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Myopathies are a heterogeneous group of skeletal muscle disorders caused by
genetic mutations or acquired insults, including inflammation, infection, endo-
crine imbalance, and toxic exposure. Myopathies affect a substantial number of
individuals worldwide and are a significant cause of chronic muscle weakness and
disability. Despite diverse etiologies, progressive myofiber injury and degeneration
underlie the functional decline across disease subtypes. Accumulating evidence
indicates that innate immune activation and regulated myofiber death pathways,
including apoptosis, necroptosis, and pyroptosis, contribute to disease progres-
sion in selected genetic and acquired myopathies and may represent increasingly
actionable therapeutic targets. This review focuses specifically on the interplay
between innate immune signaling and the regulation of cell death pathways in
skeletal muscle across diverse myopathies. We discuss pattern recognition
receptors, inflammasome activation, and cytokine-driven pathways, such as
tumor necrosis factor-alpha (TNF-a), type | interferons (IFNs), and interleukin
(IL) family signaling, highlighting how these mechanisms amplify inflammation,
impair regeneration, and promote myofiber degeneration. To illustrate category-
specific mechanisms, we selected representative disorders from each major
myopathy group, including Duchenne muscular dystrophy (DMD) as a prototyp-
ical DAMP-driven muscular dystrophy, myotonic dystrophy type 1 (DM1) as a
model of secondary innate immune activation associated with RNA toxicity-
induced cellular stress, dermatomyositis (DM) as a representative inflammatory
myopathy, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-
associated myopathy as a clinically relevant model of virus-related muscle
involvement and systemic inflammation-associated muscle injury. By integrating
evidence across these disease contexts, this review highlights convergent mech-
anisms in which innate immune dysregulation and regulated myofiber death drive
muscle pathology and provide rational targets for mechanism-based therapeu-
tic strategies.
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Classification of myopathies

Myopathies are a diverse group of disorders that primarily affect
the structure, metabolism, or ion channel function of skeletal
muscle. Myopathies are usually caused by disruption of muscle
tissue integrity, presenting as muscle weakness that interferes with
daily activities. They are generally classified into two types: genetic
and acquired (Figure 1). Genetic myopathies are caused by genetic
mutations, whereas acquired myopathies are triggered by metabolic
disturbances, inflammation, and imbalances in minerals, electro-
lytes, and hormone levels. Muscular dystrophies, including myo-
tonic dystrophy type 1 (DM1) and type 2 (DM2), and Duchenne
muscular dystrophy (DMD), are representative genetic myopathies.
They share clinical features of progressive muscle weakness and a
dystrophic appearance on muscle biopsy (1). Metabolic and con-
genital myopathies also fall within the category of genetic
myopathies. Acquired myopathies include idiopathic inflammatory
myopathies (IIM), as well as toxic, endocrine, and infectious
myopathies. IIM is a heterogeneous group of systemic diseases
that lead to muscle weakness, elevated muscle enzymes, inflamma-
tion, and extramuscular manifestations (2, 3). The IIM spectrum
includes dermatomyositis (DM), inclusion body myositis (IBM),
immune-mediated necrotizing myopathy (IMNM), and
polymyositis (PM), although PM is currently considered a hetero-
geneous and increasingly restricted diagnostic category (2, 4-6).
Infectious myopathies are secondary myopathies caused by various
pathogens, including viruses, bacteria, fungi, and parasites. They
arise through direct pathogen invasion or immune-mediated mech-
anisms, leading to muscle inflammation and weakness, and can
overlap with IIM (7).

This review focuses on selected myopathy groups to illustrate
how distinct innate immune-associated pathways may drive
myofiber injury and degeneration (Figure 2).

Among muscular dystrophies, DMD represents a prototypical
muscular dystrophy characterized by DAMP-driven inflammation.
In contrast, DM1 is included as a model in which innate immune
activation is thought to arise secondary to RNA toxicity-induced
cellular stress and may contribute to disease progression and
myofiber degeneration.

DM is included as a representative inflammatory myopathy
characterized by strong activation of innate immune pathways. In
addition, SARS-CoV-2-associated myopathy is included as a clin-
ically relevant model of virus-related muscle involvement and
systemic inflammation-associated muscle injury, although direct
evidence linking it to defined regulated myofiber death pathways
remains limited. Together, these disease models provide a frame-
work for understanding how distinct pathological contexts may
engage overlapping innate immune-associated pathways and regu-
lated myofiber death mechanisms in myopathy.

Myofiber death pathway in myopathies

In myopathies, multiple regulated cell death pathways contrib-
ute to myofiber degeneration (8, 9). Pyroptosis and necroptosis are
typically engaged in myofibers under conditions of inflammation

Frontiers in Immunology

10.3389/fimmu.2026.1871966

and cytokine exposure, as reported in muscular dystrophies such as
DMD and in IIM (Figure 3) (10-12). These pathways are closely
associated with innate immune signaling and inflammatory cell
death (9, 13).

In contrast, apoptosis predominantly reflects mitochondrial
stress and the intrinsic death pathway and is widely observed in
chronic genetic myopathies such as DM1 (14, 15). These pathways
often coexist within diseased myofibers, suggesting a coordinated or
parallel activation (9, 13, 16).

Mechanisms of regulated myofiber death

When pathogen-associated molecular patterns (PAMPs) and
DAMPs are sensed by pattern-recognition receptors (PRRs),
NLRP3 oligomerizes and forms the NLRP3 inflammasome, which
activates caspase-1, leading to the secretion of IL-1B and IL-18,
which are key mediators of the inflammatory response (17, 18).
Caspase-1 and caspase-4/5/11 trigger pyroptosis via cleavage and
oligomerization of gasdermin D (GSDMD) (19). Activated GSDMD
inserts into the plasma membrane and forms pores, leading to
cytoplasmic swelling and the release of intracellular components
(20, 21). GSDMD-induced pyroptosis further results in the release
of activated IL-1f and IL-18 (22). These events collectively lead to
pyroptosis, which is characterized by membrane pore formation,
cellular swelling, and release of pro-inflammatory mediators.

Necroptosis occurs in response to various stimuli, including the
activation of TNFRI through binding of TNF-q, as well as IFN
signaling mediated by Z-DNA-binding protein 1 (ZBP1) during
influenza A virus and SARS-CoV-2 infections (17, 23-26). This
process is mediated by mixed-lineage kinase domain-like protein
(MLKL). Phosphorylation of receptor-interacting protein kinase 1
(RIPK1) and receptor-interacting protein kinase 3 (RIPK3) triggers
MLKL oligomerization. Oligomerized MLKL then translocates to
the plasma membrane to form membrane-disrupting pores, induc-
ing membrane depolarization and cell death (27).

Apoptosis is characterized by specific morphological changes in
dying cells, including cell shrinkage, nuclear condensation, nuclear
fragmentation, and formation of apoptotic bodies (28). Depending
on the origin of the death stimulus, apoptosis occurs through either
the intrinsic or extrinsic pathway (28). Cytochrome c is released
from the mitochondria and binds to apoptotic protease activating
factor 1 (APAF1) to form an apoptosome that activates caspase-9
and triggers the caspase cascade in the intrinsic pathway (29). In the
extrinsic pathway, FAS, TNFR1, and TNF-related apoptosis-induc-
ing ligand (TRAIL) trigger the recruitment of caspase-8, leading to
an apoptotic cascade (30, 31).

Innate immune mechanisms in
myopathies

Innate immune receptors in skeletal
muscle cells

Innate immune signaling plays a fundamental role in the
pathogenesis of diverse myopathies (32). Skeletal muscle cells
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FIGURE 1

Classification of genetic and acquired myopathies and representative disease subtypes discussed in this review. Myopathies are a heterogeneous group of
skeletal muscle disorders characterized by muscle weakness, degeneration, and impaired muscle function. They are broadly classified into acquired and
genetic forms. Acquired myopathies include idiopathic inflammatory myopathies (IIMs), toxic myopathies, endocrine myopathies, and infectious myopathies,
whereas genetic myopathies include muscular dystrophies, metabolic myopathies, and congenital myopathies. IIMs include dermatomyositis (DM), immune-
mediated necrotizing myopathy (IMNM), inclusion body myositis (IBM), and polymyositis (PM). Muscular dystrophies include disorders such as myotonic
dystrophy type 1 (DM1), and Duchenne muscular dystrophy (DMD), which are caused by specific genetic mutations and are characterized by progressive
muscle degeneration. Infectious myopathies arise secondary to infections caused by pathogens including viruses, bacteria, fungi, and parasites. This review
focuses on representative disorders including DM1 and DMD among muscular dystrophies, DM among idiopathic inflammatory myopathies, and SARS-CoV-
2-associated myopathy as a representative infection-associated muscle disorder.
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FIGURE 2

Disease-specific triggers, innate immune/stress sensing pathways, regulated myofiber death mechanisms, downstream inflammatory mediators,
muscle pathology, and relative strength of mechanistic evidence across representative myopathies. Distinct pathological triggers engage innate
immune-associated pathways through different upstream mechanisms in myopathies. Duchenne muscular dystrophy (DMD) and dermatomyositis
(DM) are supported by relatively strong mechanistic evidence linking innate immune activation with regulated myofiber death and muscle pathology,
whereas myotonic dystrophy type 1 (DM1) is presented as a model of secondary innate immune activation associated with RNA toxicity-induced
cellular stress, and SARS-CoV-2-associated myopathy is shown as a model of systemic inflammation-associated muscle injury with emerging or
indirect evidence for regulated myofiber death pathways. The figure highlights both convergent and disease-specific mechanisms underlying
inflammatory amplification and muscle degeneration in selected myopathies. The relative strength of mechanistic evidence varies both across
diseases and among individual pathways within the same disease context. Gray-colored components indicate mechanisms, inflammatory pathways,
or muscle pathology associations currently supported primarily by limited, indirect, secondary, emerging, or context-dependent evidence compared
with more established mechanisms shown in standard color.
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Representative innate immune activation and regulated myofiber death pathways implicated in inflammatory muscle pathology. Disease-associated
triggers, including damage-associated molecular patterns (DAMPs) released from injured myofibers, activate Toll-like receptors (TLRs), leading to
downstream signaling through myeloid differentiation primary response 88 (MyD88) and nuclear factor kappa B (NF-xB). NF-kB activation promotes
transcription of pro-inflammatory cytokines and muscle-specific E3 ubiquitin ligases such as muscle RING finger 1 (MuRF1), resulting in enhanced
protein degradation and contributing to muscle atrophy. Concurrently, TLR activation promotes NLRP3 inflammasome assembly, resulting in
caspase-1 activation and maturation of interleukin-1f (IL-1B) and interleukin-18 (IL-18), as well as cleavage of gasdermin D (GSDMD), which mediates
pore formation and inflammatory cell death through pyroptosis. In parallel, tumor necrosis factor alpha (TNF-0) signaling activates necroptotic
pathways via phosphorylation of receptor-interacting protein kinase 3 (RIPK3) and mixed-lineage kinase domain-like protein (MLKL), leading to
necroptosis of myofibers. These pathways are most strongly supported in inflammatory and dystrophic muscle diseases such as Duchenne muscular
dystrophy (DMD) and dermatomyositis (DM), where they contribute to inflammatory amplification, myofiber injury, impaired regeneration, and
muscle dysfunction. The figure summarizes representative inflammatory and regulated cell death pathways implicated in muscle pathology.

express multiple PRRs, including Toll-like receptors (TLRs), which
sense exogenous PAMPs and endogenous DAMPs released during
muscle stress and injury (33). Additionally, myofibers express
cytokine receptors such as TNF receptors, enabling them to respond
directly to inflammatory cytokines and activate intracellular path-
ways that regulate inflammation, degeneration, and myofiber death
(34). These signaling pathways can further engage downstream
innate immune effectors, including inflammasome activation,
which links danger sensing to pro-inflammatory cytokine matura-
tion and pyroptotic cell death (35).

Inflammasome activation in myopathies

Inflammasomes are cytosolic multiprotein complexes that act as
key sensors of cellular stress and danger signals, leading to activa-
tion of caspase-1 and subsequent maturation of pro-inflammatory
cytokines such as IL-1f and IL-18, as well as induction of pyroptotic
cell death (35). Among these, the NLRP3 inflammasome is the most
extensively characterized and is broadly activated in response to
diverse stress signals, including DAMPs and metabolic perturba-
tions (36). The NLRP3 inflammasome plays a central role in the
development and pathogenesis of inflammation-related skeletal
muscle wasting, and contributes to myofiber injury and atrophy
in multiple experimental models of muscle degeneration (37-40). In
denervation-induced muscle atrophy, NLRP3 inflammasome acti-
vation induces pyroptotic cell death and upregulates the muscle-
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specific E3 ubiquitin ligases muscle RING finger 1 (MuRF1) and
atrogin-1, key mediators of proteasomal protein degradation and
muscle wasting (40). The increased expression of these genes shifts
muscle protein homeostasis from synthesis to degradation, resulting
in the loss of muscle mass (41).

Genetic ablation of NLRP3 in mice results in lower expression
levels of pro-caspase-1 and pro-IL-13 mRNA and pyroptosis-
associated proteins in muscle tissue, and attenuates muscle atrophy
(40, 42). In addition, NLRP3 deficiency suppresses age-related
muscle loss, limits the reduction in glycolytic myofiber size, and
improves muscle performance in vivo. Consistent with these find-
ings, genetic inhibition of NLRP3, including shRNA-mediated
knockdown, markedly reduces pyroptosis and atrophic responses
in C2C12 myotubes (40).

TNF-a signaling activation in myopathies

TNF-o is a central pro-inflammatory cytokine in myopathic
conditions and is primarily produced by activated macrophages and
T cells within inflamed muscle tissue. Binding of TNF-o to its
receptors, particularly TNFRI, activates downstream signaling
pathways including nuclear factor-xB (NF-xB) (43). NF-xB is a
key transcription factor that triggers the expression of pro-inflam-
matory cytokines and increases the expression of ubiquitin-
proteasome system proteins such as MuRF1, which lead to

muscle wasting (44). Sustained NF-xB activation further
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contributes to muscle degeneration by inhibiting myogenic differ-
entiation through suppression of MyoD expression, impairing
muscle regeneration (45).

