processing. Nature. 
2007;448:83–86. 

60. Berezikov E, Chung WJ, Willis J, Cuppen E, Lai EC. Mammalian mirtron genes. Mol Cell. 2007;28:328–336. 
61. Cheloufi S, Dos Santos CO, Chong MMW, Hannon GJ. A Dicer-independent miRNA biogenesis pathway 

that requires Ago catalysis. Nature. 2010;465:584–589. 
62. Cifuentes D, Xue H, Taylor DW, et al. A novel miRNA processing pathway independent of Dicer requires 

Argonaute2 catalytic activity. Science. 2010;328:1694–1698. 
63. Yoda M, Cifuentes D, Izumi N, et al. Poly(A)-specific ribonuclease mediates 3′-end trimming of 

Argonaute2-cleaved precursor microRNAs. Cell Rep. 2013;5:715–726. 
64. Patrick DM, Zhang CC, Tao Y, et al. Defective erythroid differentiation in miR-451 mutant mice mediated 

by 14-3-3ζ. Genes Dev. 2010;24:1614–1619. 
65. LaMonte G, Philip N, Reardon J, et al. Translocation of sickle cell erythrocyte microRNAs into Plasmodium 

falciparum inhibits parasite translation and contributes to malaria resistance. Cell Host Microbe. 2012;12:187–
199. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 36 of 49 

 

66. Ender C, Krek A, Friedländer MR, et al. A human snoRNA with microRNA-like functions. Mol Cell. 
2008;32:519–528. 

67. Kumar P, Kuscu C, Dutta A. Biogenesis and function of transfer RNA-related fragments (tRFs). Trends 
Biochem Sci. 2016;41:679–689. 

68. Kuscu C, Kumar P, Kiran M, Su Z, Malik A, Dutta A. tRNA fragments (tRFs) guide Ago to regulate gene 
expression post-transcriptionally in a Dicer-independent manner. RNA. 2018;24:1093–1105. 

69. Thompson DM, Parker R. Stresses induce the ribonucleolytic cleavage of tRNAs by angiogenin, yielding 
tRNA halves. Proc Natl Acad Sci USA. 2009;106:14300–14305. 

70. Yamasaki S, Ivanov P, Hu GF, Anderson P. Angiogenin cleaves tRNA and promotes stress-induced 
translational repression. J Cell Biol. 2009;185:35–42. 

71. Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol. 2014;15:509–524. 
72. Nishikura K. A-to-I editing of coding and non-coding RNAs by ADARs. Nat Rev Mol Cell Biol. 2016;17:83–

96. 
73. Yang W, Chendrimada TP, Wang Q, et al. Modulation of microRNA processing and expression through 

RNA editing by ADAR deaminases. Nat Struct Mol Biol. 2006;13:13–21. 
74. Kawahara Y, Zinshteyn B, Chendrimada TP, Shiekhattar R, Nishikura K. RNA editing of the microRNA-

151 precursor blocks cleavage by the Dicer–TRBP complex. EMBO Rep. 2007;8:763–769. 
75. Heo I, Ha M, Lim J, et al. Mono-uridylation of pre-microRNA as a key step in the biogenesis of group II let-

7 microRNAs. Cell. 2012;151:521–532. 
76. Kim H, Kim J, Yu S, Lee YY, Park J, Choi RJ, Yoon SJ, Kang SG, Kim VN. A mechanism for microRNA arm 

switching regulated by uridylation. Mol Cell. 2020;78:1224–1236. 
77. Katoh T, Sakaguchi Y, Miyauchi K, Suzuki T, Kashiwabara SI, Baba T, Suzuki T. Selective stabilization of 

mammalian microRNAs by 3′ adenylation mediated by the cytoplasmic poly(A) polymerase GLD-2. Genes 
Dev. 2009;23:433–438. 

78. Kim B, Ha M, Loeff L, et al. TUT7 controls the fate of precursor microRNAs by using three different 
uridylation mechanisms. EMBO J. 2015;34:1801–1815. 

79. de la Mata M, Gaidatzis D, Vitanescu M, et al. Potent degradation of neuronal miRNAs induced by highly 
complementary targets. EMBO Rep. 2015;16:500–511. 

80. Ameres SL, Horwich MD, Hung JH, et al. Target RNA-directed trimming and tailing of small silencing 
RNAs. Science. 2010;328:1534–1539. 

81. Sheu-Gruttadauria J, Pawlica P, Klum SM, et al. Structural basis for target-directed MicroRNA degradation. 
Mol Cell. 2019;75:1243–1255. 

82. Shi CY, Kingston ER, Kleaveland B, et al. The ZSWIM8 ubiquitin ligase mediates target-directed microRNA 
degradation. Science. 2020;370:eabc9359. 

83. Han J, LaVigne CA, Jones BT, et al. A ubiquitin ligase mediates target-directed microRNA decay 
independently of tailing and trimming. Science. 2020;370:eabc9546. 

84. Kleaveland B, Shi CY, Stefano J, Bartel DP. A network of noncoding regulatory RNAs acts in the 
mammalian brain. Cell. 2018;174:350–362. 

85. Bitetti A, Mallory AC, Golber E, et al. MicroRNA degradation by a conserved target RNA regulates animal 
behavior. Nat Struct Mol Biol. 2018;25:244–251. 

86. Alarcón CR, Lee H, Goodarzi H, Halberg N, Tavazoie SF. N6-methyladenosine marks primary microRNAs 
for processing. Nature. 2015;519:482–485. 

87. Alarcón CR, Goodarzi H, Lee H, Liu X, Tavazoie S, Tavazoie SF. HNRNPA2B1 is a mediator of m6A-
dependent nuclear RNA processing events. Cell. 2015;162:1299–1308. 

88. Squires JE, Patel HR, Nousch M, et al. Widespread occurrence of 5-methylcytosine in human coding and 
non-coding RNA. Nucleic Acids Res. 2012;40:5023–5033. 

89. Salmena L, Poliseno L, Tay Y, Kats L, Pandolfi PP. A ceRNA hypothesis: the Rosetta Stone of a hidden RNA 
language? Cell. 2011;146:353–358. 

90. Memczak S, Jens M, Elefsinioti A, et al. Circular RNAs are a large class of animal RNAs with regulatory 
potency. Nature. 2013;495:333–338. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 37 of 49 

 

91. Denzler R, Agarwal V, Stefano J, Bartel DP, Stoffel M. Assessing the ceRNA hypothesis with quantitative 
measurements of miRNA and target abundance. Mol Cell. 2014;54:766–776. 

92. Thomson DW, Dinger ME. Endogenous microRNA sponges: evidence and controversy. Nat Rev Genet. 
2016;17:272–283. 

93. Gagnon KT, Li L, Chu Y, Janowski BA, Corey DR. RNAi factors are present and active in human cell nuclei. 
Cell Rep. 2014;6:211–221. 

94. Sarshad AA, Juan AH, Muber AIC, et al. Argonaute–miRNA complexes silence target mRNAs in the 
nucleus of mammalian stem cells. Mol Cell. 2018;71:1040–1050. 

95. Place RF, Li LC, Pookot D, Noonan EJ, Dahiya R. MicroRNA-373 induces expression of genes with 
complementary promoter sequences. Proc Natl Acad Sci USA. 2008;105:1608–1613. 

96. Kim DH, Sætrom P, Snøve O Jr, Rossi JJ. MicroRNA-directed transcriptional gene silencing in mammalian 
cells. Proc Natl Acad Sci USA. 2008;105:16230–16235. 

97. Hofman CR, Nguyen M, Bhatt DM, Choi J. Nuclear Argonaute:miRNA complexes contribute to let-
7/HMGA2 regulation in both nucleus and cytoplasm. Nucleic Acids Res. 2025;53:gkaf800. 
doi:10.1093/nar/gkaf800 

98. Lyu X, Rowley MJ, Corces VG. Architectural proteins and pluripotency factors cooperate to orchestrate the 
transcriptional response of hESCs to temperature stress. Mol Cell. 2018;71:940–955. 

99. Sabari BR, Dall’Agnese A, Boija A, et al. Coactivator condensation at super-enhancers links phase 
separation and gene control. Science. 2018;361:eaar3958. 

100. Gomez-Pastor R, Burchfiel ET, Thiele DJ. Regulation of heat shock transcription factors and their roles in 
physiology and disease. Nat Rev Mol Cell Biol. 2018;19:4–19. 

