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Metabolic dysfunction-associated steatotic liver disease (MASLD) and its advanced form, metabolic
dysfunction-associated steatohepatitis (MASH), are major global health issues involving metabolic
dysfunction, hepatic lipotoxicity, and chronic inflammation. A key driver of MASH pathogenesis is
sterile inflammation, a non-infectious immune response triggered by molecules that are released from
injured or dying liver cells. These molecules termed as damage-associated molecular patterns
(DAMPs), which activate innate immune receptors, such as Toll-like receptors (TLRs), NOD-like
receptors, and the cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway
to encourage inflammatory signaling, cytokine production, immune cell recruitment, and ultimately
fibrogenic activation in MASH. Sterile inflammation sits at the crossroads of metabolic injury and
immune activation in MASH and drives disease progression from simple fat build-up to irreversible
liver damage. Targeting these sterile inflammatory pathways appears to be an attractive approach for
halting or reversing hepatic inflammation and fibrogenic activation in MASH. Extracellular RNAs
(eRNAs) have recently been identified as potent DAMPs that trigger sterile inflammation in MASH by
engaging in TLR3 signaling. Furthermore, RNase1-based treatments have been proposed as novel
therapeutic strategies to interrupt the self-sustaining loop of inflammatory signaling induced by eRNA
in MASH. In this review, we discuss the key molecular mechanisms that fuel sterile inflammation in

MASLD/MASH, highlighting eRNA as novel therapeutic targets to restrict inflammation in MASH.

Metabolic dysfunction-associated steatotic liver disease (MASLD) and its
more advanced form, metabolic dysfunction-associated steatohepatitis
(MASH), substantially contribute to chronic liver disease and liver-
related mortality worldwide, affecting nearly 38% of the global adult
population'. MASLD includes a range of liver diseases, from benign
steatosis (simple fatty liver) to a more severe form, MASH, which is
characterized by hepatocyte injury, persistent inflammation, and fibrosis.
MASH may ultimately progress to cirrhosis and hepatocellular carci-
noma (HCC)>. MASLD has multifactorial pathogenesis involving
metabolic dysregulation, oxidative stress, and chronic inflammation, all
of which collectively drive disease progression’. Although the early stages
of MASLD are often driven by metabolic disturbances in extrahepatic
organs, such as the gut, adipose tissue, and skeletal muscle, the transition
to MASH largely involves intrahepatic events, particularly chronic
inflammation®.

While simple fat accumulation in the liver is often harmless, chronic
lipid overload, termed lipotoxicity’, triggers a harmful immune response
known as sterile inflammation, a non-infectious inflammatory response
triggered by endogenous danger signals, as a key driver of MASLD pro-
gression. Lipid-induced hepatocyte stress (lipotoxicity) and death results in
the release of self-molecules termed ‘damage-associated molecular patterns
(DAMPs), such as adenosine triphosphate (ATP), histones, cholesterol
crystals, nuclear protein high-mobility group box 1 (HMGBI1), as well as
nucleic acids, particularly mitochondrial DNA (mtDNA) and extracellular
RNAs (eRNAs)™. These DAMPs bind and activate pattern recognition
receptors (PRRs) on immune cells to elicit innate immune responses that
perpetuate liver inflammation and fibrosis. Sterile inflammation is well
recognized in models of liver injury, including ischemia-reperfusion (IR)
injury, acetaminophen toxicity, and alcoholic hepatitis, however, its distinct
role in MASLD/MASH remains incompletely characterized’™.
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Among the different DAMPs implicated in sterile inflammation,
eRNAs have recently been recognized as potent immunostimulatory
molecules. eRNAs may be actively secreted under stress or released passively
from dying hepatocytes to engage toll-like receptors (TLRs) and other PRRs
to amplify sterile immune responses. Recent literature suggests that eRNAs
may induce a self-reinforcing loop of inflammation in the lipotoxic envir-
onment of MASLD'*"". Despite their growing recognition, the molecular
mechanisms by which eRNAs navigate sterile inflammation in the liver
remain poorly understood. In this review, we discuss the role of sterile
inflammation in MASLD and MASH and highlight the molecular pathways
through which various DAMPs, particularly eRNAs, contribute to liver
inflammation. We emphasize the immunological significance of eRNAs in
the pathogenesis of NALFD and further evaluate the therapeutic promise of
RNasel, an extracellular RNA-degrading enzyme, as a novel intervention
strategy to mitigate sterile inflammation and disease progression.

Triggers of sterile inflammation in MASLD

Lipotoxicity as a central driver of sterile inflammation in MASLD
Sterile inflammation in MASLD is initiated by metabolic/nutrient stress and
sustained by the release of DAMPs, forming a self-sustaining inflammatory
loop (Fig. 1). At the core of this process is hepatic lipotoxicity, a condition
driven by excessive accumulation of toxic lipid species, such as saturated free
fatty acids (FFAs), notably palmitate, ceramides, lysophosphatidylcholine,
and diacylglycerols, due to systemic insulin resistance and disrupted hepatic
lipid metabolism'>". Uncurbed lipid assemblages in hepatocytes perturb
cellular homeostasis by activating stress kinases, inducing mitochondrial
dysfunction, and causing endoplasmic reticulum (ER) stress, which ulti-
mately leads to cell death via apoptosis, necroptosis, or pyroptosis'*".
Palmitate augments mitochondrial reactive oxygen species (ROS) produc-
tion and ER stress, promoting the activation of pro-apoptotic pathways,
such as CCAAT/enhancer-binding protein homologous protein (CHOP)
and Jun-N-terminal kinase (JNK)". Lipotoxic cell death not only com-
promises hepatocyte viability, but also results in the release of immunogenic
DAMPs, including HMGB1, mitochondrial DNA, and extracellular RNAs,
which engage PRRs on innate immune cells, amplifying hepatic
inflammation'®". Lipotoxicity functions as a critical early trigger, linking
metabolic dysfunction to sterile inflammation and fibrogenic progression
in MASLD.