In addition to its role in muscle atrophy, TNF-o signaling
directly triggers myofiber death through multiple regulated cell
death pathways. In C2C12 myotubes, TNF-o stimulation has
been shown to induce caspase-8— and caspase-3-dependent
cleavage of gasdermin E (GSDME), leading to pyroptosis-like
inflammatory cell death via the TNFRI-associated complex IIb
pathway (46). Furthermore, stimulation of C2C12 myoblasts with
TNF- o and the pan-caspase inhibitor Z-VAD results in the
overactivation of necroptosis and a significant increase in ne-
crotic cell death (10).

Members of the TNF superfamily beyond TNEF-o. also contrib-
ute to muscle wasting. TNF-like weak inducer of apoptosis
(TWEAK) is a small pleiotropic cytokine belonging to the TNF
superfamily that contributes to muscle atrophy (47). TWEAK
signaling activates NF-kB and upregulates MuRF1 expression,
thereby enhancing proteasomal degradation and muscle loss (47).

TLR signaling activation in myopathies

Skeletal muscle cells express multiple Toll-like receptors (TLRs)
that sense microbial products, viruses, nucleic acids, and DAMPs,
leading to inflammation (33, 48). Several TLRs, including TLR2,
TLR3, TLR4, and TLR7, are expressed in skeletal muscle cells,
whereas TLR9 appears to be context-dependent and may vary
depending on the cell type and conditions (33, 49). TLR2 and
TLR4 are extracellular receptors that recognize many DAMPs,
whereas TLR3, TLR7, and TLRY are intracellular receptors that
detect RNA and DNA in endosomal compartments (48).

Activation of TLR signaling in myopathies is largely driven by
endogenous DAMPs derived from damaged or stressed muscle
fibers, including high-mobility group box 1 (HMGBI), and mito-
chondrial DNA (33). Engagement of TLRs in muscle cells triggers
downstream signaling through adaptor molecules such as myeloid
differentiation primary response 88 (MyD88), leading to activation
of NF-kB and IFN regulatory factor pathways, thereby promoting
inflammatory gene expression, muscle atrophy, and myofiber
dysfunction (33, 48). Consistent with this mechanism, the TLR2/
TLR4/NF-kB p65 signaling pathway is activated by serum amyloid
Al (SAA1), resulting in myocyte atrophy (50).

Type | IFN signaling activation in
myopathies

Type I IEN binds to the interferon-o/f3 receptor (IFNAR),
which activates the JAK-STAT pathway and induces interferon-
stimulated genes (ISGs), mediating antiviral and pro-inflammatory
responses (51). Activation of type I IFN signaling in myopathies is
frequently driven by nucleic acid-sensing pathways, including TLRs
and cytosolic PRRs, which promote sustained ISG expression
within myofibers (52). Sustained type I IFN signaling has been
implicated not only in inflammatory amplification but also in direct
skeletal muscle dysfunction. In a bioengineered pediatric skeletal
muscle model, exposure of healthy muscle tissue to type I IFNs,
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particularly IFN-B, induced IFN-responsive and pro-inflammatory
gene expression, oxidative phosphorylation defects, impaired
myogenesis, and contractile dysfunction (53).

IL receptor signaling activation in
myopathies

Cytokines of the IL family play a central role in regulating
inflammatory responses in skeletal muscle. Members of the IL-1
family, including IL-1f, IL-18, and IL-33, signal through IL-1 family
receptors to activate downstream inflammatory pathways that
contribute to immune-mediated muscle pathology.

Among IL family cytokines, IL-6 has been strongly implicated
in muscle weakness and myopathic processes (54). IL-6 signaling
activates the JAK-STAT pathway, particularly signal transducer
and activator of transcription 3 (STAT3) and inhibits myogenic
differentiation of C2C12 myoblasts (55). In addition to its effects on
differentiation, IL-6-STAT3 signaling contributes to the pathogen-
esis of myositis by promoting inflammatory gene expression and
impairing muscle regeneration, thereby exacerbating muscle
damage and functional decline (54). Consistently, IL-6-deficient
mice develop myositis with a lower incidence and reduced severity
in the C-protein-induced myositis (CIM) model (56), whereas
blockade of IL-6 receptor signaling completely prevents muscle
atrophy in IL-6 transgenic mice (57).

IL-6 production in the skeletal muscle cells is tightly regulated
by inflammatory cytokine networks. IL-6 production is induced by
a combined stimulation with TNF-o and IL-1f in normal
myoblasts (58). In addition, IL-17 and IL-1f induce IL-6 in
normal skeletal myoblasts, and their combination further increases
IL-6 production (59).

In addition to IL-6, IL-15 has emerged as an inflammation-
responsive cytokine in skeletal muscle, with its expression increas-
ing dose-dependently in normal skeletal myoblasts following stim-
ulation with IFN-y, IL-1a, IL-1f, and TNF-a (60).

Interaction between innate immune
activation and muscle pathology

Innate immune activation in myopathies occurs within a
complex tissue environment shaped by regeneration, fibrosis, mi-
tochondrial stress, vascular injury, macrophage phenotypic transi-
tions, and chronic denervation-like changes (32). Persistent
inflammatory signaling not only promotes myofiber death but
also interacts with satellite-cell-mediated regeneration and extra-
cellular matrix remodeling, thereby contributing to fibrotic and
adipogenic replacement of muscle tissue (32). Macrophage pheno-
types dynamically shift during muscle injury and regeneration,
thereby influencing the balance between inflammatory injury,
tissue remodeling, and repair (61). In addition, mitochondrial
dysfunction and neuromuscular instability may further amplify
DAMP release and sustain chronic innate immune activation
(62). These interactions suggest that innate immune pathways
participate not only in inflammatory injury but also in broader
processes governing muscle degeneration, regeneration, and tissue
remodeling in myopathies.
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Myofiber death and innate immune
activation in myopathies

Many myopathies share common pathological mechanisms
involving innate immune signaling and regulated cell death path-
ways despite their diverse etiologies. Increasing evidence suggests
that these processes contribute to myofiber degeneration and
disease progression across both genetic and acquired myopathies.
Skeletal muscle fibers can respond to endogenous danger signals
through pattern-recognition receptors, leading to activation of
inflammatory pathways including inflammasome, TNF-a, type I
IFN, and IL-mediated signaling. These pathways may contribute to
myofiber dysfunction, impaired regeneration, and myofiber death.

In parallel, regulated cell death pathways such as necroptosis,
pyroptosis, and apoptosis have emerged as important contributors
to muscle pathology. The relative contribution and pathological
significance of these pathways vary among disease contexts. While
some myopathies are characterized by prominent innate immune
activation and regulated myofiber death, others exhibit more
indirect, secondary, or context-dependent involvement of these
mechanisms. The following sections discuss how these pathways
contribute to representative genetic and acquired myopathies.

Genetic myopathies
1. Myotonic dystrophy type 1 (DM1)

DM1 is the most common adult-onset muscular dystrophy and
is caused by an expansion of a CTG repeat in the 3’ untranslated
region (UTR) of the DMPK gene (63). Mutant DMPK transcripts
aggregate into nuclear foci and sequester RNA-binding proteins,
resulting in widespread pathological consequences, including
muscle weakness, myotonia, cardiac abnormalities, cataracts, and
cognitive impairments (64). Congenital myotonic dystrophy
(CDM) is an early, severe form of DM1 characterized by extremely
large CTG expansions that are frequently associated with abnormal
CpG methylation in DMPK (65).

In DMI, apoptosis and autophagy are activated; however,
extensive myofiber loss due to acute apoptosis does not appear to
be a dominant pathological feature. Instead, myofiber degeneration
is thought to result from the progressive failure of cellular mainte-
nance and survival mechanisms under chronic stress, including
mitochondrial dysfunction and DNA damage. In a Drosophila
model of DM, excessive activation of apoptosis and autophagy
induced by expanded CUG-repeat RNA directly contributes to
impaired muscle maintenance and progressive muscle wasting
(14). Consistent with these findings, intrinsic apoptotic pathways
are activated in human DMI myotubes, as evidenced by cyto-
chrome c release, caspase-9 and caspase-3 activation, and DNA
fragmentation (15). Concomitantly, altered expression of
autophagy-related markers, including LC3 and p62, is observed in
these cells (15).

Importantly, expanded CUG repeat RNA disrupts cellular
homeostasis and induces chronic cellular stress, including mito-
chondrial dysfunction and metabolic impairment, which are closely
associated with premature cellular senescence in myogenic and
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muscle stem cells (66-68). These cumulative defects in cellular
maintenance and regeneration are thought to contribute to pro-
gressive myofiber degeneration in DM1. Although RNA toxicity is
considered the primary pathogenic mechanism underlying
myofiber degeneration in DMI1, accumulating evidence suggests
that cellular stress-associated innate immune activation may sec-
ondarily modulate disease progression through cytokine- and IFN-
related pathways, including TNF superfamily, type I IFN, and IL-6
signaling (69).

The expression of fibroblast growth factor-inducible 14 (Fn14),
the receptor for TNF-like weak inducer of apoptosis (TWEAK)
correlates with the severity in DM1 mouse models and in muscle
tissues from patients with DM1 (70). In preclinical DM1 models,
genetic deletion of Fnl4 or antibody-mediated inhibition of
TWEAK/Fnl4 signaling attenuates inflammatory and dystrophic
changes and is associated with partial improvement in muscle
function (70).

In addition, upregulation of type I IFN-related genes is detected
in cataract tissues of patients with DM1 (71). Expanded CUG repeat
RNA can adopt a double-stranded RNA-like structure, which may
act as a ligand for innate immune RNA sensors, thereby triggering
the activation of type I IFN signaling. IFN-stimulated gene (ISG)
signatures are consistently upregulated in the blood and fibroblasts
of patients with DM1 (72). Moreover, type I IFN activation
contributes to impaired myogenic differentiation and severe
muscle manifestations in a subset of patients with CDM (73).

Furthermore, inflammatory cytokine signaling pathways in-
volving IL-6 are dysregulated in DM1 cells. The IL-6 myokine
signaling pathway is upregulated in CDM, and IL-6 expression
levels significantly correlate with muscle immaturity, a defining
pathological feature of CDM (74). In addition, serum IL-6 levels in
patients with DM1 positively correlate with muscle weakness and
impaired functional capacity (68).

Overall, current evidence supports a secondary and context-
dependent contribution of innate immune activation to DMI1
pathology, whereas RNA toxicity remains the primary pathogenic
driver (Figure 2).

2. Duchenne muscular dystrophy (DMD)

DMD is the most common form of childhood-onset muscular
dystrophy and is caused by mutations in the dystrophin gene.
Dystrophin deficiency causes sarcolemmal instability, calcium
overload, and the release of damage-associated molecular patterns
(DAMPs), which together promote innate immune activation and
progressive muscle pathology in DMD (Figure 2). The disease
affects approximately one in every 3,500-5,000 male births world-
wide and is characterized by progressive muscle degeneration,
chronic inflammation, and replacement of muscle tissue with
fibrotic and adipose tissue (1).

In DMD, myofiber death has long been recognized to occur
predominantly through necrosis, driven by sarcolemmal instability,
calcium overload, and mechanical stress. In addition to this primary
necrotic process, accumulating evidence indicates that regulated cell
death pathways are secondarily activated and may further amplify
muscle degeneration, inflammation, and fibrosis during disease

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1871966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamashita et al.

progression, with necroptosis representing the best-characterized
pathway in DMD.

Necroptosis contributes to myofiber death in both mdx mice
and patients with DMD, as genetic ablation of RIPK3 in mdx mice
reduces myofiber degeneration, fibrosis, and inflammatory infiltra-
tion, while improves muscle function (11). RIPK3 expression in the
skeletal muscles of dogs with GRMD (a canine model of DMD) is
positively correlated with the extent of myonecrosis (9).

In addition to necroptosis, components of the inflammasome
and the pyroptotic machinery are upregulated in dystrophic mus-
cles. In a rodent model of DMD, increased expression of gasdermin
D, apoptosis-associated speck-like protein containing a CARD
(ASC), and cleavage of inflammatory cytokines is observed in
skeletal muscles, suggesting activation of inflammasome-related
pathways (12).

Apoptotic signaling has also been detected in DMD, although
apoptotic nuclei are very rare in normal muscle (75).

Collectively, these findings suggest that while sarcolemmal
fragility- and calcium-mediated necrosis remain the primary mech-
anism of myofiber loss in DMD, necroptosis may act as a major
secondary disease-modifying pathway, whereas inflammasome-as-
sociated pyroptotic signaling and apoptosis may further contribute
to inflammatory amplification and muscle pathology.

Innate immune activation is another prominent feature of
DMD and is closely linked to ongoing muscle damage and myofiber
death. TNF-o expression was observed in DMD myofibers, but was
rare or absent in controls (76). Consistently, TNF-o. expression is
higher in DMD muscles than in controls and increases significantly
with age (77).

In dystrophic muscles, DAMPs contribute to sustained innate
immune signaling. In mdx mice, the expression of TLR4 and its
endogenous ligand HMGBI is elevated (78). Genetic ablation of
TLR4 in mdx mice reduces inflammation, limits macrophage
accumulation in dystrophic muscles, promotes anti-inflammatory
macrophage polarization, decreases fibrosis, and improves muscle
force generation (78). Similarly, treatment with glycyrrhizin, an
inhibitor of the endogenous TLR4 ligand, HMGBI, improves
dystrophic pathology in mdx mice (78). In addition, the endoge-
nous TLR2/4 ligand heat shock protein 70 (HSP70) is significantly
upregulated in the serum of patients with DMD compared to age-
matched controls (79).