101. Neudegger T, Verghese J, Hayer-Hartl M, Hartl FU, Bracher A. Structure of human heat-shock 
transcription factor 1 in complex with DNA. Nat Struct Mol Biol. 2016;23:140–146. 

102. Vihervaara A, Sistonen L. HSF1 at a glance. J Cell Sci. 2014;127:261–266. 
103. Zou J, Guo Y, Guettouche T, Smith DF, Voellmy R. Repression of heat shock transcription factor HSF1 

activation by HSP90 (HSP90 complex) that forms a stress-sensitive complex with HSF1. Cell. 1998;94:471–
480. doi:10.1016/S0092-8674(00)81588-3 

104. Morimoto RI. Regulation of the heat shock transcriptional response: cross talk between a family of heat 
shock factors, molecular chaperones, and negative regulators. Genes Dev. 1998;12:3788–3796. 

105. Zheng X, Krakowiak J, Patel N, et al. Dynamic control of Hsf1 during heat shock by a chaperone switch 
and phosphorylation. eLife. 2016;5:e18638. 

106. Guettouche T, Boellmann F, Lane WS, Voellmy R. Analysis of phosphorylation of human heat shock factor 
1 in cells experiencing a stress. BMC Biochem. 2005;6:4. 

107. Kmiecik SW, Mayer MP. Molecular mechanisms of heat shock factor 1 regulation. Trends Biochem Sci. 
2022;47:218–234. 

108. Budzyński MA, Puustinen MC, Joutsen J, Sistonen L. Uncoupling stress-inducible phosphorylation of heat 
shock factor 1 from its activation. Mol Cell Biol. 2015;35:2530–2540. 

109. Chou SD, Prince T, Gong J, Calderwood SK. mTOR is essential for the proteotoxic stress response, HSF1 
activation, and heat shock protein synthesis. PLoS One. 2012;7:e39679. 

110. Chu B, Zhong R, Soncin F, Stevenson MA, Calderwood SK. Sequential phosphorylation by mitogen-
activated protein kinase and glycogen synthase kinase 3 represses transcriptional activation by heat shock 
factor-1. J Biol Chem. 1998;273:18640–18646. 

111. Westerheide SD, Anckar J, Stevens SM Jr, et al. Stress-inducible regulation of heat shock factor 1 by the 
deacetylase SIRT1. Science. 2009;323:1063–1066. 

112. Hietakangas V, Ahlskog JK, Bjork JK, et al. Phosphorylation of serine 303 is a prerequisite for the stress-
inducible SUMO modification of heat shock factor 1. Mol Cell Biol. 2003;23:2953–2968. 

113. Dai C, Whitesell L, Rogers AB, Lindquist S. Heat shock factor 1 is a powerful multifaceted modifier of 
carcinogenesis. Cell. 2007;130:1005–1018. 

114. Mendillo ML, Santagata S, Kober M, et al. HSF1 drives a transcriptional program distinct from heat shock 
to support highly malignant human cancers. Cell. 2012;150:549–562. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 38 of 49 

 

115. Xu M, Lin L, Lee S, et al. HSF1 specifically potentiates c-MYC-mediated transcription independently of 
heat shock. Cell Rep. 2023;42:112557. doi:10.1016/j.celrep.2023.112557 

116. Östling P, Björk JK, Roos-Mattjus P, Mezger V, Sistonen L. Heat shock factor 2 (HSF2) contributes to 
inducible expression of hsp genes through interplay with HSF1. J Biol Chem. 2007;282:7077–7086. 

117. Nakai A, Tanabe M, Kawazoe Y, et al. HSF4, a new member of the human heat shock factor family which 
lacks properties of a transcriptional activator. Mol Cell Biol. 1997;17:469–481. 

118. Kampinga HH, Hageman J, Vos MJ, et al. Guidelines for the nomenclature of the human heat shock 
proteins. Cell Stress Chaperones. 2009;14:105–111. 

119. Hartl FU, Bracher A, Hayer-Hartl M. Molecular chaperones in protein folding and proteostasis. Nature. 
2011;475:324–332. 

120. Taipale M, Jarosz DF, Lindquist S. HSP90 at the hub of protein homeostasis: emerging mechanistic insights. 
Nat Rev Mol Cell Biol. 2010;11:515–528. 

121. Sato S, Fujita N, Tsuruo T. Modulation of Akt kinase activity by binding to Hsp90. Proc Natl Acad Sci USA. 
2000;97:10832–10837. 

122. Pratt WB, Toft DO. Regulation of signaling protein function and trafficking by the hsp90/hsp70-based 
chaperone machinery. Exp Biol Med. 2003;228:111–133. 

123. Mayer MP, Bukau B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell Mol Life Sci. 
2005;62:670–684. 

124. Rosenzweig R, Nillegoda NB, Mayer MP, Bukau B. The Hsp70 chaperone network. Nat Rev Mol Cell Biol. 
2019;20:665–680. 

125. Kampinga HH, Craig EA. The HSP70 chaperone machinery: J proteins as drivers of functional specificity. 
Nat Rev Mol Cell Biol. 2010;11:579–592. 

126. Bracher A, Verghese J. The nucleotide exchange factors of Hsp70 molecular chaperones. Front Mol Biosci. 
2015;2:10. 

127. Fernández-Fernández MR, Gragera M, Ochoa-Ibarrola L, Quintana-Gallardo L, Valpuesta JM. Hsp70 — a 
master regulator in protein degradation. FEBS Lett. 2017;591:2648–2660. 

128. Haslbeck M, Vierling E. A first line of stress defense: small heat shock proteins and their function in protein 
homeostasis. J Mol Biol. 2015;427:1537–1548. 

129. Arrigo AP, Simon S, Gibert B, et al. Hsp27 (HspB1) and αB-crystallin (HspB5) as therapeutic targets. FEBS 
Lett. 2007;581:3665–3674. 

130. Jehle S, Rajagopal P, Bardiaux B, et al. Solid-state NMR and SAXS studies provide a structural basis for the 
activation of αB-crystallin oligomers. Nat Struct Mol Biol. 2010;17:1037–1042. 

131. Rogalla T, Ehrnsperger M, Preville X, et al. Regulation of Hsp27 oligomerization, chaperone function, and 
protective activity against oxidative stress/tumor necrosis factor α by phosphorylation. J Biol Chem. 
1999;274:18947–18956. 

132. Horwich AL, Fenton WA, Chapman E, Farr GW. Two families of chaperonin: physiology and mechanism. 
Annu Rev Cell Dev Biol. 2007;23:115–145. 

133. Quintana FJ, Cohen IR. The HSP60 immune system network. Trends Immunol. 2011;32:89–95. 
134. Habich C, Baumgart K, Kolb H, Burkart V. The receptor for heat shock protein 60 on macrophages is 

saturable, specific, and distinct from receptors for other heat shock proteins. J Immunol. 2002;168:569–576. 
135. Wilmink GJ, Roth CL, Ibey BL, et al. Identification of microRNAs associated with hyperthermia-induced 

cellular stress response. Cell Stress Chaperones. 2010;15:1027–1038. 
136. Raza AHS, Abdelnour SA, Dhshan AIM et al. Potential role of specific microRNAs in the regulation of 

thermal stress response in livestock. J Thermal. Bio 2021;96 doi.org/10.1016/j.therbio.2021.102859 
137. Li S, Shao Y, Chen L, et al. miR-644a promotes cancer cell proliferation through targeting HSF1. Cell Cycle. 

2019;18:3142–3156. 
138. Zhang Y, Wang J, Li X, et al. miR-216a-5p targets HSF1 and attenuates cardiac protection during ischemia–

reperfusion injury. Biochem Biophys Res Commun. 2020;523:747–753. 
139. Xu C, Lu Y, Pan Z, et al. The muscle-specific microRNAs miR-1 and miR-133 produce opposing effects on 

apoptosis by targeting HSP60, HSP70 and caspase-9 in cardiomyocytes. J Cell Sci. 2007;120:3045–3052. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 39 of 49 

 

140. Gagan J, Dey BK, Layer R, Yan Z, Dutta A. MicroRNA-378 targets the myogenic repressor MyoR during 
myoblast differentiation. J Biol Chem. 2011;286:19431–19438. 

141. Li QJ, Chau J, Ebert PJR, et al. miR-181a is an intrinsic modulator of T cell sensitivity and selection. Cell. 
2007;129:147–161. 