Release of danger-associated molecular patterns (DAMPs)
Factors that trigger inflammation in MASLD may originate both outside
and within the liver. Extrahepatic sources, such as adipose tissue and gut
microbiota, contribute to systemic metabolic stress and low-grade
inflammation®. However, intrahepatic events, particularly lipotoxicity,
innate immune activation, and hepatocyte cell death, play a predominant
role in sustaining chronic inflammation and driving progression to
MASH?". In the MASLD liver, lipotoxicity-induced cell death via apoptosis,
necroptosis, or pyroptosis results in uncontrolled release or regulated
secretion of diverse DAMPs*>* (Fig. 1). These DAMPs normally reside
intracellularly as endogenous molecules, but acquire immunostimulatory
properties upon extracellular release, especially in the absence of pathogens,
a hallmark of sterile inflammation****. Some of the critical DAMPs impli-
cated in MASLD include

1. HMGB1: HMGBI, a non-histone protein, functions as a DNA
chaperone that maintains the structure and function of chromosomes
in the nucleus”. Additionally, HMGB1 behaves as a potent DAMP
when released into the extracellular space during cell stress, injury, or
necrosis. HMGBI interacts with a wide range of receptors, including
TLR2, TLR4, and TLR9*. In the liver, necrotic hepatocytes passively
release HMGB, which translocates to the extracellular space, where it
interacts with PRRs, such as TLR4 (a dominant receptor for HMGB1)
and the receptor for advanced glycation end-products (RAGE) on
Kupffer cells, hepatic stellate cells, and infiltrating monocytes, as a
warning sign of liver injury”*. These interactions initiate signaling
cascades that lead to the activation of nuclear factor-xB (NF-kB) and
the production of pro-inflammatory cytokines, such as TNF-a,
interleukin (IL)-6, and IL-1P, which further perpetuate liver injury
and fibrogenesis™*".

2. ATP: Under physiological conditions, adenosine triphosphate (ATP)
is a tightly compartmentalized intracellular energy molecule. However,
during hepatocyte injury, particularly necrosis or pyroptosis, the ATP
released from hepatocytes is recognized by immune cells as DAMP’".
Extracellular ATP activates the purinergic receptor P2X7 on Kupffer
cells and other innate immune cells, causing potassium efflux and the
assembly of the NACHT, LRR, and PYD domain-containing protein 3
(NLRP3) inflammasome’. This activation results in the secretion of
the mature forms of IL-1B and IL-18, two of the key cytokines

Fig. 1 | Mechanism of sterile inflammation in
metabolic dysfunction-associated steatohepatitis
(MASH). Nutrient stress, such as excess of saturated
fats, sugars, and cholesterol, induces hepatocyte NOR)
damage, which results in the release of damage-
associated molecular patterns (DAMPS) and acti-
vates immune cells via several pathways, including
Toll-like receptors (TLR), c-Jun N-terminal kinase
(JNK), NACHT, LRR, and PYD domain-containing
protein (NLRP3) and cyclic GMP-AMP synthase-
stimulator of interferon genes (cGAS-STING)
pathways. Activated immune cells further aggravate
hepatocyte damage by releasing several proin-
flammatory cytokines and contribute to the devel-
opment of MASH. Figure was created using
BioRender.com
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implicated in hepatic inflammation and fibrosis”. In obese mice
exposed to carbon tetrachloride, hepatocellular release of ATP
activated the Kupffer cell inflammatory response through the P2X7-
NADPH oxidase axis™.

3. Mitochondrial DNA (mtDNA):Beyond its function as a metabolic
hub in the liver, mitochondria also act as key sources of DAMPs under
mitochondrial stress in MASLD*. Mitochondrial dysfunction, which
involves excess ROS and impaired B-oxidation, leads to membrane
permeabilization and release of mtDNA outside the cell. mtDNA
resembles bacterial DNA; it is circular, histone-free, CpG-rich, and
activates the endosomal TLRY and cytosolic cGAS-STING pathways,
thereby inducing nuclear factor kappa B (NF-kB)-mediated cytokines
and type I interferons, which amplify inflammation in the liver™.
Increased circulating levels of mtDNA in patients with MASH have
been reported to correlate with liver injury and fibrosis™. Interestingly,
blocking TLRY or STING attenuated steatohepatitis in vivo, high-
lighting the immunogenic role of mtDNA in MASH.