Pro-inflammatory cytokine signaling, particularly involving IL-
6, contributes to chronic inflammatory remodeling and disease
progression in DMD. IL-6 expression is increased in the skeletal
muscles of mdx mice and in the serum of patients with DMD
compared to controls (80). In dystrophin/utrophin double-knock-
out mice, treatment with the anti-IL-6 receptor antibody MR16-1
inhibits the IL-6 signaling pathway, improves muscle fiber diameter
and regeneration, and reduces fibrosis (81). Genetic ablation of the
endogenous IL-6 receptor or pharmacological inhibition of IL-6
signaling confers resistance to muscle degeneration by alleviating
the morphological and functional consequences of dystrophin
deficiency and promoting an anti-inflammatory muscle environ-
ment that enhances repair (80). Moreover, treatment with growth
hormone secretagogues (GHSs) decreases IL-6 levels and modulates
disease progression in mdx mice (82).
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Acquired myopathies
1. Dermatomyositis (DM)

DM is an acquired inflammatory myopathy that presents with
an acute or insidious onset of progressive proximal muscle weak-
ness, often accompanied or preceded by characteristic cutaneous
manifestations (83-85). Serum creatine kinase (CK) levels are
frequently elevated in patients with DM. Myositis-specific antibod-
ies, including anti-melanoma differentiation-associated protein 5
(MDA-5), anti-nuclear matrix protein 2 (NXP-2), anti-nucleosome
remodeling deacetylase complex protein Mi-2 (Mi-2), anti-tran-
scription intermediary factor 1 gamma (TIF-1Y), and anti-SUMO-
activating enzyme subunit 1 (SAE-1) antibodies, are detected in
approximately 60% of patients and are associated with distinct
clinical phenotypes (86).

DM is characterized by a distinctive pathological framework
involving complement-mediated microangiopathy, perifascicular
muscle injury, strong type I IFN activation, and myositis-specific
autoantibody-associated immune responses (87). In DM muscle,
vascular injury and immune-mediated stress promote perifascicular
pathology and the release of DAMPs, which further amplify innate
immune sensing pathways (88). These processes are accompanied
by robust expression of IFN-inducible proteins such as myxovirus
resistance protein A (MxA), sustained inflammatory signaling,
impaired regeneration, and activation of regulated myofiber death
pathways (88). Among the myopathies discussed in this review, DM
currently represents one of the strongest disease models linking
innate immune activation to regulated myofiber death and muscle
pathology (Figure 2).

In DM, multiple regulated cell death pathways are activated in
affected muscle fibers. Increasing evidence indicates that myofibers
undergo necroptosis in patients with DM (13). Expression levels of
RIPK3, mixed-lineage kinase domain-like protein (MLKL), and
their phosphorylated forms are significantly increased in muscle
tissues from patients with DM compared to healthy controls, and
their expression correlates with the severity of muscle damage (10).

In addition to necroptosis, inflammasome-associated pathways
are activated in DM muscle. The expression of NLRP3
inflammasome components, including NLRP3, caspase-1, IL-1j3,
and IL-18, is upregulated in muscle tissues from patients with DM
(89, 90). Furthermore, increased expression of pyroptosis-related
proteins and mitochondrial apoptosis—associated molecules, in-
cluding gasdermin E (GSDME), caspase-3, BAX, and cytochrome
¢, has been reported in DM muscle samples, suggesting concurrent
activation of inflammatory and apoptotic signaling pathways (16).
Collectively, these findings indicate that myofiber injury in DM is
mediated by overlapping regulated cell death mechanisms, rather
than by a single dominant pathway.

Innate immune activation is a central pathological feature of DM
and is driven by persistent tissue damage and immune-mediated
stress within skeletal muscle. In DM, injured myofibers exhibit
increased expression of DAMPs, which serve as upstream triggers
for innate immune sensing and inflammatory amplification.

Among these DAMPs, HMGBI is markedly upregulated in DM
muscle tissues and particularly enriched in myofibers that exhibit
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overactivated necroptosis (10, 90). HMGBI functions as an endog-
enous ligand for TLR2 and TLR4, thereby promoting innate
immune activation in DM muscle. The expression of TLR2 and
TLR4 is consistently increased in DM muscle fibers (91). In
addition, nucleic acid-sensing TLRs are activated in DM, and
TLR3 and TLR7 expression is elevated in DM muscle tissues (92).
TLR3 and TLR7 proteins are detected in inflammatory infiltrates
within muscle tissue from patients with DM, but are absent in
healthy control muscle (93). Furthermore, TLR7/8 activation by
RNA-containing immune complexes formed by autoantibodies
from patients with DM stimulates healthy PBMCs, inducing acti-
vation of type I IFN signaling, IL-6 production, and NF-xkB-
mediated inflammatory signaling (94).

Downstream of innate immune sensing, NLRP3 inflammasome-
associated signaling is increased in DM muscle tissues and serum,
with upregulation of NLRP3, caspase-1, IL-1pB, and IL-18 activation
(89, 90, 95). Inflammasome activation has also been linked to
inflammatory cell death pathways in DM muscle (90). In parallel,
the cytosolic DNA sensor absent in melanoma 2 (AIM2) is implicated
in DM progression (96). AIM2 regulates the expression of pyrin and
ZBP1, promoting inflammatory cell death and apoptosis during host
defense responses to infection (97). Although direct evidence in DM
is still limited, these findings suggest that AIM2-dependent pathways
may contribute to inflammatory cell death and tissue damage in the
DM muscle.

A central hallmark of DM is robust activation of type I IFN
signaling. Robust expression of type I IFN-inducible genes, including
MxA, is consistently observed in DM muscle fibers (52).
Sarcoplasmic MxA expression is proposed as a highly sensitive
diagnostic marker of DM (98). Notably, MxA has also been reported
to function as an inflammasome sensor during influenza A virus
infection in human respiratory epithelial cells, highlighting potential
link between IFN-inducible proteins and inflammasome activation
across different cellular contexts (99). Disease activity, as assessed by
global visual analog scale (VAS) scores, correlates with both type I
IFN gene signatures and chemokine expression profiles, and longi-
tudinal changes in IFN activity parallel clinical disease severity (100,
101). Importantly, type I IFN signaling impairs the regenerative
capacity of muscle stem cells derived from patients with DM, thereby
contributing to persistent muscle weakness (102). Furthermore,
recent ex vivo studies have provided additional evidence supporting
a direct pathogenic role for type I IFN signaling in muscle dysfunc-
tion. Exposure of healthy skeletal muscle to serum from patients with
DM induced muscle weakness, whereas blockade of IFNARI signal-
ing or downstream JAK-STAT pathways prevented these effects,
suggesting that circulating type I IFN-associated factors directly
contribute to impaired muscle contractility (103).

These innate immune pathways converge to promote a pro-
inflammatory cytokine milieu that exacerbates muscle pathology.
Expression of TNF-o. is increased in DM muscle tissues and
correlates with disease severity (95, 100, 104).

Serum levels of IL-6 and IL-8 are elevated in patients with DM
and are associated with disease activity (100, 101, 104). In addition,
IL-1f and IL-18 are upregulated in DM serum and muscle fibers
(89, 95). IL-17 expression is detected in muscle from patients with
DM (59), while IL-15 and IL-15Ro—positive cells are significantly

Frontiers in Immunology

10.3389/fimmu.2026.1871966

increased; higher IL-15 levels correlate with poorer recovery of
muscle function (105).

Collectively, these findings indicate that DM is characterized by
sustained activation of innate immune sensing and amplification
pathways associated with type I IFN signaling, complement-medi-
ated vascular injury, perifascicular pathology, inflammatory cell
death, impaired regeneration, and persistent muscle dysfunction.

Virus-induced myopathies

Virus-induced myopathies are acquired muscle disorders that
arise secondary to viral infections and are distinct from inherited or
autoimmune myopathies. Viruses associated with infectious
myopathies include the human immunodeficiency virus (HIV),
coxsackieviruses A and B, influenza A and B viruses, human T-
cell leukemia virus type 1 (HTLV-1), and SARS-CoV-2 (7).

SARS-CoV-2 primarily infects respiratory epithelial cells.
However, the infection is associated with a broad spectrum of
acquired neuromuscular complications, collectively referred to as
SARS-CoV-2-associated myopathies. These conditions represent
secondary muscle involvement following viral infection and funda-
mentally differ from inherited or autoimmune myopathies.

Musculoskeletal symptoms are not restricted to severe disease.
Even individuals with mild-to-moderate COVID-19 frequently
report myalgia, fatigue, and persistent muscle weakness, which
may continue as part of the post-acute sequelae of SARS-CoV-2
infection (106). These manifestations are thought to reflect systemic
immune activation and inflammatory responses that disrupt muscle
homeostasis rather than direct viral cytotoxicity (107, 108).

In severe cases of coronavirus disease 2019 (COVID-19),
patients may develop inflammatory myositis (107, 109). In addition,
critical illness polyneuropathy and myopathy (CIP/CIM) occur
frequently in patients with severe COVID-19 requiring intensive
care support (110). Angiotensin-converting enzyme 2 (ACE2), the
cellular receptor for SARS-CoV-2, is expressed on the membranes
of skeletal muscle fibers in critically ill patients regardless of SARS-
CoV-2 infection status (111). While one study reported low or
undetectable viral loads in most skeletal muscle biopsies from
patients who died from COVID-19 (107), another study detected
SARS-CoV-2 viral RNA within myofibers in a subset of critically ill
patients (111), suggesting that direct muscle infection may occur
under specific pathological conditions.

Direct evidence of the activation of defined myofiber death
pathways in SARS-CoV-2-associated myopathy remains limited.
Histopathological analyses of skeletal muscle from critically ill
patients with COVID-19 have predominantly revealed muscle
fiber atrophy, degeneration, and fibrosis. However, definitive fea-
tures indicative of specific regulated cell death pathways have not
been consistently demonstrated. Indeed, the activation of fibrotic
signaling pathways is observed in the skeletal muscles of critically ill
patients with SARS-CoV-2 infection compared with controls (111).

At present, muscle pathology in SARS-CoV-2-associated my-
opathy appears to be driven largely by indirect mechanisms,
including systemic inflammation, hypoxia, metabolic stress, immo-
bilization, and critical illness, rather than by robust activation of
necroptosis, pyroptosis, or apoptosis within myofibers.
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Innate immune activation, particularly type I IFN signaling and
systemic inflammatory responses, plays an important role in muscle
pathology associated with SARS-CoV-2 infection. Capillary expres-
sion of the IFN-stimulated protein MxA is detected in the skeletal
muscle of some patients who died from COVID-19, indicating the
activation of IFN-mediated innate immune pathways within the
muscle tissue (107). Consistent with this observation, elevated
circulating levels of MxA are associated with increased disease
severity in patients with SARS-CoV-2 infection, further supporting
the involvement of systemic IFN activation in COVID-19-associ-
ated muscle pathology (112).

In addition to IFN signaling, structural and ultrastructural
abnormalities in the skeletal muscle of critically ill patients with
COVID-19 reflect immune-mediated and metabolic stress. Muscle
biopsies from intensive care unit (ICU) patients demonstrate
myopathic changes consistent with critical illness myopathy, ac-
companied by variable inflammatory infiltration, autophagic vacu-
oles, mitochondrial abnormalities, and occasional SARS-CoV-2—
immunostaining—positive fibers or granules (113). These findings
suggest that muscle dysfunction arises, in part, from inflammation-
associated cellular stress and impaired metabolic homeostasis.

Systemic inflammatory cytokine responses contribute to muscle
involvement in severe COVID-19. Patients with severe disease exhibit
elevated circulating levels of pro-inflammatory cytokines, including
IL-6, TNF-0, and IL-1f (114), which are known to promote muscle
catabolism, impair regeneration, and exacerbate inflammatory sig-
naling. Furthermore, recent studies have shown that in neutrophils,
inflammation-related genes such as S100A9, MMP9, and FPR2 are
upregulated and contribute to degranulation and extracellular trap
formation, thereby shaping the systemic inflammatory environment,
which may indirectly affect muscle homeostasis (115). Together, these
findings indicate that SARS-CoV-2-associated myopathy is driven
primarily by IFN-mediated innate immune activation and systemic
inflammatory responses, rather than by the direct activation of
defined myofiber death pathways.

In rare cases, immune-mediated inflammatory myopathies have
been reported following mRNA-based SARS-CoV-2 vaccination
(116-119). These conditions are thought to arise from transient
immune activation rather than direct viral effects. mRNA SARS-
CoV-2 vaccination induces type I IFN responses in the peripheral
blood mononuclear cells of healthy individuals (120), consistent
with previous studies demonstrating that mRNA vaccines broadly
activate innate immune pathways, particularly type I IFN signaling
(121). Moreover, MxA expression is observed in blood vessels and
muscle fibers in cases of post-vaccination inflammatory myopa-
thy (119).

These findings suggest that excessive or dysregulated IFN
signaling may underlie muscle inflammation in susceptible indi-
viduals following vaccination, providing mechanistic parallels to the
IFN-driven muscle pathology observed during severe SARS-CoV-
2 infection.

Collectively, current evidence primarily supports an indirect
and systemic inflammatory contribution to SARS-CoV-2-associ-
ated muscle pathology, whereas direct evidence linking defined
regulated myofiber death pathways to disease progression remains
limited (Figure 2).
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Therapeutics of myopathies

Therapeutic strategies for myopathies have traditionally focused
on supportive care and broad immunosuppression, including
corticosteroids and general anti-inflammatory agents, particularly
in inflammatory myopathies (122). In genetic myopathies, treat-
ment is largely limited to symptomatic management with few
disease-modifying options available (123). However, conventional
approaches often fail to prevent disease progression or restore
muscle function, highlighting the need for targeted therapeutic
strategies (122). Recent studies have identified shared pathogenic
mechanisms across both genetic and acquired myopathies, partic-
ularly involving dysregulated innate immune activation and cellular
stress responses (32).