142. Zhang B, Pan X, Cobb GP, Anderson TA. MicroRNAs as oncogenes and tumor suppressors. Dev Biol. 
2007;302:1–12. 

143. Haneklaus M, Gerlic M, O’Neill LAJ, Masters SL. miR-223: infection, inflammation and cancer. J Intern Med. 
2013;274:215–226. 

144. Rahdan F, Saben A, Sayaygord-Afshari N, et al. Deciphering the multifaceted role of microRNAs in 
hepatocellular carcinoma: Integrating literature review and bioinformatics analysis for therapeutic 
insights. Cell Press Heliyon 2024: 10 

145. Ren XP, Wu J, Wang X. MicroRNA-320 is Involved in the Regulation of Cardiac Ischemia/Reperfusion 
Injury by Targeting Hsp20. Circulation. 2009 119(17):2357–2366. doi: 
10.1161/CIRCULATIONAHA.108.814145. 

146. Vihervaara A, Duarte FM, Lis JT. Molecular mechanisms driving transcriptional stress responses. Nat Rev 
Genet. 2018;19:385–399. 

147. Emde A, Hornstein E. miRNAs at the interface of cellular stress and disease. EMBO J. 2014;33:1428–1437. 
148. Leung AKL, Calabrese JM, Sharp PA. Quantitative analysis of Argonaute protein reveals microRNA-

dependent localization to stress granules. Proc Natl Acad Sci USA. 2006;103:18125–18130. 
149. Protter DSW, Parker R. Principles and properties of stress granules. Trends Cell Biol. 2016;26:668–679. 
150. Hanif Q, Farooq M. Amin I In silico identification of conserved miRNAs and their selective target gene 

prediction in indicine (Bos indicus) cattle. PLoS One. 2018;13(10):e0206154. doi: 
10.1371/journal.pone.0206154. 

151. Chen L, Liu X, Li Z, et al. Integrated analysis of Transcriptome mRNA and miRNA Profiles Reveals Self-
Protective Mechanism of Bovine MECs Induced by LPS. Front Vet Sci  2022 23;9:890043. doi: 
10.3389/fvets.2022.890043 

152. Srinivasan R, Mohan D, Deena P, et al. Exploring the regulatory role of small RNAs in host–pathogen 
interactions. Mol Biol Rep. 2025;52:115. doi:10.1007/s11033-024-10068-3 

153. Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC 
Bioinformatics. 2008;9:559. 

154. Huynh-Thu VA, Irrthum A, Wehenkel L, Geurts P. Inferring regulatory networks from expression data 
using tree-based methods. PLoS One. 2010;5:e12776. 

155. Ventura A, Young AG, Winslow MM, et al. Targeted deletion reveals essential and overlapping functions 
of the miR-17~92 family of miRNA clusters. Cell. 2008;132:875–886. 

156. Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a repression of SIRT1 regulates apoptosis. Proc Natl Acad 
Sci USA. 2008;105:13421–13426. 

157. Dai BH, Geng L, Wang Y, et al. microRNA-199a-5p protects hepatocytes from bile acid-induced sustained 
endoplasmic reticulum stress. Cell Death Dis. 2013;4:e604. 

158. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell. 2010;140:805–820. 
159. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity: update on Toll-like 

receptors. Nat Immunol. 2010;11:373–384. 
160. Kawai T, Ikegawa M, Ori D, Akira S. Decoding Toll-like receptors: recent progress and perspectives in 

innate immunity. Immunity. 2024;57:649–673. doi:10.1016/j.immuni.2024.03.004 
161. Fitzgerald KA, Kagan JC. Toll-like receptors and the control of immunity. Cell. 2020;180:1044–1066. 
162. Medzhitov R. Toll-like receptors and innate immunity. Nat Rev Immunol. 2001;1:135–145. 
163. O’Connell RM, Rao DS, Baltimore D. microRNA regulation of inflammatory responses. Annu Rev Immunol. 

2012;30:295–312. 
164. Taganov KD, Boldin MP, Chang KJ, Baltimore D. NF-κB-dependent induction of microRNA miR-146, an 

inhibitor targeted to signaling proteins of innate immune responses. Proc Natl Acad Sci USA. 
2006;103:12481–12486. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 40 of 49 

 

165. Boldin MP, Taganov KD, Rao DS, et al. miR-146a is a significant brake on autoimmunity, 
myeloproliferation, and cancer in mice. J Exp Med. 2011;208:1189–1201. 

166. Zhao JL, Rao DS, Boldin MP, Taganov KD, O’Connell RM, Baltimore D. NF-κB dysregulation in microRNA-
146a-deficient mice drives the development of myeloid malignancies. Proc Natl Acad Sci USA. 
2011;108:9184–9189. 

167. Nahid MA, Satoh M, Chan EKL. Mechanistic role of microRNA-146a in endotoxin-induced differential 
cross-regulation of TLR signaling. J Immunol. 2011;186:1723–1734. 

168. O’Connell RM, Taganov KD, Boldin MP, Cheng G, Baltimore D. MicroRNA-155 is induced during the 
macrophage inflammatory response. Proc Natl Acad Sci USA. 2007;104:1604–1609. 

169. Faraoni I, Antonetti FR, Cardone J, et al. miR-155 gene: a typical multifunctional microRNA. Biochim Biophys 
Acta. 2009;1792:497–505. 

170. Wang P, Hou J, Lin L, et al. Inducible microRNA-155 feedback promotes type I IFN signaling in antiviral 
innate immunity by targeting suppressor of cytokine signaling 1. J Immunol. 2010;185:6226–6233. 

171. O’Connell RM, Chaudhuri AA, Rao DS, Baltimore D. Inositol phosphatase SHIP1 is a primary target of 
miR-155. Proc Natl Acad Sci USA. 2009;106:7113–7118. 

172. Costinean S, Zanesi N, Pekarsky Y, et al. Pre-B cell proliferation and lymphoblastic leukemia/high-grade 
lymphoma in Eμ-miR155 transgenic mice. Proc Natl Acad Sci USA. 2006;103:7024–7029. 

173. Eis PS, Tam W, Sun L, et al. Accumulation of miR-155 and BIC RNA in human B cell lymphomas. Proc Natl 
Acad Sci USA. 2005;102:3627–3632. 

174. Sheedy FJ, Palsson-McDermott E, Hennessy EJ, et al. Negative regulation of TLR4 via targeting of the 
proinflammatory tumor suppressor PDCD4 by the microRNA miR-21. Nat Immunol. 2010;11:141–147. 

175. Das A, Ganesh K, Khanna S, Sen CK, Roy S. Engulfment of apoptotic cells by macrophages: a role of 
microRNA-21 in the resolution of wound inflammation. J Immunol. 2014;192:1120–1129. 

176. Chen X, Liang H, Zhang J, Zen K, Zhang CY. Secreted microRNAs: a new form of intercellular 
communication. Trends Cell Biol. 2012;22:125–132. 

177. Guo Q, Jin Y, Chen X, et al. NF-κB in biology and targeted therapy: new insights and translational 
implications. Signal Transduct Target Ther. 2024;9:53. doi:10.1038/s41392-024-01757-9 

178. Lamkanfi M, Dixit VM. Mechanisms and functions of inflammasomes. Cell. 2014;157:1013–1022. 
179. Swanson KV, Deng M, Ting JPY. The NLRP3 inflammasome: molecular activation and regulation to 

therapeutics. Nat Rev Immunol. 2019;19:477–489. 
180. Broz P, Dixit VM. Inflammasomes: mechanism of assembly, regulation and signaling. Nat Rev Immunol. 

2016;16:407–420. 
181. Kelley N, Jeltema D, Duan Y, He Y. The NLRP3 inflammasome: an overview of mechanisms of activation 

and regulation. Int J Mol Sci. 2019;20:3328. 
182. Bauernfeind F, Rieger A, Sber FA, et al. NLRP3 inflammasome activity is negatively controlled by miR-223. 

J Immunol. 2012;189:4175–4181. 
183. Haneklaus M, Gerlic M, Kurowska-Stolarska M, et al. Cutting edge: miR-223 and EBV miR-BART15 

regulate the NLRP3 inflammasome and IL-1β production. J Immunol. 2012;189:3795–3799. 
184. Li S, Chen H, Guo H, et al. miR-223 regulates NLRP3 inflammasome and contributes to colitis development. 