Novel mediators of sterile inflammation in MASH
Extracellular RNA (eRNA) as a Novel DAMP

Extracellular RNAs (eRNAs) comprise diverse, heterogeneous RNA species,
such as miRNA, transfer RNA (tRNA), small interfering RNA (siRNA), and
long noncoding RNA (IncRNA) found in biofluids, such as saliva, blood
plasma, serum, and urine”. These RNAs may associate with carriers, such as
lipoproteins, ribonucleoproteins, or extracellular vesicles (EVs), particularly
exosomes, or they may exist in a free form. eRNAs are well known for their
role in cell-cell communication and influence a wide range of physiological
and pathological processes in local or distant tissue environments. Cancer
cells secrete eRNAs and modulate the extracellular matrix to initiate and
support tumor growth™. These cell-free RNAs are potential biomarkers for
cancer”’. Additionally, eERNAs have previously been associated with elevated
inflammatory status in many diseases, such as ischemia reperfusion (IR)
injury, neuro-inflammation, kidney-related disorders, and aging™™*’. More
recently, eRNAs have been recognized as potent DAMPs that contribute to
sterile inflammation in MASLD****. Under conditions of hepatocyte injury
or death caused by lipotoxicity, hepatocyte stress responses, iron overload,
mitochondrial dysfunction, ER stress, and oxidative stress in MASLD, cel-
lular integrity is compromised, and intracellular RNAs may be passively
released or actively secreted into the extracellular milieu via EV's (exosomes
or microvesicles), apoptotic bodies, or as cell-free eRNA species.

Types of eRNA and their distinct roles in MASH pathogenesis

eRNAs comprise diverse subpopulations of RNA molecules found circu-
lating (outside of cells) in the bloodstream and other bodily fluids, such as
urine, saliva, or cerebrospinal fluid. A growing body of research has
demonstrated that eRNAs comprise a wide spectrum of RNA molecules,
including messenger RNA (mRNA), ribosomal RNA (rRNA), microRNAs
(miRNAs), long non-coding RNA (IncRNAs), transfer RNA (tRNA),
tRNA-derived small RNAs (tsRNAs), and small interfering RNA (siRNAs).
These RNA molecules are usually protected from degradation by their
association with lipids/proteins to form complexes or by incorporation into
membranous EVs, such as exosomes, microvesicles, and apoptotic bodies.

Messenger RNA (mRNA). Extracellular or cell free mRNAs are
increasingly being recognized for their role in cell-cell communication®.
Extracellular mRNAs released from damaged hepatocytes function as
DAMPs, amplifying inflammation and promoting hepatocyte death in
the setting of MASH*. When delivered through EVs to neighboring cells,
these mRNAs may also contribute to the horizontal transfer of genetic
information and modulate gene expression patterns in hepatocytes and
non-parenchymal liver cells, affecting metabolic, inflammatory, and
fibrogenic responses”’.

MicroRNA (miRNAs). EV-associated and protein-bound miRNAs are
central regulators of intercellular signaling. Among several exosomal

miRNAs, exosomal miR-122, miR-192, and miR-34a are known to be
involved in driving hepatocyte injury, activation of hepatic stellate cells
(HSCs), and immune cell polarization, all of which are critical events in
MASH progression. Elevated levels of miR-122 are consistently observed
in MASH patients*™’. miR-122 is known to facilitate pro-inflammatory
signaling in liver cells, contributing to hepatocyte damage and promoting
HSC activation. Exosomal miR-192 is also upregulated in MASH and
enhances liver inflammation by inducing M1 macrophage polarization
and modulating the Rictor/Akt/FoxO1 pathway™'. Similarly, the inhibi-
tion of miR-34a been shown to reduce hepatosteatosis by targeting
PPARa and Sirt1™,

Transfer RNA (tRNA). Transfer RNA-derived small RNAs (tRNAs)
released under oxidative or metabolic stress can act as signaling mole-
cules. Recent evidence suggests that these tRNAs influence intercellular
signaling, hepatocyte function, and liver microenvironment dynamics™.
Several studies have demonstrated that tRNAs are up-regulated in
response to liver injury and inflammation. These molecules actively
modulate inflammatory pathways and hepatocellular stress responses
and contribute to disease progression. Recently, Lysine tRNA fragments
and miR-194-5p were demonstrated to co-regulate hepatic steatosis
through p-Klotho and perilipin 2 in diet-induced obese mice™. Specific
circulating tRNAs, such as tRF-Val-CAC-005, tiRNA-His-GTG-001,
and tRF-Ala-CGC-006, have also shown a strong positive correlation
with MASH activity and the fibrosis stage in both human and experi-
mental animal models™. The reproducible increase in particular tRNAs
in patients with NAFLD/MASH highlights their potential utility as non-
invasive biomarkers.

Long non-coding RNA (IncRNAs). Such as TUC339 and H19, identified
in EVs, have been implicated in promoting inflammatory signaling and
HSC activation® . TUC339 regulates macrophage polarization and
inflammatory signaling, and its overexpression in macrophages pro-
motes an anti-inflammatory (M2) phenotype, whereas its silencing
favors a pro-inflammatory (M1) state, altering hepatic immune
responses. Recent data also highlight novel liver-enriched IncRNAs, such
as FincoR, which may be activated during MASH and modulate
inflammatory and fibrotic pathways™.

Known triggers and mechanisms of eRNA release
The release of eRNA is closely associated with cellular stress and liver injury.
Several triggers have been identified for MASLD/MASH.

Lipotoxicity. Excessive accumulation of FFAs induces hepatocyte stress
and lipoapoptosis, resulting in the release of eRNAs as a consequence of
cell membrane permeability or via EVs, such as exosomes and

microvesicles**™.

Oxidative stress and mitochondrial dysfunction. ROS and impaired
mitochondrial metabolism promote cell damage and the non-classical
secretion of eRNAs. Increased levels of mitochondrial ROS are a
byproduct of dysfunctional mitochondrial metabolism, which directly
leads to oxidative cellular damage that affects DNA, RNA, and cellular
membranes. Oxidative stress destabilizes cellular integrity, induces cell
death pathways (including apoptosis and necrosis), and disrupts mem-
brane permeability, providing routes for the release of intracellular
components, including various RNA species, into the extracellular
environment. Excess ROS not only damages hepatocytes but also triggers
or amplifies cellular stress responses, such as ER stress and the activation
of various cell death programs. These non-classical mechanisms of
secretion include the formation and release of EVs and even the direct
leakage of RNA during necroptosis or pyroptosis™".