Accumulating evidence indicates that dysregulated innate
immune activation contributes to myofiber injury, impaired regen-
eration, and disease progression in multiple myopathies.
Accordingly, current therapeutic approaches aim to modulate
distinct but interconnected immune pathways, including
inflammasome activation, type I IFN signaling, TNF-o.-mediated
inflammatory responses, and cytokine receptor signaling pathways
that influence muscle inflammation and tissue remodeling.

However, the translational maturity and level of evidence
supporting these therapeutic strategies vary substantially among
disease categories and therapeutic targets. While some approaches,
such as JAK inhibitors in DM, have shown encouraging clinical
responses, many other interventions remain limited to preclinical
proof-of-concept studies in animal models or early observational
studies. In addition, innate immune signaling may play context-
dependent roles in both tissue injury and muscle regeneration;
therefore, excessive suppression of inflammatory pathways could
potentially impair repair-associated processes depending on disease
stage and pathological context.

Targeting NLRP3 inflammasome

The NLRP3 inflammasome plays a critical role in inflamma-
tion-associated skeletal muscle wasting, making it an attractive
therapeutic target for myopathies characterized by chronic inflam-
matory stress (Table 1). Pharmacological inhibition of NLRP3 has
shown protective effects against myofiber damage in several exper-
imental models.

Glucocorticoid-induced muscle atrophy is associated with the
activation of NLRP3 inflammasome signaling. Dexamethasone
(DEX) induces muscle atrophy accompanied by NLRP3/GSDMD-
mediated pyroptosis (124). Trimetazidine (TMZ) mitigates DEX-
induced skeletal muscle atrophy by activating the PI3K/AKT
pathway, thereby suppressing the NLRP3/GSDMD pathway
(124). In a glucocorticoid-induced muscle atrophy model, DEX
also enhances HMGB1-TLR4 signaling, promotes NF-xB nuclear
translocation, increases the NLRP3 inflammasome-mediated
pyroptosis, and upregulates muscle-specific E3 ubiquitin ligases,
including MuRF1 and atrogin-1, leading to reduced muscle fiber
cross-sectional area and grip strength (127). Treatment with
Ecklonia (ECE) or dieckol (DK) attenuates the inflammatory and
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TABLE 1 Representative therapeutic approaches targeting NLRP3 signaling in myopathies.

Translational
stage

Disease/
condition

Therapeutic

Study type/
model

Targets and

. Reference
mechanisms

molecules

DEX-induced
. - Muscle atrophy mouse atrophy | Promotes the phosphorylation .
Trimetazidine % th model and of the PI3K/AKT pathway, Protected against skeletal muscle Predlinical (124)
examethasone reclinical
(TMZ) (DEX)-induced) DEX-treated thereby inhibiting NLRP3/ atrophy induced by DEX.
e cci2 GSDMD.
myotubes
Reduced inflammation,
macrophage infiltration, and
oxidative stress in the muscles of
Duchenne Blocks NLRP3 inflammasome | mdx mice.
Human DMD .. .
muscular activation by preventing ATP | Enhanced muscle force and .
MCC950 myoblasts and i K X Preclinical (125)
dystrophy . hydrolysis at the NLRP3 fatigue resistance were observed
mdx mice . . .
(DMD) NACHT domain. in mdx mice.
Showed anti-inflammatory and
anti-pyroptotic effects in human
DMD myoblasts.
Autoimmune Reduced muscle NLRP3
Bright blue G Autoimmune . Blocks P2X7 receptors, expression and serum IL-1p levels .
. myositis mouse N X X K . Preclinical (126)
(BBG) myositis model thereby inhibiting pyroptosis. | in experimental autoimmune
myositis mice model.
. Blocks ATP-sensitive Reduced muscle NLRP3
X Autoimmune . X
X Autoimmune . potassium (KATP) channels, expression and serum IL-1p levels .
Glyburide . myositis mouse o . K ) Preclinical (126)
myositis model thereby inhibiting NLRP3 in experimental autoimmune
activation. myositis mice model.
Decreases RAGE and TLR4 Decreased NLRP3
Muscle atrophy DEX-induced expression, resulting in inflammasome/pyroptosis-related
Ecklonia (ECE) (dexamethasone mouse atrophy | reduced NF-xB signaling, proteins along with increased Preclinical (127)
(DEX)-induced) model along with suppression of the | muscle mass, fiber cross-sectional
NLRP3 inflammasome. area and grip strength in mice.
Decreases RAGE and TLR4 Decreased NLRP3
Muscle atrophy DEX-induced expression, resulting in inflammasome/pyroptosis-related
Dieckol (dexamethasone mouse atrophy | reduced NF-xB signaling, proteins along with increased Preclinical (127)
(DEX)-induced) model along with suppression of the muscle mass, fiber cross-sectional
NLRP3 inflammasome. area and grip strength in mice.

This table summarizes representative therapeutic strategies targeting NLRP3 inflammasome activation in myopathies, including preclinical experimental studies and emerging translational
approaches.

catabolic changes caused by DEX and restores muscle morphology
and function in mice (127).

In dystrophin-deficient mdx mice, treatment with MCC950, a
selective small-molecule inhibitor of NLRP3, significantly reduces
muscle inflammation, macrophage infiltration, and oxidative stress,
and improves muscle force generation and resistance to fatigue (125).
Consistently, MCC950 exhibits anti-inflammatory and anti-pyroptotic
effects in human DMD myoblasts (125). Moreover, MCC950 has been
identified as a potential therapeutic target in a broad range of
inflammatory conditions, including neurodegenerative diseases (128).
In experimental autoimmune myositis (EAM) mice model, inhibition
of inflammasome signaling using bright blue G (BBG) or glyburide
reduces muscular NLRP3 expression and serum IL-1P levels (126).
Moreover, in a streptozotocin-induced mice model of diabetic myop-
athy, bone morphogenetic protein 7 (BMP-7) is a potential therapeutic
agent that attenuates hyperglycemia and suppresses inflammasome
activation and pyroptosis in the skeletal muscle (129).

Collectively, these findings suggest that NLRP3 inflammasome
inhibition may represent a promising preclinical therapeutic strat-
egy for limiting inflammation-associated muscle damage across
multiple experimental models of myopathy. However, further
validation is required to determine its disease-specific efficacy,
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safety, and translational applicability in human myopathies. In
addition, although NLRP3 remains the most extensively studied
inflammasome in myopathies, other inflammasome-associated
pathways may represent future areas of investigation, as current
evidence for their pathogenic and therapeutic relevance remains
substantially less developed.

Targeting type | IFN signaling

Type I IEN signaling represents a major pathogenic pathway in
DM and related IFN-associated inflammatory myopathies
(Table 2). Pharmacological inhibition of the JAK-STAT pathway
has shown promising effects in early clinical studies aimed at
suppressing IFN-driven immune activation. In pilot and open-
label clinical studies, treatment with baricitinib, a selective JAK1/2
inhibitor, improves cutaneous disease severity in patients with DM,
as assessed by the Cutaneous Dermatomyositis Disease Area and
Severity Index (CDASI) and Dermatology Life Quality Index
(DLQI) scores, and reduces circulating cytokine levels (130, 132).
Similarly, ruxolitinib treatment is associated with improvements in
muscle strength, body weight, and cutaneous manifestations in
patients with DM, including findings from case-based clinical
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TABLE 2 Representative therapeutic approaches targeting type | IFN signaling in myopathies.

Therapeutic Disease/ Study type/ Targets and Translational
o . Reference
molecules condition model mechanisms stage
Dermatomyositis Pilot clinical Improved cutaneous disease
e y . A Vi .
Ruxol; DM AK1/2 inh Early cl 1 130
uxolitinib (DM) study ‘m ] /2 inhibitor according to CDASL. arly clinical (130)
patients
Case report in Improved muscle strength, bod
Vi
Ruxolitinib DM refractory DM JAK1/2 inhibitor p R R gth, Y Clinical case report (131)
X weight, and skin lesions.
patients
Pilot clinical Improved cutaneous disease
Baricitinib DM study in DM JAK1/2 inhibitor P X Early clinical (130)
. according to CDASL
patients
Prospective Improved cutaneous disease
Vi
i DASI,
Baricitinib DM open-label study | JAK1/2 inhibitor according to C‘ S ar}d Early clinical (132)
in DM patients Dermatology Life Quality Index
1
P (DLQY).
Case series in Improved cutaneous disease
Tofacitinib DM refractory DM JAK1/3 inhibitor according to CDASI. Improved Clinical case series (133)
patients strength and fatigue.
Improved disease activity according
Open-label pilot to the 2016 ACR-EULAR myositis
Tofacitinib DM study in DM JAK1/3 inhibitor response criteria. Early clinical (134)
patients Improved cutaneous disease
according to CDASI.
Suppressed the type I IFN gene
signature in blood and muscle tissue
DM and Phase 1b clinical | Anti-IFN-o monoclonal of DM and PM patients.
Sifalimumab polymyositis trial in DM and | antibody that suppresses Targeted neutralization of type I Early clinical (135)
(PM) patients PM patients type I IFN signaling IFN gene signature positively
correlates with clinical
improvement.

This table summarizes representative therapeutic approaches targeting type I IFN signaling implicated in inflammatory myopathies, including preclinical, observational, and early clinical studies.

reports (130, 131). Tofacitinib, a JAK1/3 inhibitor, decreases CDASI
activity scores, alleviates pruritus, and improves muscle strength
and fatigue in patients with DM without significant adverse effects
in small clinical case series (133). Consistently, open-label pilot
studies demonstrated that tofacitinib improves overall disease
activity according to the 2016 ACR/EULAR myositis response
criteria and reduces STAT1 signaling in skin biopsy samples (134).

In addition to small-molecule JAK inhibitors, the direct neu-
tralization of type I IFN signaling has shown promise in early
clinical trials. Sifalimumab, an anti-IFN-o. monoclonal antibody,
suppresses the type I IFN gene signature (IFNGS) in both blood and
muscle tissue of patients with myositis. In muscle biopsies from
patients with DM or PM, sifalimumab inhibits pathways involved in
leukocyte extravasation, antigen presentation, and B cell develop-
ment, and the degree of IFN signature suppression positively
correlated with clinical improvement (135).

Targeting TNF-o signaling

TNF-o contributes to inflammatory muscle damage in a subset
of inflammatory myopathies (Table 3). Anti-TNF-o. therapies have
shown variable but potentially beneficial effects across observational
and early clinical studies in JDM, DM, and PM. In retrospective
studies and clinical case series, treatment with infliximab or
adalimumab improves clinical disease activity and muscle involve-
ment in patients with refractory JDM (136, 137). In preliminary
clinical studies involving adult DM and PM patients, infliximab
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reduces circulating pro-inflammatory cytokines, including IL-1f,
IL-6, and IFN-7y, improves muscle strength, and decreases muscle
fiber necrosis and inflammatory infiltrates (138). Furthermore,
randomized placebo-controlled clinical trials demonstrated that
infliximab enables a subset of patients with refractory DM and
PM to meet the International Myositis Assessment and Clinical
Studies (IMACS) definition of improvement (139).

However, therapeutic responses to TNF-o. inhibition appear
heterogeneous among inflammatory myopathies, and patient selec-
tion and disease context may critically influence treatment efficacy.
Further controlled clinical studies are required to clarify long-term
efficacy, safety, and disease-specific therapeutic applicability.

Targeting IL receptor signaling

IL-6 signaling has been implicated in muscle inflammation, fibrosis,
and impaired muscle regeneration in inflammatory myopathies
(Table 4). Preclinical studies in dystrophin-deficient models have
suggested that IL-6 blockade may improve muscle morphology,
reduce dystrophic changes, and promote muscle regeneration (80,
81). In early clinical studies, patients with refractory immune-mediated
necrotizing myopathies (IMNMs) respond to treatment with
tocilizumab, an anti-IL-6 receptor monoclonal antibody, with respond-
ers exhibiting reduced muscle fiber necrosis and decreased fiber size
variability (140). Notably, baseline serum IL-6 levels and muscle IL-6
mRNA expression predict therapeutic responsiveness to tocilizumab,
highlighting the importance of patient stratification (140).
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TABLE 3 Representative therapeutic approaches targeting TNF-a signaling in myopathies.

Translational
stage

Disease/
condition

Therapeutic

Study type/
model

Targets and

. Reference
mechanisms

molecules

. Binds to and
Juvenile Retrospective study in neutralizes tumor
Infliximab dermatomyositis P . Y . Improved muscle pathology. Clinical (136)
(JDM) JDM patients necrosis factor-alpha
(TNF-a)
Binds to and
Ret ti tudy i trali t
Adalimumab JDM etrosped 1ve- sudyin | neu raAlzes umor Improved muscle pathology. Clinical (136)
JDM patients necrosis factor-alpha
(TNF-or)
Binds to and
C ies i tralizes t
Infliximab JDM ase series 1n. neutr .lzes umor Improved muscle pathology. Clinical case series (137)
refractory JDM patients | necrosis factor-alpha
(TNF-o))
Reduced the production of IL-1p,
PM Binds to and IL-6, and IFN-y in the blood.
. (polymyositis) Preliminary study in neutralizes tumor Increased skeletal muscle strength, .
Infl b Early clinical 138
nilima and DM DM and PM patients necrosis factor-alpha | reduced the necrotic muscle fibers arly cinica (138)
(dermatomyositis) (TNF-o) and inflammatory infiltrates.
Improved myopathic features.
Randomized placebo- Binds to and
controlled trial in neutralizes tumor Improved manual muscle strength
Infliximab PM and DM K (MMT) and showed improvement Clinical trial (139)
refractory PM and DM | necrosis factor-alpha L
. based on IMACS response criteria.
patients (TNF-o))

This table summarizes representative therapeutic strategies targeting TNF-c. signaling pathways implicated in inflammatory myopathies, including observational studies, clinical case series, and
controlled clinical trials.