Inflamm Bowel Dis. 2017;23:1939–1949. 
185. Yang J, Zhu J, Zhang Y, et al. miR-22 targets NLRP3 to suppress renal inflammation. Am J Pathol. 

2019;189:2344–2358. 
186. Li Y, Jiang J, Li W, et al. miR-30e targets ASC to inhibit NLRP3 inflammasome activity. J Mol Med. 

2018;96:1373–1383. 
187. Yuan X, Berg N, Lee JW, et al. MicroRNA miR-223 as regulator of innate immunity. J Leukoc Biol. 

2018;104:515–524. 
188. Zuo Y, Wang J, Liao F, et al. Fever-range hyperthermia promotes NLRP3 inflammasome activation in 

macrophages. J Cell Physiol. 2019;234:18437–18448. 
189. Martine P, Brek C, Barker E, et al. HSP70 is a negative regulator of NLRP3 inflammasome activation. Cell 

Death Dis. 2019;10:256. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 41 of 49 

 

190. Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs modulate hematopoietic lineage differentiation. Science. 
2004;303:83–86. 

191. Baumjohann D, Ansel KM. MicroRNA-mediated regulation of T helper cell differentiation and plasticity. 
Nat Rev Immunol. 2013;13:666–678. 

192. He L, Thomson JM, Hemann MT, et al. A microRNA polycistron as a potential human oncogene. Nature. 
2005;435:828–833. 

193. Xiao C, Srinivasan L, Calado DP, et al. Lymphoproliferative disease and autoimmunity in mice with 
increased miR-17-92 expression in lymphocytes. Nat Immunol. 2008;9:405–414. 

194. Kang SG, Liu WH, Lu P, et al. MicroRNAs of the miR-17~92 family are critical regulators of T(FH) 
differentiation. Nat Immunol. 2013;14:849–857. doi:10.1038/ni.2648 

195. Jiang S, Li C, Olive V, et al. Molecular dissection of the miR-17-92 cluster’s critical dual roles in promoting 
Th1 responses and preventing inducible Treg differentiation. Blood. 2011;118:5487–5497. 

196. Olive V, Bennett MJ, Walker JC, et al. miR-19 is a key oncogenic component of mir-17-92. Genes Dev. 
2009;23:2839–2849. 

197. Thai TH, Calado DP, Casola S, et al. Regulation of the germinal center response by microRNA-155. Science. 
2007;316:604–608. 

198. Rodriguez A, Vigorito E, Clare S, et al. Requirement of bic/microRNA-155 for normal immune function. 
Science. 2007;316:608–611. 

199. Teng G, Hakimpour P, Landgraf P, et al. MicroRNA-155 is a negative regulator of activation-induced 
cytidine deaminase. Immunity. 2008;28:621–629. 

200. Vigorito E, Perks KL, Abreu-Goodger C, et al. microRNA-155 regulates the generation of immunoglobulin 
class-switched plasma cells. Immunity. 2007;27:847–859. 

201. Xiao C, Calado DP, Galler G, et al. MiR-150 controls B cell differentiation by targeting the transcription 
factor c-Myb. Cell. 2007;131:146–159. 

202. Ebert PJR, Jiang S, Xie J, Li QJ, Davis MM. An endogenous positively selecting peptide enhances mature T 
cell responses and becomes an autoantigen in the absence of microRNA miR-181a. Nat Immunol. 
2009;10:1162–1169. doi:10.1038/ni.1797 

203. Henao-Mejia J, Williams A, Goff LA, et al. The microRNA miR-181 is a critical cellular metabolic rheostat 
essential for NKT cell ontogenesis and lymphocyte development and homeostasis. Immunity. 2013;38:984–
997. 

204. Kim C, Jadhav RR, Gustafson CE, et al. Defective CD8+ T cell and antibody responses arise from loss of 
miR-181a. J Clin Invest. 2021;131:e143632. 

205. Ma F, Xu S, Liu X, et al. The microRNA miR-29 controls innate and adaptive immune responses to 
intracellular bacterial infection by targeting interferon-γ. Nat Immunol. 2011;12:861–869. 

206. Steiner DF, Thomas MF, Hu JK, et al. MicroRNA-29 regulates T-box transcription factors and interferon-γ 
production in helper T cells. Immunity. 2011;35:169–181. 

207. Lu LF, Thai TH, Calado DP, et al. Foxp3-dependent microRNA155 confers competitive fitness to regulatory 
T cells by targeting SOCS1 protein. Immunity. 2009;30:80–91. 

208. Xu S, Ou X, Huo J, et al. miR-146a modulates autoimmune disease via STAT1 regulation. J Immunol. 
2016;196:2923–2931. 

209. Murray PJ, Allen JE, Biswas SK, et al. Macrophage activation and polarization: nomenclature and 
experimental guidelines. Immunity. 2014;41:14–20. 

210. Locati M, Curtale G, Mantovani A. Diversity, mechanisms, and significance of macrophage plasticity. Annu 
Rev Pathol. 2020;15:123–147. 

211. Curtale G, Rubino M, Locati M. MicroRNAs as molecular switches in macrophage activation. Front 
Immunol. 2019;10:799. 

212. O’Connell RM, Rao DS, Chaudhuri AA, Baltimore D. Physiological and pathological roles for microRNAs 
in the immune system. Nat Rev Immunol. 2010;10:111–122. 

213. Cai X, Yin Y, Li N, et al. Re-polarization of tumor-associated macrophages to pro-inflammatory M1 
macrophages: therapeutic strategy. J Immunother Cancer. 2017;5:50. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 42 of 49 

 

214. Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, Weiner HL. MicroRNA-124 promotes 
microglia quiescence and suppresses EAE by deactivating macrophages via the C/EBPα–PU.1 pathway. 
Nat Med. 2011;17:64–70. 

215. Zhuang G, Meng C, Guo X, et al. A novel regulator of macrophage activation: miR-223 in obesity-associated 
adipose tissue inflammation. Circulation. 2012;125:2892–2903. 

216. Banerjee S, Xie N, Cui H, et al. MicroRNA let-7c regulates macrophage polarization. J Immunol. 
2013;190:6542–6549. 

217. Théry C, Zitvogel L, Amigorena S. Exosomes: composition, biogenesis and function. Nat Rev Immunol. 
2002;2:569–579. 

218. Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular interactions of exosomes and other 
extracellular vesicles. Annu Rev Cell Dev Biol. 2014;30:255–289. 

219. Chen X, Ying X, Wang X, et al. Exosomal transfer of miR-21 promotes tumor cell invasion via PDCD4/JNK 
signaling. Mol Ther. 2014;22:587–599. 

220. Li X, Lei Y, Wu M, et al. Regulation of macrophage activation and polarization by HCC-derived exosomal 
lncRNA TUC339. Int J Mol Sci. 2018;19:2958. 

221. Cheng L, Wang Y, Huang L. Exosomes from M1-polarized macrophages potentiate the cancer vaccine by 
creating a pro-inflammatory microenvironment. Small. 2017;13:1702135. 

222. Singh IS, Hasday JD. Fever, hyperthermia and the heat shock response. Int J Hyperthermia. 2013;29:423–435. 
223. Zheng Y, Chen KL, Zheng XM, et al. Febrile temperature modulates miRNA expression patterns in immune 

cells. J Therm Biol. 2020;89:102542. 
224. Calderwood SK, Gong J, Murshid A. Extracellular HSPs: the complicated roles of extracellular HSPs in 

immunity. Front Immunol. 2016;7:159. 
225. Binder RJ, Srivastava PK. Peptides chaperoned by heat-shock proteins are a necessary and sufficient source 

of antigen in the cross-priming of CD8+ T cells. Nat Immunol. 2005;6:593–599. 
226. Li Z, Menoret A, Srivastava P. Roles of heat-shock proteins in antigen presentation and cross-presentation. 