Iron overload. Studies have revealed that iron-induced hepatocyte
toxicity also prompts the early release of eRNAs, which then act as danger
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signals to neighboring cells. Recently, iron-induced hepatocyte damage
was shown to trigger the release of eRNAs, resulting in pro-inflammatory
cytokine production via TLR3 signaling®.

Cell death pathways. Cell death pathways related to apoptosis, necrosis,
pyroptosis, and ferroptosis can facilitate eRNA release by disrupting
plasma membrane integrity. The process often involves packaging of
eRNA into EVs, a regulated process influenced by ER stress, activation of
Death Receptor pathways (such as via death receptor 5 (DR5) and Rho-
associated coiled-coil containing protein kinase 1 (ROCKI1)), and
engagement of soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins for vesicular transport and fusion
with the plasma membrane™.

Extracellular RNA in MASLD/MASH

Cellular origins. Hepatocytes remain the primary source of MASLD/
MASH, releasing eRNAs either passively upon injury or actively via
exosome and microvesicle secretion*. Non-parenchymal liver cells,
including cholangiocytes, HSCs (under stress), liver sinusoidal endo-
thelial cells, and activated immune cells (such as macrophages and
neutrophils) also contribute to the extracellular RNA pool in the hepatic
microenvironment®. Adipose tissue and inflamed gut epithelium also
secrete eRNAs that may reach the liver via portal circulation, amplifying
local inflammation™.

Pathogenic actions of eRNA in MASLD/MASH. eRNAs are released
into the extracellular space following hepatocyte injury, such as
lipotoxicity-induced cell death. These extracellular nucleic acids serve as
stress signals and bind to PRRs, such as TLRs, on hepatic and immune
cells. This receptor engagement triggers NF-kB activation, leading to
robust production of pro-inflammatory cytokines (e.g., TNFa and IL-6)
and chemokines, resulting in immune cell recruitment, amplification of
inflammation, and further hepatocyte injury®’. eRNAs further perpetuate
liver pathology through multiple mechanisms that drive the progression
and severity of liver diseases. eERNAs may prompt hepatocytes to activate
genes related to cell death and stress, thereby intensifying tissue injury
and promoting inflammatory cell death known as necroinflammation.
eRNAs may also stimulate the release of signaling molecules, such as
transforming growth factor beta (TGF-B1), which activates HSCs™.
Lastly, eRNAs packaged within EVs can be taken up by other liver cells,
altering their gene expression and making them more vulnerable to
further injury. This intercellular communication perpetuates the vicious
cycle of liver inflammation and damage.

Recent studies have also underscored the pivotal role of eRNA in HSC
activation and fibrosis. eRNAs, notably miRNAs and circRNAs, are released
from stressed or injured hepatocytes and are transferred to HSCs via EVs.
The uptake of these eRNA cargos activates intracellular signaling pathways,
particularly NF-kB and TGF-B/Smad pathways, thereby modulating the
expression of the key fibrogenic genes, including a-smooth muscle actin
(SMA), collagen type I, TGF-P1, and cellular communication network
factor 2 (CCN2)*¥. This intercellular RNA-mediated communication
drives HSC transdifferentiation, which supports ECM accumulation and
disease progression. Targeting specific eRNA species or their vesicular
transport offers a promising antifibrotic strategy for metabolic liver diseases.

Immune players in sterile inflammation

Immune-mediated hepatocyte injury in MASH is a complex process
orchestrated by interactions between innate and adaptive immune cells,
hepatocytes, and HSCs. Unlike pathogen-driven inflammation, the immune
response in MASLD/MASH is initiated by endogenous signals (metabolic
stress, lipotoxicity, and oxidative injury) released from stressed or dying
hepatocytes, including DAMPs, such as mitochondrial DNA, ATP, uric
acid, and HMGBI1. These DAMPs are recognized by PRRs, such as TLR4
and the NLRP3 inflammasome found in Kupffer cells and HSCs, where they
serve as critical triggers for immune activation®®.