Taken together, these studies highlight the emerging therapeu-
tic relevance of innate immune-associated pathways in myopathies
while also emphasizing substantial heterogeneity in mechanistic
evidence, translational maturity, and disease-specific applicability
across therapeutic strategies. Although several approaches have
shown encouraging preclinical or early clinical results, further
validation is required to clarify long-term safety, optimal patient
selection, disease-stage specificity, and the balance between sup-
pressing pathological inflammation and preserving repair-associ-
ated immune responses.

Concluding remarks

In summary, this review highlights that innate immune activa-
tion and regulated myofiber death pathways are implicated across
diverse genetic and acquired myopathies, although the strength of

mechanistic evidence and the contribution of these pathways vary
substantially among disease categories. While the specific upstream
triggers and dominant pathological mechanisms differ across
myopathies, overlapping innate immune-associated and regulated cell
death pathways may contribute to muscle degeneration, impaired
regeneration, and tissue remodeling in selected disease contexts. By
integrating findings across representative myopathies, this review
highlights convergent and disease-specific mechanisms linking innate
immune signaling with muscle pathology and discusses their potential
relevance for mechanism-based therapeutic strategies.

Future studies should clarify the interactions and potential cross-
talk among regulated cell death pathways within myofibers and
determine how these mechanisms vary across disease stages, patho-
logical contexts, and myopathy subtypes. In addition, integrating innate
immune-targeted strategies with gene-based or other etiology-directed
therapies may provide complementary therapeutic benefits; however
optimal timing, biomarker-guided patient stratification, and long-term
safety considerations remain to be established.

TABLE 4 Representative therapeutic approaches targeting IL receptor signaling in myopathies.

Therapeutic  Disease/

Study type/

Targets and

Translational

o A Results Reference
molecules  condition model mechanisms stage
Duchenne Preclinical study in Improved muscle fiber diameter and
MRI16-1 antibody muscular dystrophin/utrophin Il'lhibi.ts the IL-6 regeneration, and reduced flbrosis in' Preclinical @1)
dystrophy double-knockout signaling pathway | skeletal muscle of dystrophin/utrophin
(DMD) (dKO) mice. dKO mice.
Immune-
. . Showed clinically meaningful improvement
diated Open-label pilot
N mediate Pen-abe PLOL 1 fhibits the IL-6 | based on the 2016 ACR-EULAR myositis »
Tocilizumab necrotizing study in refractory L . Early clinical (140)
. . signaling pathway | response criteria and decreased muscle fiber
myopathies IMNM patients necrosis and size variabilif
(IMNMs) ! v v

This table summarizes representative therapeutic strategies targeting IL receptor signaling implicated in myopathies, including preclinical and early clinical studies.

Frontiers in Immunology

12 frontiersin.org


https://doi.org/10.3389/fimmu.2026.1871966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamashita et al.

Author contributions

MY: Software, Writing - original draft, Investigation, Writing -
review & editing, Conceptualization. JP: Writing - review & editing,
Software, Conceptualization, Investigation. SP: Writing — review &
editing. HK: Writing - review & editing. Y-SC: Writing — review &
editing. SAL: Writing - original draft, Software, Visualization,
Investigation, Validation, Funding acquisition, Project administra-
tion, Conceptualization, Resources, Writing — review & editing. SL:
Writing - original draft, Software, Visualization, Investigation,
Validation, Funding acquisition, Project administration,
Conceptualization, Resources, Writing — review & editing.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This research was supported by the
Korea Drug Development Fund, funded by the Ministry of Science
and ICT, the Ministry of Trade, Industry and Energy, and the
Ministry of Health and Welfare, Republic of Korea (RS-2025-
02222987 to SL). This work was also supported by a National
Research Foundation of Korea (NRF) grant funded by the
Ministry of Science and ICT (MSIT) (2022R1C1C1007544,
2024M3A9H5043152 to SL), a grant from the Korea Health
Industry Development Institute (KHIDI), funded by the Ministry
of Health & Welfare, Republic of Korea under the Korea Health
Technology R&D Project (RS-2025-25459955 to SL), the Research
and Development (R&D) project on animal and plant quarantine
inspection technology of the Animal and Plant Quarantine Agency in
the Republic of Korea (Z-1543083-2026-29-0101 to SL), a Korean
ARPA-H Project grant from the Korea Health Industry Development
Institute (KHIDI), funded by the Ministry of Health & Welfare,
Republic of Korea (RS-2025-2542273 to SL), the Institute for Basic
Science (IBS), Republic of Korea (IBS-R801-D9-A09, IBS-R801-D1-
2025-A02, IBS-R801-D1-2026-a02 to SL). This work was further
supported by The Circle Foundation (Republic of Korea) through the
selection of the UNIST Pandemic Treatment Research Center as the
2023 Circle Foundation Innovative Science and Technology Center
(2023 TCF Innovative Science Project-01 to SL). Additional funding

References

1. Emery AEH. The muscular dystrophies. Lancet. (2002) 359:687-95. doi: 10.1016/
S0140-6736(02)07815-7

2. Dalakas MC. Polymyositis, dermatomyositis, and inclusion-body myositis. N Engl |
Med. (1991) 325:1487-98. doi: 10.1056/NEJM199111213252107

3. Dalakas MC, Hohlfeld R. Polymyositis and dermatomyositis. Lancet. (2003)
362:971-82. doi: 10.1016/S0140-6736(03)14368-1

4. Bohan A, Peter JB. Polymyositis and dermatomyositis. N Engl ] Med. (1975)
292:344-7. doi: 10.1056/NEJM197502132920706

5. Hoogendijk JE, Amato AA, Lecky BR, Choy EH, Lundberg IE, Rose MR, et al. 119th
ENMC international workshop: trial design in adult idiopathic inflammatory
myopathies, with the exception of inclusion body myositis, 10-12 October 2003,
Naarden, The Netherlands. Neuromuscul Disord. (2004) 14:337-45. doi: 10.1016/
j.-nmd.2004.02.006

6. Kocyigit M, van Hamburg JP, Aronica E, van der Kooi AJ, Tas SW, Raaphorst J.
Emerging therapies in idiopathic inflammatory myopathies. J Neuromuscular Dis.
(2025) 13(4):817922143602251384098. doi: 10.1177/22143602251384098

Frontiers in Immunology

13

10.3389/fimmu.2026.1871966

was provided by the Republic of Korea’s National Institute of Health
(Project No. #2025ER160200, #2025ER240100 to SL, 2024-NI-015-02
to H.K.), the Ulsan National Institute of Science and Technology
(UNIST) (1.220112.01, 1.220107.01 to SL), the Korean Society of
Ginseng 2023 (SL), and Yuhan Corporation (SL). This work was
additionally supported by the National Research Foundation of Korea
(NRF) grants funded by the Korean government (MSIT) (RS-2024-
00336028, RS-2023-00217798, and RS-2024-00451880 to SAL) and the
Korea Health Industry Development Institute (RS-2024-00507436
to SAL).

Conflict of interest

The author(s) declared that this work was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declared that generative AI was used in the
creation of this manuscript. The authors used ChatGPT (OpenAl,
GPT-based model, accessed in 2026) to assist with language editing.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

7. Crum-Cianflone NF. Bacterial, fungal, parasitic, and viral myositis. Clin Microbiol
Rev. (2008) 21:473-94. doi: 10.1128/cmr.00001-08

8. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Molecular
mechanisms of cell death: recommendations of the Nomenclature Committee on Cell
Death 2018. Cell Death Differ. (2018) 25:486-541. doi: 10.1038/s41418-017-0012-4

9. Bencze M. Mechanisms of myofibre death in muscular dystrophies: the emergence of the
regulated forms of necrosis in myology. Int ] Mol Sci. (2023) 24:362. doi: 10.3390/ijms24010362

10. Peng Q-L, Zhang Y-M, Liu Y-C, Liang L, Li W-L, Tian X-L, et al. Contribution of

necroptosis to myofiber death in idiopathic inflammatory myopathies. Arthritis
Rheumatol. (2022) 74:1048-58. doi: 10.1002/art.42071

11. Morgan JE, Prola A, Mariot V, Pini V, Meng J, Hourde C, et al. Necroptosis
mediates myofibre death in dystrophin-deficient mice. Nat Commun. (2018) 9:3655.
doi: 10.1038/s41467-018-06057-9

12. Onodi Z, Szabo PL, Kucsera D, Pokreisz P, Dostal C, Hilber K, et al. Inflammasome
activity in the skeletal muscle and heart of rodent models for Duchenne muscular
dystrophy. Int ] Mol Sci. (2023) 24:8497. doi: 10.3390/ijms24108497

frontiersin.org


https://doi.org/10.1016/S0140-6736(02)07815-7
https://doi.org/10.1016/S0140-6736(02)07815-7
https://doi.org/10.1056/NEJM199111213252107
https://doi.org/10.1016/S0140-6736(03)14368-1
https://doi.org/10.1056/NEJM197502132920706
https://doi.org/10.1016/j.nmd.2004.02.006
https://doi.org/10.1016/j.nmd.2004.02.006
https://doi.org/10.1177/22143602251384098
https://doi.org/10.1128/cmr.00001-08
https://doi.org/10.1038/s41418-017-0012-4
https://doi.org/10.3390/ijms24010362
https://doi.org/10.1002/art.42071
https://doi.org/10.1038/s41467-018-06057-9
https://doi.org/10.3390/ijms24108497
https://doi.org/10.3389/fimmu.2026.1871966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamashita et al.

13. Kamiya M, Mizoguchi F, Kawahata K, Wang D, Nishibori M, Day J, et al. Targeting
necroptosis in muscle fibers ameliorates inflammatory myopathies. Nat Commun.
(2022) 13:166. doi: 10.1038/s41467-021-27875-4

14. Bargiela A, Cerro-Herreros E, Fernandez-Costa JM, Vilchez JJ, Llamusi B, Artero
R. Increased autophagy and apoptosis contribute to muscle atrophy in a myotonic
dystrophy type 1 Drosophila model. Dis Model Mech. (2015) 8:679-90. doi: 10.1242/
dmm.018127

15. Loro E, Rinaldi F, Malena A, Masiero E, Novelli G, Angelini C, et al. Normal
myogenesis and increased apoptosis in myotonic dystrophy type-1 muscle cells. Cell
Death Differ. (2010) 17:1315-24. doi: 10.1038/cdd.2010.33

16. LiuM, LiL, Dai T,Hou Y, Li W, Zhao Y, et al. Gasdermine E-dependent mitochondrial
pyroptotic pathway in dermatomyositis: a possible mechanism of perifascicular atrophy. J
Neuropathol Exp Neurol. (2020) 79:551-61. doi: 10.1093/jnen/nlaa023

17. Lee S, Channappanavar R, Kanneganti T-D. Coronaviruses: innate immunity,
inflammasome activation, inflammatory cell death, and cytokines. Trends Immunol.
(2020) 41:1083-99. doi: 10.1016/}.it.2020.10.005

18. Yu G, Choi YK, Lee S. Inflammasome diversity: exploring novel frontiers in the
innate immune response. Trends Immunol. (2024) 45:248-58. doi: 10.1016/
j.it.2024.02.004

19. Shi J, Zhao Y, Wang K, Shi X, Wang Y, Huang H, et al. Cleavage of GSDMD by
inflammatory caspases determines pyroptotic cell death. Nature. (2015) 526:660-5.
doi: 10.1038/naturel 5514

20. Liu X, Zhang Z, Ruan J, Pan Y, Magupalli VG, Wu H, et al. Inflammasome-
activated gasdermin D causes pyroptosis by forming membrane pores. Nature. (2016)
535:153-8. doi: 10.1038/nature18629

21. Ding J, Wang K, Liu W, She Y, Sun Q, Shi J, et al. Pore-forming activity and
structural autoinhibition of the gasdermin family. Nature. (2016) 535:111-6.
doi: 10.1038/nature18590

22. Christgen S, Place DE, Kanneganti T-D. Toward targeting inflammasomes: insights
into their regulation and activation. Cell Res. (2020) 30:315-27. doi: 10.1038/s41422-
020-0295-8

23. Karki R, Lee S, Mall R, Pandian N, Wang Y, Sharma BR, et al. ZBP1-dependent
inflammatory cell death, PANoptosis, and cytokine storm disrupt IFN therapeutic
efficacy during coronavirus infection. Sci Immunol. (2022) 7:eabo6294. doi: 10.1126/
sciimmunol.abo6294

24. Oh 'S, Lee S. Recent advances in ZBP1-derived PANoptosis against viral infections.
Front Immunol. (2023) 14. doi: 10.3389/fimmu.2023.1148727

25. Place DE, Lee S, Kanneganti T-D. PANoptosis in microbial infection. Curr Opin
Microbiol. (2021) 59:42-9. doi: 10.1016/j.mib.2020.07.012

26. Malireddi RKS, Karki R, Sundaram B, Kancharana B, Lee S, Samir P, et al.
Inflammatory cell death, PANoptosis, mediated by cytokines in diverse cancer lineages
inhibits tumor growth. ImmunoHorizons. (2021) 5:568-80. doi: 10.4049/
immunohorizons.2100059

27. Samson AL, Zhang Y, Geoghegan ND, Gavin X]J, Davies KA, Mlodzianoski MJ, et al.
MLKL trafficking and accumulation at the plasma membrane control the kinetics and
threshold for necroptosis. Nat Commun. (2020) 11:3151. doi: 10.1038/s41467-020-16887-1

28. Elmore S. Apoptosis: a review of programmed cell death. Toxicol Pathol. (2007)
35:495-516. doi: 10.1080/01926230701320337

29. Li P, Nijjhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, et al.
Cytochrome ¢ and dATP-dependent formation of Apaf-1/caspase-9 complex initiates
an apoptotic protease cascade. Cell. (1997) 91:479-89. doi: 10.1016/s0092-8674(00)
80434-1