Curr Opin Immunol. 2002;14:45–51. 
227. Gebert LFR, MacRae IJ. Regulation of microRNA function in animals. Nat Rev Mol Cell Biol. 2019;20:21–37. 
228. Golden RJ, Chen B, Li T, et al. An Argonaute phosphorylation cycle promotes microRNA-mediated 

silencing. Nature. 2017;542:197–202. 
229. Takahashi H, Kanno T, Nakayamada S, et al. TGF-β and retinoic acid induce the microRNA miR-10a, which 

targets Bcl-6 and constrains the plasticity of helper T cells. Nat Immunol. 2012;13:587–595. 
230. Harris TA, Yamakuchi M, Ferlito M, Mendell JT, Lowenstein CJ. MicroRNA-126 regulates endothelial 

expression of vascular cell adhesion molecule 1. Proc Natl Acad Sci USA. 2008;105:1516–1521. 
231. Bazzoni F, Rossato M, Fabbri M, et al. Induction and regulatory function of miR-9 in human monocytes 

and neutrophils exposed to proinflammatory signals. Proc Natl Acad Sci USA. 2009;106:5282–5287. 
232. Tili E, Michaille JJ, Cimino A, et al. Modulation of miR-155 and miR-125b levels following 

lipopolysaccharide/TNF-α stimulation and their possible roles in regulating the response to endotoxin 
shock. J Immunol. 2007;179:5082–5089. 

233. Nahid MA, Yao B, Dominguez-Gutierrez PR, Satoh M, Chan EKL. Regulation of TLR2-mediated tolerance 
and cross-tolerance through IRAK4 modulation by miR-132 and miR-212. J Immunol. 2013;190:1250–1263. 

234. Mycko MP, Cichalewska M, Machlanska A, Cwiklinska H, Selmaj KW. MicroRNA-301a regulation of a T-
helper 17 immune response controls autoimmune demyelination. Proc Natl Acad Sci USA. 2012;109:E1248–
E1257. 

235. tenOever BR. RNA viruses and the host microRNA machinery. Nat Rev Microbiol. 2013;11:169–180. 
236. Cullen BR. Viruses and microRNAs: RISCy interactions with serious consequences. Genes Dev. 

2011;25:1881–1894. 
237. Arziman S, Freistadt A, Golicnik JP, et al. Decoding miRNA-mediated immunoregulation in SARS-CoV-2, 

HBV, HIV, and HSV infections. Genes Immun. 2026;27:1–12. doi:10.1038/s41435-025-00318-4 
238. Jafarinejad-Farsangi S, Jazi MM, Rostamzadeh F, et al. High affinity of host human microRNAs to SARS-

CoV-2 genome: an in silico analysis. Noncoding RNA Res. 2020;5:222–231. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 43 of 49 

 

239. Nathans R, Chu CY, Serber AK, Rice CM, Rana TM. Cellular microRNA and P bodies modulate host–HIV-
1 interactions. Mol Cell. 2009;34:696–709. 

240. Triboulet R, Mari B, Lin YL, et al. Suppression of microRNA-silencing pathway by HIV-1 during virus 
replication. Science. 2007;315:1579–1582. 

241. Huang J, Wang F, Argyris E, et al. Cellular microRNAs contribute to HIV-1 latency in resting primary CD4+ 
T lymphocytes. Nat Med. 2007;13:1241–1247. 

242. Sun G, Li H, Wu X, et al. Interplay between HIV-1 infection and host microRNAs. Nucleic Acids Res. 
2012;40:2181–2196. 

243. Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P. Modulation of hepatitis C virus RNA abundance 
by a liver-specific MicroRNA. Science. 2005;309:1577–1581. 

244. Wang S, Qiu L, Yan X, et al. Loss of microRNA 122 expression in patients with hepatitis B enhances HBV 
replication through cyclin G1-modulated P53 activity. Hepatology. 2012;55:730–741. 

245. Wang Y, Jiang L, Ji X, et al. Hepatitis B viral RNA directly mediates downregulation of the tumor 
suppressor microRNA miR-15a/miR-16-1 in hepatocytes. J Biol Chem. 2013;288:18484–18493. 

246. Umbach JL, Kramer MF, Jurak I, Karnowski HW, Coen DM, Cullen BR. MicroRNAs expressed by herpes 
simplex virus 1 during latent infection regulate viral mRNAs. Nature. 2008;454:780–783. 

247. Pan D, Flores O, Umbach JL, Pesola JM, Bentley P, Rosato PC, Leib DA, Cullen BR, Coen DM. A neuron-
specific host microRNA targets herpes simplex virus-1 ICP0 expression and promotes latency. Cell Host 
Microbe. 2014;15:446–456. 

248. Bucher E, Hemmes H, de Haan P, Goldbach R, Prins M. The influenza A virus NS1 protein binds small 
interfering RNAs and suppresses RNA silencing in plants. J Gen Virol. 2004;85:983–991. 

249. de Vries W, Haasnoot J, van der Velden J, et al. Increased virus replication in mammalian cells with reduced 
Dicer expression levels. J Virol. 2008;82:11416–11426. 

250. Song L, Liu H, Gao S, Jiang W, Huang W. Cellular microRNAs inhibit replication of the H1N1 influenza A 
virus in infected cells. J Virol. 2010;84:8849–8860. 

251. Castillo JA, Castrillón JC, Diosa-Toro M, et al. Complex interaction between dengue virus replication and 
expression of miRNA-133a. BMC Infect Dis. 2016;16:29. 

252. Azouz F, Arber K, et al. Epigenetic and transcriptomic response to Zika virus in neural progenitors. Emerg 
Microbes Infect. 2019;8:1049–1062. 

253. Wang X, Zhao W. Research progress on miRNAs function in the interaction between human infectious 
viruses and hosts. Biomol Biomed. 2024;24:1305–1316. doi:10.17305/bb.2024.10821 

254. Eulalio A, Schulte L, Vogel J. The mammalian microRNA response to bacterial infections. RNA Biol. 
2012;9:742–750. 

255. Aguilar C, Mano M, Eulalio A. Multifaceted roles of microRNAs in host–bacterial pathogen interaction. 
Microbiol Spectr. 2019;7:BAI-0002-2019. doi:10.1128/microbiolspec.BAI-0002-2019 

256. Kumar R, Halder P, Sahu SK, et al. Identification of a novel role of ESAT-6-dependent miR-155 induction 
during infection of macrophages with Mycobacterium tuberculosis. Cell Microbiol. 2012;14:1620–1631. 

257. Sheedy FJ, O’Neill LAJ. Adding fuel to fire: microRNAs as a new class of mediators of inflammation. Ann 
Rheum Dis. 2008;67(Suppl 3):iii50–iii55. 

258. Kim JK, Yuk JM, Kim SY, et al. MicroRNA-125a inhibits autophagy activation and antimicrobial responses 
during mycobacterial infection. J Clin Invest. 2015;125:3288–3303. 

259. Schulte LN, Eulalio A, Mollenkopf HJ, Reinhardt R, Vogel J. Analysis of the host microRNA response to 
Salmonella uncovers the control of major cytokines by the let-7 family. EMBO J. 2011;30:1977–1989. 

260. Zhang T, Yu J, Zhang Y, et al. Salmonella enterica serovar Enteritidis modulates intestinal epithelial miR-
128 levels to decrease macrophage recruitment via M-CSF. J Infect Dis. 2014;209:2000–2011. 

261. Izar B, Mannala GK, Mraheil MA, et al. microRNA response to Listeria monocytogenes infection in epithelial 
cells. Int J Mol Sci. 2012;13:1173–1185. 

262. Xiao B, Liu Z, Li BS, et al. Induction of microRNA-155 during Helicobacter pylori infection and its negative 
regulatory role in the inflammatory response. J Infect Dis. 2009;200:916–925. 

263. Zhang Z, Li Z, Gao C, et al. miR-21 plays a pivotal role in gastric cancer pathogenesis and progression. Lab 
Invest. 2008;88:1358–1366. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 44 of 49 

 

264. Jin T, Lu Y, He QX, et al. The role of MicroRNA, miR-24, and its target CHI3L1 in osteomyxoid 
inflammation triggered by Staphylococcus aureus. J Cell Biochem. 2015;116:2044–2052. 

265. Menzies BE. The role of fibronectin binding proteins in the pathogenesis of Staphylococcus aureus infections. 
Curr Opin Infect Dis. 2003;16:225–229. 

266. Maizels RM, McSorley HJ. Regulation of the host immune system by helminth parasites. J Allergy Clin 
Immunol. 2016;138:666–675. 

267. Chen SY, Wang Y, Telen MJ, Chi JT. The genomic analysis of erythrocyte microRNA expression in sickle 
cell diseases. PLoS One. 2008;3:e2360. 

268. Delic D, Dkhil M, Al-Quraishy S, Wunderlich F. Hepatic miRNA expression reprogramd by Plasmodium 
chabaudi malaria. Parasitol Res. 2011;108:1111–1121. 