Innate immune players

Kupffer cells and macrophages. Tissue-resident macrophages or
Kupffer cells act as first-line defenders in response to sterile inflamma-
tion. Upon recognition of DAMPs via PRRs, such as TLRs and NOD-like
receptors (NLRs), macrophages activate downstream inflammatory
cascades, resulting in the transcriptional upregulation of pro-
inflammatory cytokines and chemokines, which recruit circulating
immune cells into the hepatic parenchyma”. Kupffer cells and infiltrating
monocyte-derived macrophages exhibit a distinctive polarization into
M1 (classically activated) and M2 (alternatively activated) phenotypes.
M1 macrophages, activated by interferon-y (IFN-y) and microbial or
sterile PRR ligands (danger signals), release high levels of pro-
inflammatory mediators and worsen hepatocyte damage by amplifying
DAMPs’". Conversely, M2 macrophages are stimulated by anti-
inflammatory cytokines, such as IL-4 and IL-13, which promote heal-
ing, tissue repair, matrix remodeling, and resolution of inflammation
through their pro-fibrotic activity (build-up of scar tissue); however, they
may worsen the disease in later stages by excessive fibrosis. In the early
stages of the disease, the M1 macrophage phenotype typically dominates,
which correlates with increased inflammation and hepatocyte apoptosis.
As the disease progresses, an M1-to-M2 compensation is observed, which
reflects an attempt to resolve inflammation; however, the M2-dominated
response may be detrimental because M2 macrophages secrete trans-
forming growth factor-beta (TGF-p), thereby activating HSCs that are
central to fibrosis’>. However, the traditional M1/M2 dichotomy for
macrophage activation is simplistic and does not fully capture the het-
erogeneity, functional plasticity, and context-specific roles of liver mac-
rophage populations. Macrophages in the liver comprise both
embryonically derived tissue-resident KCs and recruited monocyte-
derived macrophages (moMacs), which may differentiate in situ to
acquire diverse phenotypes. In response to liver injury and DAMP-
driven inflammation, the liver recruits blood monocytes that locally
differentiate into monocyte-derived KCs (moKCs) and other specialized
macrophage subsets. Single-cell RNA sequencing and spatial tran-
scriptomics have also revealed a transcriptionally distinct population of
liver-associated macrophages (LAMs), characterized by the expression of
TREM2, CD9, and other markers. LAMs play a role in tissue remodeling
by producing factors that regulate stellate cell activation, matrix
deposition, and inflammation”.

Neutrophils. Neutrophils form a part of the immune system’s first line of
defense. They contribute to liver injury through several mechanisms,
including the release of toxic substances, including reactive oxygen
species (ROS) and proteolytic enzymes, such as elastase and myeloper-
oxidase (MPO), which contribute to hepatocyte injury and amplify tissue
damage by DAMPs™. Another mechanism by which neutrophils cause
sterile inflammation in MASH is the formation of neutrophil extra-
cellular traps (NETs), which are web-like structures composed of DNA,
histones, and antimicrobial proteins. NETs are composed of a mix of
chromatin, histones, nucleosomes, and granular-derived components,
such as neutrophil elastase (NE), myeloperoxidase (MPO), and cathepsin
G. NE and cathepsin G are multifunctional neutrophil serine proteases
with various important roles in the inflammatory immune response.
Cathepsin G also activates platelets, contributing to thrombosis. The
heme-containing enzyme MPO is also expressed in neutrophils and
catalyzes the production of chlorinating oxidants, such as hypochlorous
acid, facilitating the oxidative killing of pathogens during phagocytosis.
MPOs modulate inflammation independently of their enzymatic prop-
erties by regulating neutrophil function and NET formation™. Once
released, these NETs interact with neighboring immune cells, including
macrophages, DCs, T cells, B cells, and non-parenchymal liver cells.
NET-derived DNA and protein components are internalized by mac-
rophages, activating the ¢GAS-STING and NLRP3 inflammasome
pathways. This triggers the release of pro-inflammatory cytokines, such
as IL-1P, TNF-q, IL-6, and IL-18, which further recruit and activate other
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immune cells, including monocyte-derived macrophages and T cells’. In
addition to hepatocyte and sinusoidal endothelial cell damage (lining the
blood vessels), NETs trigger surrounding immune and non-parenchymal
cells, amplifying inflammation. Recently, it was discovered that NET's
stimulate TLRY signaling in HSCs, thereby promoting HSC activation
and fibrosis. NETSs act as a bridge between neutrophil-induced inflam-
mation and fibrotic remodeling in MASH by enhancing macrophage
activation’. Additionally, neutrophils can modulate the phenotype and
function of macrophages through cross-talk mechanisms that influen-
ceM1/M2 polarization and the local cytokine milieu”.

Dendritic cells. Dendritic cells may also serve as key regulators of the
immune response to liver injury by sensing DAMPs, such as HMGBI,
which are released from stressed or dying hepatocytes. When DAMPs
bind to PRRs on dendritic cells (such as TLRs) they induce maturation
and activate antigen-presenting cells (APCs). This results in increased
expression of costimulatory and MHC molecules, which enhance den-
dritic cell-driven antigen presentation to T cells and provoke the secre-
tion of pro-inflammatory cytokines, including TNF-a and IL-137**. In a
healthy liver, DCs promote immune tolerance by secreting anti-
inflammatory mediators, such as IL-10, and moderating T cell activa-
tion. However, upon liver injury, DCs shift toward a pro-inflammatory
phenotype in response to DAMPs, thereby amplifying local inflamma-
tion, recruiting and activating other immune cells, and further intensi-
fying hepatic injury and fibrosis. Notably, HMGB1 is not only released by
necrotic cells, but can also directly induce DC maturation, upregulating
activation markers and inflammatory cytokines via pathways, such as
mTOR, as shown in autoimmunity and liver disease”".

Natural killer (NK) cells. NK cells are effectors of innate immunity within
the liver, and their specific role in MASLD and its progression to MASH
remains complex and stage-dependent. In early MASLD, NK cells may
exhibit cytotoxic activity against lipid-overloaded hepatocytes, which is
mediated by activating receptors, such as Natural Killer group 2, member
D (NKG2D). The interaction between NKG2D and NK cells and its
ligand MICA/B (upregulated in hepatocytes during MASH) triggers
JAK-STAT and NF-«B pathway activation, thereby worsening hepatic
inflammation and injury***. In early disease, NK cells target damaged
hepatocytes and help maintain tissue integrity; however, their chronic
activation drives persistent inflammation and injury. NK cells may also
exert antifibrotic effects by killing activated HSCs; however, under sus-
tained inflammatory conditions, they can propagate fibrogenic signaling
by sustaining a pro-inflammatory milieu***. Additionally, innate lym-
phoid cells (ILCs), particularly ILC1 and ILC3 subsets, modulate the
hepatic inflammatory microenvironment and promote fibrogenesis, as
shown in murine models of MASH. These cells operate alongside NK
cells to shape innate immune responses, highlighting the complex
interplay within the hepatic immunity™.