30. Kischkel FC, Hellbardt S, Behrmann I, Germer M, Pawlita M, Krammer PH, et al.
Cytotoxicity-dependent APO-1 (Fas/CD95)-associated proteins form a death-inducing
signaling complex (DISC) with the receptor. EMBO J. (1995) 14:5579-88. doi: 10.1002/
j.1460-2075.1995.tb00245.x

31. Ashkenazi A, Dixit VM. Death receptors: signaling and modulation. Science. (1998)
281:1305-8. doi: 10.1126/science.281.5381.1305

32. Tidball JG. Regulation of muscle growth and regeneration by the immune system.
Nat Rev Immunol. (2017) 17:165-78. doi: 10.1038/nri.2016.150

33. De Paepe B. Progressive skeletal muscle atrophy in muscular dystrophies: a role for
toll-like receptor-signaling in disease pathogenesis. Int J Mol Sci. (2020) 21:4440.
doi: 10.3390/ijms21124440

34. Li Y-P, Reid MB. NF-xB mediates the protein loss induced by TNF-o in
differentiated skeletal muscle myotubes. Am ] Physiol Regul Intgr Comp Physiol.
(2000) 279:R1165-70. doi: 10.1152/ajpregu.2000.279.4.R1165

35. Lamkanfi M. Emerging inflammasome effector mechanisms. Nat Rev Immunol.
(2011) 11:213-20. doi: 10.1038/nri2936

36. Guo H, Callaway JB, Ting JPY. Inflammasomes: mechanism of action, role in
disease, and therapeutics. Nat Med. (2015) 21:677-87. doi: 10.1038/nm.3893

37. Dubuisson N, Versele R, Davis-Lopez de Carrizosa MA, Selvais CM, Brichard SM,
Abou-Samra M. Walking down skeletal muscle lane: from inflammasome to disease.
Cells. (2021) 10:3023. doi: 10.3390/cells10113023

Frontiers in Immunology

14

10.3389/fimmu.2026.1871966

38. Huang N, Kny M, Riediger F, Busch K, Schmidt S, Luft FC, et al. Deletion of Nlrp3
protects from inflammation-induced skeletal muscle atrophy. Intensive Care Med Exp.
(2017) 5:3. doi: 10.1186/540635-016-0115-0

39. LiuY, Wang D, Li T, Yang F, Li Z, Bai X, et al. The role of NLRP3 inflammasome in
inflammation-related skeletal muscle atrophy. Front Immunol. (2022) 13:1035709.
doi: 10.3389/fimmu.2022.1035709

40. You Z, Huang X, Xiang Y, Dai J, Xu L, Jiang J, et al. Ablation of NLRP3
inflammasome attenuates muscle atrophy via inhibiting pyroptosis, proteolysis and
apoptosis following denervation. Theranostics. (2023) 13:374-90. doi: 10.7150/
thno.74831

41. Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke BA, et al.
Identification of ubiquitin ligases required for skeletal muscle atrophy. Science.
(2001) 294:1704-12. doi: 10.1126/science.1065874

42. McBride MJ, Foley KP, D’Souza DM, Li YE, Lau TC, Hawke T7J, et al. The NLRP3
inflammasome contributes to sarcopenia and lower muscle glycolytic potential in old
mice. Am ] Physiol Endocrinol Metab. (2017) 313:E222-32. doi: 10.1152/
ajpendo.00060.2017

43. Hayden MS, Ghosh S. Signaling to NF-kappaB. Genes Dev. (2004) 18:2195-224.
doi: 10.1101/gad.1228704

44. Cai D, Frantz JD, Tawa NE, Melendez PA, Oh BC, Lidov HG, et al. IKKbeta/NF-
kappaB activation causes severe muscle wasting in mice. Cell. (2004) 119:285-98.
doi: 10.1016/j.cell.2004.09.027

45. Guttridge DC, Mayo MW, Madrid LV, Wang C-Y, Baldwin AS. NF-kB-induced
loss of MyoD messenger RNA: possible role in muscle decay and cachexia. Science.
(2000) 289:2363-6. doi: 10.1126/science.289.5488.2363

46. Wu J, Lin S, Chen W, Lian G, Wu W, Chen A, et al. TNF-o contributes to
sarcopenia through caspase-8/caspase-3/GSDME-mediated pyroptosis. Cell Death
Discov. (2023) 9:76. doi: 10.1038/s41420-023-01365-6

47. Mittal A, Bhatnagar S, Kumar A, Lach-Trifilieff E, Wauters S, Li H, et al. The
TWEAK-Fn14 system is a critical regulator of denervation-induced skeletal muscle
atrophy in mice. J Cell Biol. (2010) 188:833-49. doi: 10.1083/jcb.200909117

48. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity:
update on toll-like receptors. Nat Immunol. (2010) 11:373-84. doi: 10.1038/ni.1863

49. Frost RA, Nystrom GJ, Lang CH. Multiple toll-like receptor ligands induce an IL-6
transcriptional response in skeletal myocytes. Am J Physiol Regul Intgr Comp Physiol.
(2006) 290:R773-84. doi: 10.1152/ajpregu.00490.2005

50. Hahn A, Kny M, Pablo-Tortola C, Todiras M, Willenbrock M, Schmidt S, et al.
Serum amyloid Al mediates myotube atrophy via Toll-like receptors. J Cachexia
Sarcopenia Muscle. (2020) 11:103-19. doi: 10.1002/jcsm.12491

51. Platanias LC. Mechanisms of type-I- and type-II-interferon-mediated signalling.
Nat Rev Immunol. (2005) 5:375-86. doi: 10.1038/nril604

52. Greenberg SA, Pinkus JL, Pinkus GS, Burleson T, Sanoudou D, Tawil R, et al.
Interferon-o/B-mediated innate immune mechanisms in dermatomyositis. Ann
Neurol. (2005) 57:664-78. doi: 10.1002/ana.20464

53. Covert LT, Prinz JA, Swain-Lenz D, Dvergsten J, Truskey GA. Genetic changes
from type I interferons and JAK inhibitors: clues to drivers of juvenile dermatomyositis.
Rheumatology. (2024) 63:51240-8. doi: 10.1093/rheumatology/keae082

54. Muifioz-Canoves P, Scheele C, Pedersen BK, Serrano AL. Interleukin-6 myokine
signaling in skeletal muscle: a double-edged sword? FEBS J. (2013) 280:4131-48.
doi: 10.1111/febs.12338

55. Michele Pelosi MDR, Barberi L, Musaro A. IL-6 impairs myogenic differentiation
by downmodulation of p9ORSK/eEF2 and mTOR/p70S6K axes, without affecting AKT
activity. BioMed Res Int. (2014) 2014:1-12. doi: 10.1155/2014/206026

56. Okiyama N, Sugihara T, Iwakura Y, Yokozeki H, Miyasaka N, Kohsaka H.
Therapeutic effects of interleukin-6 blockade in a murine model of polymyositis that
does not require interleukin-17A. Arthritis Rheumatism. (2009) 60:2505-12.
doi: 10.1002/art.24689

57. Tsujinaka T, Fujita J, Ebisui C, Yano M, Kominami E, Suzuki K, et al. Interleukin 6
receptor antibody inhibits muscle atrophy and modulates proteolytic systems in
interleukin 6 transgenic mice. J Clin Invest. (1996) 97:244-9. doi: 10.1172/JCI118398

58. Chevrel G, Granet C, Miossec P. Contribution of tumour necrosis factor o and
interleukin (IL) 1B to IL6 production, NF-kB nuclear translocation, and class I MHC
expression in muscle cells: in vitro regulation with specific cytokine inhibitors. Ann
Rheumatic Dis. (2005) 64:1257-62. doi: 10.1136/ard.2004.032359

59. Chevrel G, Page G, Granet C, Streichenberger N, Varennes A, Miossec P.
Interleukin-17 increases the effects of IL-1B on muscle cells: arguments for the role
of T cells in the pathogenesis of myositis. ] Neuroimmunology. (2003) 137:125-33.
doi: 10.1016/S0165-5728(03)00032-8

60. Sugiura T, Harigai M, Kawaguchi Y, Takagi K, Fukasawa C, Ohsako-Higami S,
et al. Increased IL-15 production of muscle cells in polymyositis and dermatomyositis.

Int Immunol. (2002) 14:917-24. doi: 10.1093/intimm/dxf062

61. Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and fibrosis.
Immunity. (2016) 44:450-62. doi: 10.1016/j.immuni.2016.02.015

frontiersin.org


https://doi.org/10.1038/s41467-021-27875-4
https://doi.org/10.1242/dmm.018127
https://doi.org/10.1242/dmm.018127
https://doi.org/10.1038/cdd.2010.33
https://doi.org/10.1093/jnen/nlaa023
https://doi.org/10.1016/j.it.2020.10.005
https://doi.org/10.1016/j.it.2024.02.004
https://doi.org/10.1016/j.it.2024.02.004
https://doi.org/10.1038/nature15514
https://doi.org/10.1038/nature18629
https://doi.org/10.1038/nature18590
https://doi.org/10.1038/s41422-020-0295-8
https://doi.org/10.1038/s41422-020-0295-8
https://doi.org/10.1126/sciimmunol.abo6294
https://doi.org/10.1126/sciimmunol.abo6294
https://doi.org/10.3389/fimmu.2023.1148727
https://doi.org/10.1016/j.mib.2020.07.012
https://doi.org/10.4049/immunohorizons.2100059
https://doi.org/10.4049/immunohorizons.2100059
https://doi.org/10.1038/s41467-020-16887-1
https://doi.org/10.1080/01926230701320337
https://doi.org/10.1016/s0092-8674(00)80434-1
https://doi.org/10.1016/s0092-8674(00)80434-1
https://doi.org/10.1002/j.1460-2075.1995.tb00245.x
https://doi.org/10.1002/j.1460-2075.1995.tb00245.x
https://doi.org/10.1126/science.281.5381.1305
https://doi.org/10.1038/nri.2016.150
https://doi.org/10.3390/ijms21124440
https://doi.org/10.1152/ajpregu.2000.279.4.R1165
https://doi.org/10.1038/nri2936
https://doi.org/10.1038/nm.3893
https://doi.org/10.3390/cells10113023
https://doi.org/10.1186/s40635-016-0115-0
https://doi.org/10.3389/fimmu.2022.1035709
https://doi.org/10.7150/thno.74831
https://doi.org/10.7150/thno.74831
https://doi.org/10.1126/science.1065874
https://doi.org/10.1152/ajpendo.00060.2017
https://doi.org/10.1152/ajpendo.00060.2017
https://doi.org/10.1101/gad.1228704
https://doi.org/10.1016/j.cell.2004.09.027
https://doi.org/10.1126/science.289.5488.2363
https://doi.org/10.1038/s41420-023-01365-6
https://doi.org/10.1083/jcb.200909117
https://doi.org/10.1038/ni.1863
https://doi.org/10.1152/ajpregu.00490.2005
https://doi.org/10.1002/jcsm.12491
https://doi.org/10.1038/nri1604
https://doi.org/10.1002/ana.20464
https://doi.org/10.1093/rheumatology/keae082
https://doi.org/10.1111/febs.12338
https://doi.org/10.1155/2014/206026
https://doi.org/10.1002/art.24689
https://doi.org/10.1172/JCI118398
https://doi.org/10.1136/ard.2004.032359
https://doi.org/10.1016/S0165-5728(03)00032-8
https://doi.org/10.1093/intimm/dxf062
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.3389/fimmu.2026.1871966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamashita et al.

62. Leduc-Gaudet JP, Hussain SNA, Barreiro E, Gouspillou G. Mitochondrial dynam-
ics and mitophagy in skeletal muscle health and aging. Int ] Mol Sci. (2021) 22:8179.
doi: 10.3390/ijms22158179

63. Udd B, Krahe R. The myotonic dystrophies: molecular, clinical, and therapeutic
challenges. Lancet Neurol. (2012) 11:891-905. doi: 10.1016/S1474-4422(12)70204-1

64. Thornton CA. Myotonic dystrophy. Neurol Clin. (2014) 32:705-19, viii.
doi: 10.1016/j.ncl.2014.04.011

65. Santoro M, Fontana L, Masciullo M, Bianchi MLE, Rossi S, Leoncini E, et al.
Expansion size and presence of CCG/CTC/CGG sequence interruptions in the
expanded CTG array are independently associated to hypermethylation at the
DMPK locus in myotonic dystrophy type 1 (DM1). Biochim Biophys Acta (BBA) -
Mol Basis Dis. (2015) 1852:2645-52. doi: 10.1016/j.bbadis.2015.09.007

66. Hasuike Y, Mochizuki H, Nakamori M. Expanded CUG repeat RNA induces
premature senescence in myotonic dystrophy model cells. Front Genet. (2022)
13:865811. doi: 10.3389/fgene.2022.865811

67. Garcia-Puga M, Saenz-Antofanzas A, Gerenu G, Arrieta-Legorburu A, Fernandez-
Torron R, Zulaica M, et al. Senescence plays a role in myotonic dystrophy type 1. JCI
Insight. (2022) 7:¢159357. doi: 10.1172/jci.insight.159357

68. Conte TC, Duran-Bishop G, Orfi Z, Mokhtari I, Deprez A, Coté I, et al. Clearance
of defective muscle stem cells by senolytics restores myogenesis in myotonic dystrophy
type 1. Nat Commun. (2023) 14:4033. doi: 10.1038/s41467-023-39663-3

69. Nakamori M. Expanded-repeat-RNA-mediated disease mechanisms in myotonic
dystrophy. Neurol Clin Neurosci. (2024) 12:16-23. doi: 10.1111/ncn3.12687

70. Yadava RS, Foff EP, Yu Q, Gladman JT, Kim YK, Bhatt KS, et al. TWEAK/Fn14, a
pathway and novel therapeutic target in myotonic dystrophy. Hum Mol Genet. (2014)
24:2035-48. doi: 10.1093/hmg/ddu617

71. Rhodes JD, Lott MC, Russell SL, Moulton V, Sanderson ], Wormstone IM, et al.
Activation of the innate immune response and interferon signalling in myotonic
dystrophy type 1 and type 2 cataracts. Hum Mol Genet. (2011) 21:852-62. doi: 10.1093/
hmg/ddr515

72. Rosing S, Ullrich F, Meisterfeld S, Schmidt F, Mlitzko L, Croon M, et al. Chronic
endoplasmic reticulum stress in myotonic dystrophy type 2 promotes autoimmunity
via mitochondrial DNA release. Nat Commun. (2024) 15:1534. doi: 10.1038/s41467-
024-45535-1

73. Rizzo M, Befty P, Del Carratore R, Falleni A, Pretini V, D’Aurizio R, et al.
Activation of the interferon type I response rather than autophagy contributes to
myogenesis inhibition in congenital DM1 myoblasts. Cell Death Dis. (2018) 9:1071.
doi: 10.1038/s41419-018-1080-1

74. Nakamori M, Hamanaka K, Thomas JD, Wang ET, Hayashi YK, Takahashi MP,
et al. Aberrant myokine signaling in congenital myotonic dystrophy. Cell Rep. (2017)
21:1240-52. doi: 10.1016/j.celrep.2017.10.018

75. Sandri M, Minetti C, Pedemonte M, Carraro U. Apoptotic myonuclei in human
Duchenne muscular dystrophy. Lab Invest. (1998) 78:1005-16.