269. Bragato JP, Chase JC, et al. miR-155 modulates macrophage activation during Leishmania infantum infection. 
Vet Parasitol. 2018;260:60–66. 

270. Lemaire J, Canavero G, Lagrange B, et al. MicroRNA expression profile in human macrophages in response 
to Leishmania major infection. PLoS Negl Trop Dis. 2012;6:e1478. 

271. Gracias DT, Stelekati E, Hope JL, et al. The microRNA miR-155 controls CD8+ T cell responses by regulating 
interferon signaling. Nat Immunol. 2013;14:593–602. 

272. Buck AH, Coakley G, Sber F, et al. Exosomes secreted by nematode parasites transfer small RNAs to 
mammalian cells and modulate innate immunity. Nat Commun. 2014;5:5488. 

273. Kincaid RP, Sullivan CS. Virus-encoded microRNAs: an overview and a look to the future. PLoS Pathog. 
2012;8:e1003018. 

274. Grundhoff A, Sullivan CS. Virus-encoded microRNAs. Virology. 2011;411:325–343. 
275. Skalsky RL, Corcoran DL, Gottwein E, et al. The viral and cellular microRNA targetome in lymphoblastoid 

cell lines. PLoS Pathog. 2012;8:e1002484. 
276. Nachmani D, Stern-Ginossar N, Sarid R, Mandelboim O. Diverse herpesvirus microRNAs target the stress-

induced immune ligand MICB to escape recognition by natural killer cells. Cell Host Microbe. 2009;5:376–
385. 

277. Gottwein E, Mukherjee N, Sachse C, et al. A viral microRNA functions as an orthologue of cellular miR-
155. Nature. 2007;450:1096–1099. 

278. Stern-Ginossar N, Elefant N, Zimmermann A, et al. Host immune system gene targeting by a viral miRNA. 
Science. 2007;317:376–381. 

279. Kluger MJ. Fever: role of pyrogens and cryogens. Physiol Rev. 1991;71:93–127. 
280. Salman KA, Ashraf S, et al. Impact of thermal stress on miRNA expression in poultry. Poult Sci. 

2022;101:101956. 
281. Borchel A, Verleih M, Rebl A, Goldammer T. Identification of miRNAs involved in the thermal stress 

response of rainbow trout. J Appl Ichthyol. 2018;34:820–828. 
282. Luo QB, Song XY, Ji CL, et al. Exploring the molecular mechanism of acute heat stress exposure in broiler 

chickens using gene expression profiling. Gene. 2014;546:200–205. 
283. Rohr JR, Dobson AP, Johnson PT, et al. Frontiers in climate change–disease research. Trends Ecol Evol. 

2011;26:270–277. 
284. Tkach M, Théry C. Communication by extracellular vesicles: where we are and where we need to go. Cell. 

2016;164:1226–1232. 
285. van Niel G, D’Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol 

Cell Biol. 2018;19:213–228. 
286. Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and release. Cell Mol Life Sci. 

2018;75:193–208. 
287. Trajkovic K, Hsu C, Chiantia S, et al. Ceramide triggers budding of exosome vesicles into multivesicular 

endosomes. Science. 2008;319:1244–1247. 
288. Stuffers S, Sem Wegner C, Stenmark H, Brech A. Multivesicular endosome biogenesis in the absence of 

ESCRTs. Traffic. 2009;10:925–937. 
289. Villarroya-Beltri C, Gutiérrez-Vázquez C, Sánchez-Cabo F, et al. Sumoylated hnRNPA2B1 controls the 

sorting of miRNAs into exosomes through binding to specific motifs. Nat Commun. 2013;4:2980. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 45 of 49 

 

290. Kosaka N, Iguchi H, Hagiwara K, Yoshioka Y, Takeshita F, Ochiya T. Neutral sphingomyelinase 2 
(nSMase2)-dependent exosomal transfer of angiogenic microRNAs regulate cancer cell metastasis. J Biol 
Chem. 2013;288:10849–10859. 

291. McKenzie AJ, Hoshino D, Hong NH, et al. KRAS-MEK signaling controls Ago2 sorting into exosomes. Cell 
Rep. 2016;15:978–987. 

292. de Jong OG, Verhaar MC, Chen Y, et al. Cellular stress conditions are reflected in the protein and RNA 
content of endothelial cell-derived exosomes. J Extracell Vesicles. 2012;1:18396. 

293. Ge Q, Zhou Y, Lu J, et al. miRNA in plasma exosome is stable under different storage conditions. Molecules. 
2014;19:1568–1575. 

294. Shao X, Lu X, Liao J, et al. miRTalk: an integrative computational framework for inferring miRNA-
mediated cell–cell communication. Genome Biol. 2025;26:95. doi:10.1186/s13059-025-03517-w 

295. Mittelbrunn M, Gutiérrez-Vázquez C, Villarroya-Beltri C, et al. Unidirectional transfer of microRNA-
loaded exosomes from T cells to antigen-presenting cells. Nat Commun. 2011;2:282. 

296. Alexander M, Hu R, Runtsch MC, et al. Exosome-delivered microRNAs modulate the inflammatory 
response to endotoxin. Nat Commun. 2015;6:7321. 

297. Neudecker V, Haneklaus M, Jensen O, et al. Myeloid-derived miR-223 regulates intestinal inflammation 
via repression of the NLRP3 inflammasome. J Exp Med. 2017;214:1737–1752. 

298. Guescini M, Canonico B, Lucertini F, et al. Muscle releases alpha-sarcoglycan positive extracellular vesicles 
carrying miRNAs in the bloodstream. PLoS One. 2015;10:e0125094. 

299. Whitham M, Parker BL, Friedrichsen M, et al. Extracellular vesicles provide a means for tissue crosstalk 
during exercise. Cell Metab. 2018;27:237–251. 

300. Messios C, Pozo-Devoto V, et al. Widespread tissue delivery of antagomiRs achieved via intramuscular 
administration. Mol Ther Methods Clin Dev. 2025;33:101488. doi:10.1016/j.omtm.2025.101488 

301. Bang C, Batkai S, Dangwal S, et al. Cardiac fibroblast-derived microRNA passenger strand-enriched 
exosomes mediate cardiomyocyte hypertrophy. J Clin Invest. 2014;124:2136–2146. 

302. Skog J, Würdinger T, van Rijn S, et al. Glioblastoma microvesicles transport RNA and proteins that promote 
tumor growth. Nat Cell Biol. 2008;10:1470–1476. 

303. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO. Exosome-mediated transfer of mRNAs and 
microRNAs is a novel mechanism of genetic exchange between cells. Nat Cell Biol. 2007;9:654–659. 

304. Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as stable blood-based markers for cancer 
detection. Proc Natl Acad Sci USA. 2008;105:10513–10518. 

305. Mateescu B, Kowal EJK, van Balkom BWM, et al. Obstacles and opportunities in the functional analysis of 
extracellular vesicle RNA. J Extracell Vesicles. 2017;6:1286095. 

306. Xu R, Greening DW, Zhu HJ, Takahashi N, Simpson RJ. Extracellular vesicle isolation and characterization: 
toward clinical application. J Clin Invest. 2016;126:1152–1162. 

307. Alvarez-Erviti L, Seow Y, Yin H, Betts C, Lakhal S, Wood MJA. Delivery of siRNA to the mouse brain by 
systemic injection of targeted exosomes. Nat Biotechnol. 2011;29:341–345. 

308. Kamerkar S, LeBleu VS, Sugimoto H, et al. Exosomes facilitate therapeutic targeting of oncogenic KRAS in 
pancreatic cancer. Nature. 2017;546:498–503. 

309. Rupaimoole R, Slack FJ. MicroRNA therapeutics: towards a new era for the management of cancer and 
other diseases. Nat Rev Drug Discov. 2017;16:203–222. 

310. Seyhan AA. Trials and tribulations of MicroRNA therapeutics. Int J Mol Sci. 2024;25:1469. 
311. van Rooij E, Kauppinen S. Development of microRNA therapeutics is coming of age. EMBO Mol Med. 

2014;6:851–864. 
312. Wang Z, Chen L, Huang Y, et al. MiRNA-based drugs and delivery strategies: challenges and new horizons. 

Appl Microbiol Biotechnol. 2025;109:247. doi:10.1007/s00253-025-13454-2 
313. Lennox KA, Behlke MA. Chemical modification and design of anti-miRNA oligonucleotides. Gene Ther. 