Adaptive immune players
Adaptive immune cells are active participants that amplify and shape the
sterile inflammatory landscape of the liver™.

CD4 + T cells. CD4 + T helper cells, particularly Th1 and Th17 subsets,
accumulate in the MASH liver and secrete IFN-y and IL-17A, which
sustain chronic inflammation and promote stellate cell activation®.
Th1 cells enhance hepatocyte apoptosis and pro-inflammatory macro-
phage polarization via the secretion of IFN-y. Th17 cells are abundantly
present in both human MASH livers and mouse models, and secrete IL-
17A, which triggers neutrophil infiltration, HSC activation and
fibrogenesis”’ .

CD8 + T cells. CD8 + T cells directly contribute to hepatocyte death by
releasing cytotoxic effector molecules, such as perforin, granzyme B, and
Fasligand, which directly mediate hepatocyte apoptosis and contribute to

liver injury™. The liver parenchyma of human MASH liver biopsies and

murine dietary models is enriched with CD8 + T cells™”". In contrast,
regulatory T cells (Tregs), which typically suppress excessive inflam-
mation, are often reduced or dysfunctional in MASH, weakening
immune tolerance and favoring progression”. Treg cells regulate
immune tolerance in the liver by directly inhibiting the proliferation and
activation of CD4 + and CD8 + T cells™.

B cells. While the role of innate and cytotoxic adaptive immune cells in
MASLD/MASH has been well characterized, recent studies have begun to
uncover the important contributions of B cells and regulatory T cells
(Tregs) in modulating disease progression. B cells, traditionally asso-
ciated with antibody production, contribute to MASH through both
antigen-dependent and antigen-independent mechanisms. Pro-
inflammatory B2 cells become activated in response to DAMPs and
produce IL-6 and TNF-a, which promote further immune cell recruit-
ment and enhance hepatocyte damage. Moreover, the antibody-
independent roles of B cells, such as antigen presentation and cytokine
production, have been shown to drive hepatic inflammation and fibrosis
in preclinical models™. B2 cell-derived IL-6, particularly when paired
with IL-1p and TGF-f, promotes the differentiation of naive T cells into
Th17 cells, thereby contributing to hepatocyte injury, lobular inflam-
mation, and fibrosis. Depletion of B cells in mouse models has been
shown to reduce hepatic inflammation and fibrosis, suggesting a non-
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redundant, pathogenic role for these cells in MASH”

Key signaling pathways driving sterile inflammation

in MASLD

The innate immune sensing pathways primarily mediate sterile inflam-
mation in MASLD by detecting hepatocyte-derived DAMPs and initiating
proinflammatory cascades. These immune pathways respond to injury
while amplifying inflammation in MASLD/MASH. The key immune sig-
naling pathways that mediate sterile inflammation in MASLD include-

Toll-like receptor signaling

The innate immune system is a key mediator of sterile inflammatory
responses in MASLD. Central to this response is the Toll-like receptor
(TLR) family, which acts as a molecular interface between metabolic stress
and inflammatory signaling in the liver. TLRs comprise a family of cell
surface and endocytic receptors that express hepatocytes, Kupffer cells
(KCs), HSCs, biliary epithelial cells, and sinusoidal endothelial cells”.
Among them, TLR2, TLR4 and TLRY, are well-known to mediate inflam-
mation in MASLD”*”. TLR4 responds to both pathogen-associated and
endogenous ligands, such as lipopolysaccharide (LPS), saturated FFAs (e.g.,
palmitate), oxidized phospholipids, and the nuclear protein HMGBI,
causing the recruitment of the adapter protein myeloid differentiation
primary-response protein 88 (MyD88) and TIR domain-containing adapter
inducing interferon (IFN)-B (TRIF)'”. Both of these adapter proteins acti-
vate NF-kB, leading to increased production of cytokines IL-6 and TNFa'"
and chemokines, such as CCL2 and CXCL10, which promote monocyte and
neutrophil infiltration and worsen hepatic injury’. TLR9, which is localized
to the endosomes, senses unmethylated CpG motifs in the nucleus or
mtDNA released from injured or damaged hepatocytes and promotes IL-1§
and type I interferon (IFN) responses through MyD88-dependent down-
stream signaling, leading to the production of interferon regulatory factor 3
(IRF3)-based type 1 IFN and NF-kB-mediated pro-inflammatory
cytokines'*>'”’. More recently, eRNA has been identified as a potent endo-
genous trigger for innate immune activation'™'”. Under conditions of
lipotoxicity or metabolic stress, necrotic, injured, or dying hepatocytes
release self-RNAs, including fragmented mRNA, microRNAs (miRNAs),
and mtRNAs, into the extracellular space. These eRNAs are recognized by
TLR3, TLR7, and TLR8 in hepatic immune cells, such as Kupffer cells and
infiltrating monocyte-derived macrophages'®. TLR3 activates the TRIF-
dependent pathway to promote IRF3/7- and NF-kB-mediated production
of type I IFN and inflammatory cytokines'™'”". In MASLD, activation of
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TLR3 in hepatic immune and parenchymal cells triggers the production of
type I interferons and pro-inflammatory cytokines, amplifying sterile
inflammation and promoting hepatocyte injury and fibrogenic activation.
Preclinical studies have shown that genetic loss or pharmacological inhi-
bition of TLR3 signaling can protect against hepatic steatosis, attenuate liver
inflammation, and reduce fibrogenesis in experimental models of metabolic
liver disease®'**'””. TLR7 and TLRS, which recognize single-stranded RNA
(ssRNA), signal via MyD88 and further amplify the inflammatory cascade
through the NF-«xB and MAPK pathways.