76. Kuru S, Inukai A, Kato T, Liang Y, Kimura S, Sobue G. Expression of tumor
necrosis factor-o in regenerating muscle fibers in inflammatory and non-inflammatory
myopathies. Acta Neuropathol. (2003) 105:217-24. doi: 10.1007/s00401-002-0635-4

77. Messina S, Vita GL, Aguennouz M, Sframeli M, Romeo S, Rodolico C, et al.
Activation of NF-kappaB pathway in Duchenne muscular dystrophy: relation to age.
Acta Myol. (2011) 30:16-23.

78. Giordano C, Mojumdar K, Liang F, Lemaire C, Li T, Richardson J, et al. Toll-like
receptor 4 ablation in mdx mice reveals innate immunity as a therapeutic target in
Duchenne muscular dystrophy. Hum Mol Genet. (2014) 24:2147-62. doi: 10.1093/hmg/
ddu735

79. Hathout Y, Brody E, Clemens PR, Cripe L, DeLisle RK, Furlong P, et al. Large-scale
serum protein biomarker discovery in Duchenne muscular dystrophy. Proc Natl Acad
Sci. (2015) 112:7153-8. doi: 10.1073/pnas.1507719112

80. Pelosi L, Berardinelli MG, De Pasquale L, Nicoletti C, D'Amico A, Carvello F, et al.
Functional and morphological improvement of dystrophic muscle by interleukin 6
receptor blockade. eBioMedicine. (2015) 2:285-93. doi: 10.1016/j.ebiom.2015.02.014

81. Wada E, Tanihata J, Iwamura A, Takeda S, Hayashi YK, Matsuda R. Treatment
with the anti-IL-6 receptor antibody attenuates muscular dystrophy via promoting
skeletal muscle regeneration in dystrophin-/utrophin-deficient mice. Skeletal Muscle.
(2017) 7:23. doi: 10.1186/s13395-017-0140-z

82. Boccanegra B, Cappellari O, Mantuano P, Trisciuzzi D, Mele A, Tulimiero L, et al.
Growth hormone secretagogues modulate inflammation and fibrosis in mdx mouse
model of Duchenne muscular dystrophy. Front Immunol. (2023) 14. doi: 10.3389/
fimmu.2023.1119888

83. Hochberg MC, Feldman D, Stevens MB. Adult onset polymyositis/
dermatomyositis: an analysis of clinical and laboratory features and survival in 76
patients with a review of the literature. Semin Arthritis Rheumatism. (1986) 15:168-78.
doi: 10.1016/0049-0172(86)90014-4

84. Amato AA, Barohn RJ. Idiopathic inflammatory myopathies. Neurologic Clinics.
(1997) 15:615-48. doi: 10.1016/50733-8619(05)70337-6

Frontiers in Immunology

15

10.3389/fimmu.2026.1871966

85. Sontheimer RD. Cutaneous features of classic dermatomyositis and amyopathic
dermatomyositis. Curr Opin Rheumatol. (1999) 11:475-82. doi: 10.1097/00002281-
199911000-00005

86. Kamperman RG, van der Kooi AJ, de Visser M, Aronica E, Raaphorst J.
Pathophysiological mechanisms and treatment of dermatomyositis and immune
mediated necrotizing myopathies: a focused review. Int ] Mol Sci. (2022) 23:4301.
doi: 10.3390/ijms23084301

87. Greenberg SA. Dermatomyositis and type 1 interferons. Curr Rheumatol Rep.
(2010) 12:198-203. doi: 10.1007/s11926-010-0101-6

88. Honda M, Shimizu F, Sato R, Nakamori M. Contribution of complement,
microangiopathy and inflammation in idiopathic inflammatory myopathies. J
Neuromuscular Dis. (2024) 11:5-16. doi: 10.3233/jnd-230168

89. Yin X, Han G-C, Jiang X-W, Shi Q, Pu C-Q, Lyu P. Increased expression of the
NOD-like receptor family, pyrin domain containing 3 inflammasome in
dermatomyositis and polymyositis is a potential contributor to their pathogenesis.
Chin Med ]. (2016) 129:1047-52. doi: 10.4103/0366-6999.180528

90. Liu D, Xiao Y, Zhou B, Gao S, Li L, Zhao L, et al. PKM2-dependent glycolysis
promotes skeletal muscle cell pyroptosis by activating the NLRP3 inflammasome in
dermatomyositis/polymyositis. Rheumatology. (2020) 60:2177-89. doi: 10.1093/rheu-
matology/keaad73

91. Brunn A, Zornbach K, Hans VH, Haupt WEF, Deckert M. Toll-like receptors
promote inflammation in idiopathic inflammatory myopathies. J Neuropathol Exp
Neurol. (2012) 71:855-67. doi: 10.1097/NEN.0b013e31826bf7f3

92. Cappelletti C, Baggi F, Zolezzi F, Biancolini D, Beretta O, Severa M, et al. Type I
interferon and Toll-like receptor expression characterizes inflammatory myopathies.
Neurology. (2011) 76:2079-88. doi: 10.1212/WNL.0b013e31821f440a

93. Tournadre A, Lenief V, Miossec P. Expression of toll-like receptor 3 and toll-like
receptor 7 in muscle is characteristic of inflammatory myopathy and is differentially
regulated by Thl and Thl17 cytokines. Arthritis Rheumatism. (2010) 62:2144-55.
doi: 10.1002/art.27465

94. Wu Y, Deshpande A, Geraci N, Budde P, Sellers V, Velisetty P, et al. TLR7/8
activation in immune cells and muscle by RNA-containing immune complexes: role in
inflammation and the pathogenesis of myositis. Arthritis Rheumatol. (2025) 77:190-
201. doi: 10.1002/art.42989

95. Mackiewicz Z, Hukkanen M, Povilenaite D, Sukura A, Fonseca JE, Virtanen I, et al.
Dual effects of caspase-1, interleukin-1 beta, tumour necrosis factor-alpha and nerve
growth factor receptor in inflammatory myopathies. Clin Exp Rheumatol. (2003)
21:41-8.

96. Loell I, Raouf ], Chen Y-W, Shi R, Nennesmo I, Alexanderson H, et al. Effects on
muscle tissue remodeling and lipid metabolism in muscle tissue from adult patients
with polymyositis or dermatomyositis treated with immunosuppressive agents.
Arthritis Res Ther. (2016) 18:136. doi: 10.1186/s13075-016-1033-y

97. Lee S, Karki R, Wang Y, Nguyen LN, Kalathur RC, Kanneganti T-D. AIM2 forms a
complex with pyrin and ZBP1 to drive PANoptosis and host defence. Nature. (2021)
597:415-9. doi: 10.1038/s41586-021-03875-8

98. Uruha A, Nishikawa A, Tsuburaya RS, Hamanaka K, Kuwana M, Watanabe Y,
et al. Sarcoplasmic MxA expression. Neurology. (2017) 88:493-500. doi: 10.1212/
WNL.0000000000003568

99. Lee S, Ishitsuka A, Noguchi M, Hirohama M, Fujiyasu Y, Petric PP, et al. Influenza
restriction factor MxA functions as inflammasome sensor in the respiratory epithelium.
Sci Immunol. (2019) 4:eaaud643. doi: 10.1126/sciimmunol.aau4643

100. Reed AM, Peterson E, Bilgic H, Ytterberg SR, Amin S, Hein MS, et al. Changes in
novel biomarkers of disease activity in juvenile and adult dermatomyositis are sensitive
biomarkers of disease course. Arthritis Rheum. (2012) 64:4078-86. doi: 10.1002/
art.34659

101. Bilgic H, Ytterberg SR, Amin S, McNallan KT, Wilson JC, Koeuth T, et al.
Interleukin-6 and type I interferon-regulated genes and chemokines mark disease
activity in dermatomyositis. Arthritis Rheumatism. (2009) 60:3436-45. doi: 10.1002/
art.24936

102. Gallay L, Fermon C, Lessard L, Weiss-Gayet M, Viel S, Streichenberger N, et al.
Involvement of type I interferon signaling in muscle stem cell proliferation during
dermatomyositis. Neurology. (2022) 98:2108-19. doi: 10.1212/WNL.000000000020027 1

103. Kaewin S, Leijding C, Gastaldello S, Makari D, Zhong Y, Andreasson KM, et al.
Inhibition of the type I interferon receptor pathway protects against muscle weakness
induced by dermatomyositis serum. Ann Rheumatic Dis. (2026) 85:1180-90.
doi: 10.1016/j.ard.2026.02.018

104. Loaiza-Félix J, Moreno-Ramirez M, Pérez-Garcia FL, Jiménez-Rojas V, Sanchez-
Mufioz F, Amezcua-Guerra ML. Serum levels of adipokines in patients with idiopathic
inflammatory myopathies: a pilot study. Rheumatol Int. (2017) 37:1341-5.
doi: 10.1007/s00296-017-3752-z

105. Zong M, Loell I, Lindroos E, Nader GA, Alexanderson H, Hallengren CS, et al.
Effects of immunosuppressive treatment on interleukin-15 and interleukin-15 receptor
o expression in muscle tissue of patients with polymyositis or dermatomyositis. Ann
Rheumatic Dis. (2012) 71:1055-63. doi: 10.1136/annrheumdis-2011-200495

frontiersin.org


https://doi.org/10.3390/ijms22158179
https://doi.org/10.1016/S1474-4422(12)70204-1
https://doi.org/10.1016/j.ncl.2014.04.011
https://doi.org/10.1016/j.bbadis.2015.09.007
https://doi.org/10.3389/fgene.2022.865811
https://doi.org/10.1172/jci.insight.159357
https://doi.org/10.1038/s41467-023-39663-3
https://doi.org/10.1111/ncn3.12687
https://doi.org/10.1093/hmg/ddu617
https://doi.org/10.1093/hmg/ddr515
https://doi.org/10.1093/hmg/ddr515
https://doi.org/10.1038/s41467-024-45535-1
https://doi.org/10.1038/s41467-024-45535-1
https://doi.org/10.1038/s41419-018-1080-1
https://doi.org/10.1016/j.celrep.2017.10.018
https://doi.org/10.1007/s00401-002-0635-4
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1093/hmg/ddu735
https://doi.org/10.1073/pnas.1507719112
https://doi.org/10.1016/j.ebiom.2015.02.014
https://doi.org/10.1186/s13395-017-0140-z
https://doi.org/10.3389/fimmu.2023.1119888
https://doi.org/10.3389/fimmu.2023.1119888
https://doi.org/10.1016/0049-0172(86)90014-4
https://doi.org/10.1016/S0733-8619(05)70337-6
https://doi.org/10.1097/00002281-199911000-00005
https://doi.org/10.1097/00002281-199911000-00005
https://doi.org/10.3390/ijms23084301
https://doi.org/10.1007/s11926-010-0101-6
https://doi.org/10.3233/jnd-230168
https://doi.org/10.4103/0366-6999.180528
https://doi.org/10.1093/rheumatology/keaa473
https://doi.org/10.1093/rheumatology/keaa473
https://doi.org/10.1097/NEN.0b013e31826bf7f3
https://doi.org/10.1212/WNL.0b013e31821f440a
https://doi.org/10.1002/art.27465
https://doi.org/10.1002/art.42989
https://doi.org/10.1186/s13075-016-1033-y
https://doi.org/10.1038/s41586-021-03875-8
https://doi.org/10.1212/WNL.0000000000003568
https://doi.org/10.1212/WNL.0000000000003568
https://doi.org/10.1126/sciimmunol.aau4643
https://doi.org/10.1002/art.34659
https://doi.org/10.1002/art.34659
https://doi.org/10.1002/art.24936
https://doi.org/10.1002/art.24936
https://doi.org/10.1212/WNL.0000000000200271
https://doi.org/10.1016/j.ard.2026.02.018
https://doi.org/10.1007/s00296-017-3752-z
https://doi.org/10.1136/annrheumdis-2011-200495
https://doi.org/10.3389/fimmu.2026.1871966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamashita et al.