2011;18:1111–1120. 
314. Krützfeldt J, Rajewsky N, Braich R, et al. Silencing of microRNAs in vivo with ‘antagomirs’. Nature. 

2005;438:685–689. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 46 of 49 

 

315. Manoharan M. 2′-Carbohydrate modifications in antisense oligonucleotide therapy: importance of 
conformation, configuration and conjugation. Biochim Biophys Acta. 1999;1489:117–130. 

316. Obad S, dos Santos CO, Petri A, et al. Silencing of microRNA families by seed-targeting tiny LNAs. Nat 
Genet. 2011;43:371–378. 

317. Stein CA, Castanotto D. FDA-approved oligonucleotide therapies in 2017. Mol Ther. 2017;25:1069–1075. 
318. Janssen HLA, Reesink HW, Lawitz EJ, et al. Treatment of HCV infection by targeting microRNA. N Engl J 

Med. 2013;368:1685–1694. 
319. Lanford RE, Hildebrandt-Eriksen ES, Petri A, et al. Therapeutic silencing of microRNA-122 in primates 

with chronic hepatitis C virus infection. Science. 2010;327:198–201. 
320. Beg MS, Brenner AJ, Thall PF, et al. Phase I study of MRX34, a liposomal miR-34a mimic, administered 

twice weekly in patients with advanced solid tumors. Invest New Drugs. 2017;35:180–188. 
321. Hong DS, Kang YK, Borad M, et al. Phase 1 study of MRX34, a liposomal miR-34a mimic, in patients with 

advanced solid tumors. Br J Cancer. 2020;122:1630–1637. 
322. Seto AG, Beatty X, Lynch JM, et al. Cobomarsen, an oligonucleotide inhibitor of miR-155, co-ordinately 

regulates multiple survival pathways to reduce cellular proliferation and survival in cutaneous T-cell 
lymphoma. Br J Haematol. 2018;183:428–444. 

323. Winkle M, El-Daly SM, Fabbri M, Calin GA. Noncoding RNA therapeutics — challenges and potential 
solutions. Nat Rev Drug Discov. 2021;20:629–651. 

324. Xie J, Ameres SL, Friedline R, et al. Long-term, efficient inhibition of microRNA function in mice using 
rAAV vectors. Nat Methods. 2012;9:403–409. 

325. Kota J, Chivukula RR, O’Donnell KA, et al. Therapeutic microRNA delivery suppresses tumorigenesis in a 
murine liver cancer model. Cell. 2009;137:1005–1017. 

326. Pan Z, Sun X, Shan H, et al. MicroRNA-101 inhibited postinfarct cardiac fibrosis and improved left 
ventricular compliance via the FBJ osteosarcoma oncogene/transforming growth factor-β1 pathway. 
Circulation. 2012;126:840–850. 

327. Polack FP, Thomas SJ, Kitchin N, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N 
Engl J Med. 2020;383:2603–2615. 

328. Hou X, Zaks T, Langer R, Dong Y. Lipid nanoparticles for mRNA delivery. Nat Rev Mater. 2021;6:1078–
1094. 

329. Kulkarni JA, Witzigmann D, Thomson SB, et al. The current landscape of nucleic acid therapeutics. Nat 
Nanotechnol. 2021;16:630–643. 

330. Zhang Y, Wang Z, Gemeinhart RA. Progress in microRNA delivery. J Control Release. 2013;172:962–974. 
331. Ibrahim AF, Weirauch U, Thomas M, et al. MicroRNA replacement therapy for miR-145 and miR-33a is 

efficacious in a model of colon carcinoma. Cancer Res. 2011;71:5214–5224. 
332. Ghosh R, Singh LC, Shohet JM, Gunaratne PH. A gold nanoparticle platform for the delivery of functional 

microRNAs into cancer cells. Biomaterials. 2013;34:807–816. 
333. Yin PT, Shah BP, Lee KB. Combined magnetic nanoparticle-based microRNA and hyperthermia therapy to 

enhance apoptosis in brain cancer cells. Small. 2014;10:4106–4112. 
334. Ohno SI, Takanashi M, Sudo K, et al. Systemically injected exosomes targeted to EGFR deliver antitumor 

microRNA to breast cancer cells. Mol Ther. 2013;21:185–191. 
335. El Andaloussi S, Lakhal S, Mäger I, Wood MJA. Exosomes for targeted siRNA delivery across biological 

barriers. Adv Drug Deliv Rev. 2013;65:391–397. 
336. Mura S, Nicolas J, Couvreur P. Stimuli-responsive nanocarriers for drug delivery. Nat Mater. 2013;12:991–

1003. 
337. Bikram M, West JL. Thermo-responsive systems for controlled drug delivery. Expert Opin Drug Deliv. 

2008;5:1077–1091. 
338. Matoba T, Koga JI, Nakano K, Egashira K. Nanoparticle-mediated drug delivery system for atherosclerotic 

cardiovascular disease. J Cardiol. 2017;70:206–211. 
339. Xie Z, Wroblewska L, Prochazka L, Weiss R, Benenson Y. Multi-input RNAi-based logic circuit for 

identification of specific cancer cells. Science. 2011;333:1307–1311. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 47 of 49 

 

340. Mohammadi P, Beerenwinkel N, Yazdani Y. Automated design of synthetic cell classifier circuits using a 
two-step optimization strategy. Cell Syst. 2017;4:207–218. 

341. Miki K, Endo K, Takahashi S, et al. Efficient detection and purification of cell populations using synthetic 
microRNA switches. Cell Stem Cell. 2015;16:699–711. 

342. Jain R, Frederick JP, et al. MicroRNAs enable mRNA therapeutics to selectively program cancer cells to 
self-destruct. Nucleic Acid Ther. 2018;28:285–296. 

343. Roybal KT, Rupp LJ, Morsut L, et al. Precision tumor recognition by T cells with combinatorial antigen-
sensing circuits. Cell. 2016;164:770–779. 

344. Abudayyeh OO, Gootenberg JS, Essletzbichler P, et al. RNA targeting with CRISPR-Cas13. Nature. 
2017;550:280–284. 

345. Qi LS, Larson MH, Gilbert LA, et al. Repurposing CRISPR as an RNA-guided platform for sequence-
specific control of gene expression. Cell. 2013;152:1173–1183. 

346. Shalem O, Sanjana NE, Zhang F. High-throughput functional genomics using CRISPR-Cas9. Nat Rev Genet. 
2015;16:299–311. 

347. Richter F, Fonfara I, Bouazza B, et al. Engineering of temperature- and light-switchable Cas9 variants. 
Nucleic Acids Res. 2016;44:10003–10014. 

348. St-Pierre NR, Cobanov B, Schnitkey G. Economic losses from heat stress by US livestock industries. J Dairy 
Sci. 2003;86:E52–E77. 

349. Sammad A, Wang YJ, Umer S, et al. Nutritional physiology and biochemistry of dairy cattle under the 
influence of heat stress: consequences and opportunities. Animals. 2020;10:793. 

350. Rhoads ML. Effects of heat stress on reproduction and epigenetic outcomes. Environ Epigenet. 
2020;6:dvaa005. 

351. Dikmen S, Khan FA, et al. The SLICK hair locus derived from Senepol cattle confers thermotolerance to 
intensively managed lactating Holstein cows. J Dairy Sci. 2014;97:5508–5520. 

352. Vinoth A, Thirunalasundari T, Shanmugam M, et al. Evaluation of DNA methylation and mRNA 
expression of heat shock proteins in thermal manipulated chicken. Cell Stress Chaperones. 2018;23:1071–
1080. 

353. Zhang L, Hou D, Chen X, et al. Exogenous plant MIR168a specifically targets mammalian LDLRAP1: 
evidence of cross-kingdom regulation by microRNA. Cell Res. 2012;22:107–126. 

354. Dickinson B, Zhang Y, Petrick JS, et al. Lack of detectable oral bioavailability of plant microRNAs after 
feeding in mice. Nat Biotechnol. 2013;31:965–967. 

355. Chin AR, Fong MY, Somlo G, et al. Cross-kingdom inhibition of breast cancer growth by plant miR159. Cell 
Res. 2016;26:217–228. 

356. Liang H, Zhang S, Fu Z, et al. Effective detection and quantification of dietetically absorbed plant 
microRNAs in human plasma. J Nutr Biochem. 2015;26:505–512. 