NLRP3 inflammasome activation

Nucleotide-binding and oligomerization domain (NOD)-like receptors
(NLRs) are specialized intracellular (cytosolic) PRRs that are involved in
sensing both PAMPs and DAMPs'"°. NLRs elicit innate immune responses
by activating NF-kB, mitogen-activated protein kinases (MAPK), and cas-
pase 1 inflammasome signaling pathways. NLR pyrin domain-containing
(NLRP) proteins, a subfamily of NOD-like receptors, play an essential role
in the regulation of the caspase-1 inflammasome'"". Their N-terminal pyrin
domains enable them to interact with adapter proteins and initiate
inflammasome assembly. NLRP3 (also known as NALP3 or cryopyrin)
responds to DAMPs, including extracellular ATP, uric acid, asbestos, silica,
aluminum hydroxide, and amyloid-p peptide. NLRP3 and ASC (apoptosis-
associated speck-like protein a CARD) form a complex to activate caspase-1,
together the protein complex of NLRs, ASC and caspase-1 are termed as the
inflammasome. The inflammasome acts as a platform for the activation of
the cysteine protease caspase-1, an enzyme that cleaves the inactive pre-
cursors of two key inflammatory signals, IL-1p and IL-18, into their mature
(active) secreted forms that promote hepatic inflammation and fibrosis'"*.
These cytokines promote pyroptosis (a form of programmed cell death) and
leukocyte recruitment, thereby contributing to chronic liver injury'”.
NLRP3 plays a pivotal role in the development and progression of MASH.
Increased expression of NLRP3 and its components has been observed in
murine models as well as in humans with MASH"*'". Genetic deletion or
pharmacological inhibition of NLRP genes reduces hepatic steatosis,
hepatocyte inflammation, and fibrogenesis''*'"".

cGAS-STING: cytosolic DNA sensing and interferon signaling
The cycic GMP-AMP synthase-stimulator of interferon genes
(cGAS-STING) pathway is a key sensor of cytosolic DNA that mediates
inflammatory signaling in response to cellular and mitochondrial damage.
In mitochondrial dysfunction-associated MASLD, this axis links mito-
chondrial stress with chronic hepatic inflammation and progressive fibrosis.
Traditional MASLD refers broadly to hepatic steatosis (simple fat accu-
mulation) with or without associated metabolic dysfunctions (such as
obesity, diabetes, or dyslipidemia), where various factors, such as lipotoxi-
city, insulin resistance, dysregulated adipokines, and gut-derived compo-
nents promote progression to inflammation and fibrosis. Mitochondrial
dysfunction-associated MASLD is a condition in which impaired mito-
chondrial B-oxidation, respiratory chain defects, and increased oxidative
stress are prominent features. Here, mitochondrial injury is not merely a
consequence but also a primary driver of disease pathogenesis, as it increases
the release of inflammatory DAMPs (notably mtDNA), directly engaging
innate immune sensors, such as cGAS-STING to initiate and sustain liver
inflammation and aggressive fibrogenesis. The hallmarks of mitochondrial
dysfunction-associated MASLD include mtDNA mutations, defective
mitophagy, altered mitochondrial morphology, and a marked susceptibility
to oxidative injury and cell death compared with MASLD, which is driven
primarily by systemic metabolic hits.

cGAS and its downstream effector transmembrane protein 173
(TMEM173) or STING form a critical signaling cascade that senses cytosolic
DNA'". cGAS recognizes endogenous DNA (nuclear or mtDNA), which
serves as a ligand to produce a secondary messenger cGAMP that binds and
activates STING in the ER membrane'”. STING activation triggers the
recruitment and phosphorylation of TANK-binding kinase 1 (TBK1) and
IkB kinase (IKK), which further phosphorylate IRF3 and IkBa, respectively.

Nuclear translocation of phosphorylated IRF3 induces IFN-I transcription.
Phosphorylated IxBa activates NF-kB, which subsequently initiates
downstream target pro-inflammatory cytokine gene transcription. The
c¢GAS-STING pathway drives inflammation, particularly in mitochondrial
dysfunction-associated MASLD, and liver fibrosis'. When hepatocytes
experience mitochondrial dysfunction, which occurs during metabolic
overload, oxidative stress, or impaired mitophagy, the mitochondrial DNA
(mtDNA) escapes into the cytoplasm. This cytosolic mtDNA is sensed by
cGAS, which produces the second messenger cGAMP to activate STING in
the ER. This activation then triggers downstream kinases and transcription
factors (IRF3 and NF-«B), generating a robust immune response with the
production of type I interferons and several pro-inflammatory cytokines,
including TNF-a and IL-6"*""**. This sterile inflammation further recruits
and activates liver macrophages, such as Kupffer cells and bone marrow-
derived monocytes. Upon STING activation, these cells secrete transform-
ing growth factor-beta (TGF-P1), which is a master driver of HSC activation
and a central effector of liver fibrogenesis. Activated HSCs then increase the
deposition of extracellular matrix components, leading to fibrosis'>™'*.
Genetic or pharmacological inhibition of either cGAS or STING has been
shown to alleviate liver inflammation, apoptosis, and fibrotic changes in
diet-induced and genetically prone models of MASLD and MASH'*'*.
Non-parenchymal cells from human MASLD liver tissues showed high
STING expression compared to those from patients without MASLD. In
mice with high-fat diet (HFD)-induced steatosis, disruption of STING from
macrophages significantly reduced liver fibrosis and the inflammatory
response'”.