106. Carfi A, Bernabei R, Landi F, G. A. C.-P.-A. C. S. Group. Persistent symptoms in
patients after acute COVID-19. JAMA. (2020) 324:603-5. doi: 10.1001/
jama.2020.12603

107. Aschman T, Schneider ], Greuel S, Meinhardt J, Streit S, Goebel H-H, et al.
Association between SARS-CoV-2 infection and immune-mediated myopathy in
patients who have died. JAMA Neurol. (2021) 78:948-60. doi: 10.1001/
jamaneurol.2021.2004

108. Pitscheider L, Karolyi M, Burkert FR, Helbok R, Wanschitz JV, Horlings C, et al.
Muscle involvement in SARS-CoV-2 infection. Eur ] Neurol. (2021) 28:3411-7.
doi: 10.1111/ene.14564

109. Tankisi H, Tankisi A, Harbo T, Markvardsen LK, Andersen H, Pedersen TH.
Critical illness myopathy as a consequence of Covid-19 infection. Clin Neurophysiol.
(2020) 131:1931-2. doi: 10.1016/j.clinph.2020.06.003

110. Frithiof R, Rostami E, Kumlien E, Virhammar J, Fillmar D, Hultstrém M, et al.
Critical illness polyneuropathy, myopathy and neuronal biomarkers in COVID-19
patients: A prospective study. Clin Neurophysiol. (2021) 132:1733-40. doi: 10.1016/
j.clinph.2021.03.016

111. Shi Z, de Vries HJ, Vlaar APJ, van der Hoeven J, Boon RA, Heunks LMA, et al.
Diaphragm pathology in critically ill patients with COVID-19 and postmortem
findings from 3 medical centers. JAMA Intern Med. (2021) 181:122-4. doi: 10.1001/
jamainternmed.2020.6278

112. Lehtinen O, Broman N, Waris M, Vuorinen T, Peltola V, Loyttyniemi E, et al.
Association of human myxovirus resistance protein A with severity of COVID-19.
BMC Infect Dis. (2022) 22:755. doi: 10.1186/s12879-022-07753-0

113. Dodig D, Tarnopolsky MA, Margeta M, Gordon K, Fritzler MJ, Lu JQ. COVID-
19-associated critical illness myopathy with direct viral effects. Ann Neurol. (2022)
91:568-74. doi: 10.1002/ana.26318

114. Rodrigues D, MaChado MR, Alves JV, Fraga-Silva TFC, Martins RB, Campos
LCB, et al. Cytokine storm in individuals with severe COVID-19 decreases endothelial
cell antioxidant defense via downregulation of the Nrf2 transcriptional factor. Am |
Physiol Heart Circ Physiol. (2023) 325:H252-63. doi: 10.1152/ajpheart.00096.2023

115. Yu M, Hwang S, Jang H, Park D, Kim J, Gil J, et al. Prolonged immune activation
in post-acute sequelae of SARS-CoV-2: neutrophil dynamics and therapeutic insights.
Exp Mol Med. (2025) 57:2067-82. doi: 10.1038/s12276-025-01539-5

116. Durucan I, Guner S, Kilickiran Avci B, Unverengil G, Melikoglu M, Ugurlu S.
Post-COVID-19 vaccination inflammatory syndrome: A case report. Modern
Rheumatol Case Rep. (2022) 7:280-2. doi: 10.1093/mrcr/rxac041

117. Kim JH, Kim JH, Woo CG. Clinicopathological characteristics of inflammatory
myositis induced by COVID-19 vaccine (Pfizer-bioNTech BNT162b2): A case report.
Jjkms. (2022) 37:€91-90. doi: 10.3346/jkms.2022.37.e91

118. Chaima K, Mariem A, Sana B, Khadija S, Mariem R, Massara B, et al. Vaccine-
induced dermatomyositis following COVID-19 vaccination. Dermatol Ther. (2022) 35:
€15749. doi: 10.1111/dth.15749

119. Kondo Y, Oyama M, Nakamura Y, Matsubara S, Tanikawa A, Kaneko Y.
Dermatomyositis-like rash and inflammatory myopathy after mRNA-1273 vaccina-
tion. Rheumatology. (2022) 61:e171-3. doi: 10.1093/rheumatology/keac038

120. Ntouros PA, Vlachogiannis NI, Pappa M, Nezos A, Mavragani CP, Tektonidou
MG, et al. Effective DNA damage response after acute but not chronic immune
challenge: SARS-CoV-2 vaccine versus Systemic Lupus Erythematosus. Clin Immunol.
(2021) 229:108765. doi: 10.1016/j.clim.2021.108765

121. Lee S, Ryu JH. Influenza viruses: innate immunity and mRNA vaccines. Front
Immunol. (2021) 12:710647. doi: 10.3389/fimmu.2021.710647

122. Dalakas MC. Inflammatory muscle diseases. N Engl ] Med. (2015) 372:1734-47.
doi: 10.1056/NEJMra1402225

123. Mercuri E, Bonnemann CG, Muntoni F. Muscular dystrophies. Lancet. (2019)
394:2025-38. doi: 10.1016/S0140-6736(19)32910-1

Frontiers in Immunology

16

10.3389/fimmu.2026.1871966

124. Wang L, Jiao X-F, Wu C, Li X-Q, Sun H-X, Shen X-Y, et al. Trimetazidine
attenuates dexamethasone-induced muscle atrophy via inhibiting NLRP3/GSDMD
pathway-mediated pyroptosis. Cell Death Discov. (2021) 7:251. doi: 10.1038/s41420-
021-00648-0

125. Dubuisson N, Davis-Lopez de Carrizosa MA, Versele R, Selvais CM, Noel L, Van
den Bergh PYD, et al. Inhibiting the inflammasome with MCC950 counteracts muscle
pyroptosis and improves Duchenne muscular dystrophy. Front Immunol. (2022)
13:1049076. doi: 10.3389/fimmu.2022.1049076

126. Ma M, Chai K, Deng R. Study of the correlation between the noncanonical
pathway of pyroptosis and idiopathic inflammatory myopathy. Int Immunopharmacol.
(2021) 98:107810. doi: 10.1016/j.intimp.2021.107810

127. Oh S, Yang J, Park C, Son K, Byun K. Dieckol attenuated glucocorticoid-induced
muscle atrophy by decreasing NLRP3 inflammasome and pyroptosis. Int ] Mol Sci.
(2021) 22:8057. doi: 10.3390/ijms22158057

128. Shin S, Choi YK, Lee S. Targeting innate immune sensors for therapeutic strategies
in infectious diseases. ] Microbiol. (2025) 63:€2503009. doi: 10.71150/jm.2503009

129. Aluganti Narasimhulu C, Singla DK. Amelioration of diabetes-induced inflam-
mation mediated pyroptosis, sarcopenia, and adverse muscle remodelling by bone
morphogenetic protein-7. J Cachexia Sarcopenia Muscle. (2021) 12:403-20.
doi: 10.1002/jcsm.12662

130. Landon-Cardinal O, Guillaume-Jugnot P, Toquet S, Sbeih N, Rigolet A,
Champtiaux N, et al. JAK inhibitors for the treatment of adult dermatomyositis: A
pilot study. ] Am Acad Dermatol. (2023) 88:924-6. doi: 10.1016/j.jaad.2022.10.055

131. Hornung T, Janzen V, Heidgen F-J, Wolf D, Bieber T, Wenzel J. Remission of
recalcitrant dermatomyositis treated with ruxolitinib. N Engl ] Med. (2014) 371:2537-8.
doi: 10.1056/NEJMc1412997

132. Zhao Q, Zhu Z, Fu Q, Shih Y, Wu D, Chen L, et al. Baricitinib for the treatment of
cutaneous dermatomyositis: A prospective, open-label study. ] Am Acad Dermatol.
(2022) 87:1374-6. doi: 10.1016/j.jaad.2022.08.025

133. Kurtzman DJB, Wright NA, Lin J, Femia AN, Merola JF, Patel M, et al. Tofacitinib
citrate for refractory cutaneous dermatomyositis: an alternative treatment. JAMA
Dermatol. (2016) 152:944-5. doi: 10.1001/jamadermatol.2016.0866

134. Paik JJ, Casciola-Rosen L, Shin JY, Albayda J, Tiniakou E, Leung DG, et al. Study
of tofacitinib in refractory dermatomyositis: an open-label pilot study of ten patients.
Arthritis Rheumatol. (2021) 73:858-65. doi: 10.1002/art.41602

135. Higgs BW, Zhu W, Morehouse C, White WI, Brohawn P, Guo X, et al. A phase 1b
clinical trial evaluating sifalimumab, an anti-IFN-o monoclonal antibody, shows target
neutralisation of a type I IFN signature in blood of dermatomyositis and polymyositis
patients. Ann Rheum Dis. (2014) 73:256-62. doi: 10.1136/annrheumdis-2012-202794

136. Campanilho-Marques R, Deakin CT, Simou S, Papadopoulou C, Wedderburn LR,
Pilkington CA, et al. Retrospective analysis of infliximab and adalimumab treatment in
a large cohort of juvenile dermatomyositis patients. Arthritis Res Ther. (2020) 22:79.
doi: 10.1186/s13075-020-02164-5

137. Riley P, McCann L], Maillard SM, Woo P, Murray KJ, Pilkington CA.
Effectiveness of infliximab in the treatment of refractory juvenile dermatomyositis
with calcinosis. Rheumatology. (2008) 47:877-80. doi: 10.1093/rheumatology/ken074

138. Hengstman GJD, van den Hoogen FH]J, Barrera P, Netea MG, Pieterse A, van de
Putte LBA, et al. Successful treatment of dermatomyositis and polymyositis with anti-
tumor-necrosis-factor-alpha: preliminary observations. Eur Neurol. (2003) 50:10-5.
doi: 10.1159/000070852

139. Schiftenbauer A, Garg M, Castro C, Pokrovnichka A, Joe G, Shrader J, et al. A
randomized, double-blind, placebo-controlled trial of infliximab in refractory
polymyositis and dermatomyositis. Semin Arthritis Rheumatism. (2018) 47:858-64.
doi: 10.1016/j.semarthrit.2017.10.010

140. LiS, Li W, Jiang W, He L, Peng Q, Wang G, et al. The efficacy of tocilizumab in the
treatment of patients with refractory immune-mediated necrotizing myopathies: an
open-label pilot study. Front Pharmacol. (2021) 12. doi: 10.3389/fphar.2021.635654

frontiersin.org


https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.1001/jamaneurol.2021.2004
https://doi.org/10.1001/jamaneurol.2021.2004
https://doi.org/10.1111/ene.14564
https://doi.org/10.1016/j.clinph.2020.06.003
https://doi.org/10.1016/j.clinph.2021.03.016
https://doi.org/10.1016/j.clinph.2021.03.016
https://doi.org/10.1001/jamainternmed.2020.6278
https://doi.org/10.1001/jamainternmed.2020.6278
https://doi.org/10.1186/s12879-022-07753-0
https://doi.org/10.1002/ana.26318
https://doi.org/10.1152/ajpheart.00096.2023
https://doi.org/10.1038/s12276-025-01539-5
https://doi.org/10.1093/mrcr/rxac041
https://doi.org/10.3346/jkms.2022.37.e91
https://doi.org/10.1111/dth.15749
https://doi.org/10.1093/rheumatology/keac038
https://doi.org/10.1016/j.clim.2021.108765
https://doi.org/10.3389/fimmu.2021.710647
https://doi.org/10.1056/NEJMra1402225
https://doi.org/10.1016/S0140-6736(19)32910-1
https://doi.org/10.1038/s41420-021-00648-0
https://doi.org/10.1038/s41420-021-00648-0
https://doi.org/10.3389/fimmu.2022.1049076
https://doi.org/10.1016/j.intimp.2021.107810
https://doi.org/10.3390/ijms22158057
https://doi.org/10.71150/jm.2503009
https://doi.org/10.1002/jcsm.12662
https://doi.org/10.1016/j.jaad.2022.10.055
https://doi.org/10.1056/NEJMc1412997
https://doi.org/10.1016/j.jaad.2022.08.025
https://doi.org/10.1001/jamadermatol.2016.0866
https://doi.org/10.1002/art.41602
https://doi.org/10.1136/annrheumdis-2012-202794
https://doi.org/10.1186/s13075-020-02164-5
https://doi.org/10.1093/rheumatology/ken074
https://doi.org/10.1159/000070852
https://doi.org/10.1016/j.semarthrit.2017.10.010
https://doi.org/10.3389/fphar.2021.635654
https://doi.org/10.3389/fimmu.2026.1871966
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Yamashita et al.

Glossary
ACE2
AIM2
CDASI
CDM
CIM
CIP/CIM
CK
COVID-19
DAMP
DEX
DM
DM1
DM2
DMD
Fnl14
GSDMD
GSDME
HMGBI1
HSP70
IBM

IFN
IFNAR
IIM

IL

angiotensin-converting enzyme 2
absent in melanoma 2

Cutaneous Dermatomyositis Disease Area and Severity Index
congenital myotonic dystrophy
C-protein-induced myositis

critical illness polyneuropathy and myopathy
creatine kinase

coronavirus disease 2019
damage-associated molecular pattern
dexamethasone

dermatomyositis

myotonic dystrophy type 1
myotonic dystrophy type 2
Duchenne muscular dystrophy
fibroblast growth factor-inducible 14
gasdermin D

gasdermin E

high-mobility group box 1

heat shock protein 70

inclusion body myositis

interferon

interferon-ou/p

idiopathic inflammatory myopathy

interleukin
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IMNM
1SG
JDM
MLKL
MuRF1
MxA
MyD88
NF-xB
NLRP3
PAMP
PBMC
PM
PRR
RIPK1
RIPK3
SAA1
SARS-CoV-2
STAT3
TLR
T™Z
TNF-ou
TNFR1
TWEAK

ZBP1
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immune-mediated necrotizing myopathy
interferon-stimulated gene

juvenile dermatomyositis

mixed-lineage kinase domain-like protein
muscle RING finger 1

myxovirus resistance protein A

myeloid differentiation primary response 88
nuclear factor kappa B

NOD-like receptor family pyrin domain-containing 3
pathogen-associated molecular pattern
peripheral blood mononuclear cell

polymyositis

pattern-recognition receptor
receptor-interacting protein kinase 1
receptor-interacting protein kinase 3

serum amyloid Al

severe acute respiratory syndrome coronavirus 2
signal transducer and activator of transcription 3
Toll-like receptor

trimetazidine

tumor necrosis factor-alpha

tumor necrosis factor receptor 1

TNF-like weak inducer of apoptosis

Z-DNA binding protein 1
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