357. Bizuayehu TT, Babiak I. MicroRNA in teleost fish. Genome Biol Evol. 2014;6:1911–1937. 
358. Ma F, Liu Z, Huang J, et al. Genome-wide identification and characterization of thermal stress-responsive 

miRNAs in rainbow trout. Comp Biochem Physiol D Genomics Proteomics. 2019;30:169–176. 
359. van der Ree MH, de Vree JM, Stelma F, et al. Safety, tolerability, and antiviral effect of RG-101 in patients 

with chronic hepatitis C: a phase 1B, double-blind, randomised controlled trial. Lancet. 2017;389:709–717. 
360. van Zandwijk N, Pavlakis N, Kao SC, et al. Safety and activity of microRNA-loaded minicells in patients 

with recurrent malignant pleural mesothelioma. Lancet Oncol. 2017;18:1386–1396. 
361. Abplanalp WT, Fischer A, John D, et al. Efficiency and target derepression of anti-miR-92a: results of a first-

in-human study. Nucleic Acid Ther. 2020;30:335–345. 
362. Lee EC, Valencia T, Allerson C, et al. Discovery and preclinical evaluation of anti-miR-17 oligonucleotide 

RGLS4326 for the treatment of polycystic kidney disease. Nat Commun. 2019;10:4148. 
363. Gallant-Behm CL, Piper J, Lynch JM, et al. A microRNA-29 mimic (Remlarsen) represses extracellular 

matrix expression and fibroplasia in the skin. J Invest Dermatol. 2019;139:1073–1081. 
364. Seip S, Jackson AB, Shu RH, et al. INT-1B3, a novel miR-193a-3p mimic: preclinical anti-cancer activity. Mol 

Cancer Ther. 2020;19(Suppl):Abstract B008. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 48 of 49 

 

365. Yoo B, Kavishwar A, Ross A, et al. Combining miR-10b-targeted nanotherapy with low-dose doxorubicin 
elicits durable regressions of metastatic breast cancer. Cancer Res. 2015;75:4407–4415. 

366. Vermeire S, Hébuterne X, Napora P, et al. ABX464 is safe and efficacious in a proof-of-concept study in 
ulcerative colitis patients. J Crohns Colitis. 2021;15:1507–1517. 

367. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites in mammalian 
mRNAs. eLife. 2015;4:e05005. 

368. Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS. MicroRNA targets in Drosophila. Genome Biol. 
2003;5:R1. 

369. Helwak A, Kudla G, Dudnakova T, Tollervey D. Mapping the human miRNA interactome by CLASH 
reveals frequent noncanonical binding. Cell. 2013;153:654–665. 

370. Witwer KW, Halushka MK. Toward the promise of microRNAs — enhancing reproducibility and rigor in 
microRNA research. RNA Biol. 2016;13:1103–1116. 

371. Mestdagh P, Van Vlierberghe P, De Weer A, et al. A novel and universal method for microRNA RT-qPCR 
data normalization. Genome Biol. 2009;10:R64. 

372. Hafner M, Renwick N, Farazi TA, et al. Barcoded cDNA library preparation for small RNA profiling by 
next-generation sequencing. Methods. 2012;58:164–170. 

373. Giraldez MD, Spengler RM, Etheridge A, et al. Comprehensive multi-center assessment of small RNA-seq 
methods for quantitative miRNA profiling. Nat Biotechnol. 2018;36:746–757. 

374. Mestdagh P, Hartmann N, Baeriswyl L, et al. Evaluation of quantitative miRNA expression platforms in 
the microRNA quality control (miRQC) study. Nat Methods. 2014;11:809–815. 

375. Faridani OR, Abdullayev I, Hagemann-Jensen M, et al. Single-cell sequencing of the small-RNA 
transcriptome. Nat Biotechnol. 2016;34:1264–1266. 

376. Moffitt JR, Bambah-Mukku D, Eichhorn SW, et al. Molecular, spatial, and functional single-cell profiling of 
the hypothalamic preoptic region. Science. 2018;362:eaau5324. 

377. Ståhl PL, Salmén F, Vickovic S, et al. Visualization and analysis of gene expression in tissue sections by 
spatial transcriptomics. Science. 2016;353:78–82. 

378. Jain M, Olsen HE, Paten B, Akeson M. The Oxford Nanopore MinION: delivery of nanopore sequencing to 
the genomics community. Genome Biol. 2016;17:239. 

379. Ding J, Li X, Hu H. TarPmiR: a new approach for microRNA target site prediction. Bioinformatics. 
2016;32:2768–2775. 

380. Wen M, Cong P, Zhang Z, Lu H, Li T. DeepMirTar: a deep-learning approach for predicting human miRNA 
targets. Bioinformatics. 2018;34:3781–3787. 

381. Doench JG, Fusi N, Sullender M, et al. Optimized sgRNA design to maximize activity and minimize off-
target effects of CRISPR-Cas9. Nat Biotechnol. 2016;34:184–191. 

382. Ritchie MD, Holzinger ER, Li R, Pendergrass SA, Kim D. Methods of integrating data to uncover genotype–
phenotype interactions. Nat Rev Genet. 2015;16:85–97. 

383. Hassan BA, et al. Integrative analysis reveals relationships of genetic and epigenetic alterations in 
osteosarcoma. PLoS One. 2012;7:e48262. 

384. Sales G, Calura E, Cavalieri D, Romualdi C. graphite — a Bioconductor package to convert pathway 
topology to gene network. BMC Bioinformatics. 2012;13:20. 

385. Lu M, Shi B, Wang J, et al. TAM: a method for enrichment and depletion analysis of a microRNA category 
in a list of microRNAs. BMC Bioinformatics. 2010;11:419. 

386. Patti GJ, Yanes O, Siuzdak G. Metabolomics: the apogee of the omics trilogy. Nat Rev Mol Cell Biol. 
2012;13:263–269. 

387. Lujambio A, Calin GA, Villanueva A, et al. A microRNA DNA methylation signature for human cancer 
metastasis. Proc Natl Acad Sci USA. 2008;105:13556–13561. 

388. Toyota M, Suzuki H, Sasaki Y, et al. Epigenetic silencing of microRNA-34b/c and B-cell translocation gene 
4 is associated with CpG island methylation in colorectal cancer. Cancer Res. 2008;68:4123–4132. 

389. Menche J, Sharma A, Kitsak M, et al. Uncovering disease–disease relationships through the incomplete 
interactome. Science. 2015;347:1257601. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/


 49 of 49 

 

390. Li Y, Qiu C, Tu J, et al. HMDD v2.0: a database for experimentally supported human microRNA and disease 
associations. Nucleic Acids Res. 2014;42:D1070–D1074. 

391. Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic transgenerational actions of environmental 
factors in disease etiology. Trends Endocrinol Metab. 2010;21:214–222. 

392. Vinoth A, Thirunalasundari T, et al. Long-term effects of thermal manipulation during embryogenesis on 
miRNA expression in broiler chickens. Br Poult Sci. 2020;61:113–124. 

393. Walter EJ, Hanna-Jumma S, Carraretto M, Forni L. The pathophysiological basis and consequences of fever. 
Crit Care. 2016;20:200. 

394. Barshis DJ, Ladner JT, Oliver TA, et al. Genomic basis for coral resilience to climate change. Proc Natl Acad 
Sci USA. 2013;110:1387–1392. 

395. Somero GN. The physiology of climate change: how potentials for acclimatization and genetic adaptation 
will determine ‘winners’ and ‘losers’. J Exp Biol. 2010;213:912–920. 

396. Chen X, Ba Y, Ma L, et al. Characterization of microRNAs in serum: a novel class of biomarkers for 
diagnosis of cancer and other diseases. Cell Res. 2008;18:997–1006. 

397. Hayes J, Peruzzi PP, Lawler S. MicroRNAs in cancer: biomarkers, functions and therapy. Trends Mol Med. 
2014;20:460–469. 

398. Jonas S, Izaurralde E. Towards a molecular understanding of microRNA-mediated gene silencing. Nat Rev 
Genet. 2015;16:421–433. 

399. Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of translational repression and 
mRNA decay. Nat Rev Genet. 2011;12:99–110. 

400. Fabian MR, Sonenberg N. The mechanics of miRNA-mediated gene silencing: a look under the hood of 
miRISC. Nat Struct Mol Biol. 2012;19:586–593. doi:10.1038/nsmb.2296 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 
products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 May 2026 doi:10.20944/preprints202605.0252.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202605.0252.v1
http://creativecommons.org/licenses/by/4.0/