JNK (c-Jun N-terminal kinase) pathway

¢-Jun N-terminal kinase (JNK), a stress-activated kinase, is a component of
the mitogen-activated protein kinase (MAPK) family that plays a vital role
in the inflammatory response. JNK is activated in response to several stress
signals in MASLD, including lipotoxicity, oxidative stress, endoplasmic
reticulum (ER) stress, and proinflammatory cytokines (such as TNF). JNK
has several isoforms, of which JNK1 has been implicated in hepatocellular
injury and inflammation. JNK1 activation causes the phosphorylation of
transcription factors, such as c-Jun, inducing the production of pro-
inflammatory cytokines, such as TNF-a, IL-6, and MCP-1. Concomitantly,
JNK signaling heightens the sensitivity of hepatocytes to TNF-a-mediated
apoptosis and promotes insulin resistance by inhibiting the phosphoryla-
tion of IRS-1, worsening metabolic dysfunction. In immune cells, JNK
contributes to macrophage polarization toward a pro-inflammatory M1
phenotype, reinforcing the inflammatory milieu. Animal studies have
demonstrated that the genetic deletion or pharmacological inhibition of
JNK1 attenuates hepatic steatosis, inflammation, and fibrosis, underscoring
its central role in disease progression.

ER stress and unfolded protein response (UPR)

ER stress is caused by disturbances in ER function, which involves the
accumulation of misfolded or unfolded proteins to activate a protective
response termed as ‘unfolded protein response (UPR)’ via three key sensors:
protein kinase R-like ER kinase (PERK), activating transcription factor 6
(ATEF6), and inositol-requiring enzyme 1 (IRE1), which promote inflam-
matory signaling. PERK activates NF-kB signaling, resulting in the
expression of inflammatory cytokines, such as TNF-a and IL-1p. IRE1
triggers JNK and IKK via TRAF2, which in turn stimulates NF-«B to drive
inflammation'*. Moreover, IRE1 splices X-box binding protein 1 (XBP1)
mRNA to generate XBP1s, a factor that induces the production of cytokines,
such as IL-6 and IL-8'*’. ATF6 is also involved in NF-kB activation'". Severe
or prolonged ER stress has been implicated in several pathological condi-
tions, including MASLD""'**. Chronic ER stress causes the release of
proinflammatory factors, including EVs and DAMPs'**. Excessive fat build-
up in liver cells creates a stressful cellular environment that disrupts normal
ER function by modulating the fluidity and structure of ER membranes,
thereby affecting the ER-resident enzymes and chaperones that aid in
protein folding. Furthermore, excessive ROS production, caused by
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Table 1 | A summary of the key studies investigating eRNA in MASLD/MASH.

Study (Year) Model(s) Used Key Findings

Relevance to Human Disease

Tewari et al. (2023)* In vitro (HepG2 cells);
Mouse NASH model

progression of fibrosis.

Lipotoxicity triggers eRNA release, fueling inflammation via
NF-kB. RNase1 reduces liver inflammation and the

eRNA is a DAMP and a therapeutic target; animal-
human translational.

Fang et al. (2024)'* Human liver single-

Identifies neutrophil extracellular trap (NET)-related genes as

Details immune cell-specific eRNA effects in

cell Seq data fibrosis drivers and eRNA sources in NAFLD; high cellular human NAFLD.
resolution.
Hammerhead FXR Mouse MASH; Discovered IncRNA upregulation modulated by FXR Therapeutic/biomarker role of eRNA in animal and

Agonist Study (2025)* Human tissue

agonizts; human analog elevated in NAFLD.

human disease.

Raza et al. (2025)*° In vitro (HepG2 cells)

cell viability.

Iron-induced hepatocyte damage causes eRNA release,
activating TLR3 and inflammasome/NF-kB signaling.
RNase1 or TLR3 inhibitor reduces inflammation, improves

Shows eRNA'’s central role in iron-induced sterile
inflammation; supports RNase1/TLR3 inhibition as
treatment avenues for MASLD/MASH.

increased fatty acid metabolism, damages proteins, lipids, and DNA. These

disturbances overwhelm the protein-folding capacity of the ER, leading to

ER stress and activation of the unfolded protein response (UPR), which in
128

turn stimulates key inflammatory pathways in MASLD'*.

Therapeutic targeting of eRNA in MASH

The eRNAs released by injured cells contribute to the crosstalk between
immune signaling and tissue injury in various diseases, serving as catalysts to
increase inflammation and worsen disease pathogenesis. These eRNAs
trigger innate immune responses by activating PRRs, such as TLR3, TLR7,
and RIG-I-like receptors, and promoting antiviral-like inflammatory cas-
cades, such as the NF-kB pathway and type I IFN responses"*'”.

RNA-specific approaches and RNase-based therapies

Multiple mouse models (e.g., methionine-choline-deficient diet, high-fat
diet, and lipotoxicity-induced injury) (Table 1) have demonstrated that the
administration of RNasel, a recombinant ribonuclease, markedly reduces
circulating and hepatic eRNA, thereby attenuating hepatic inflammation.
Pharmacological blockade of TLR3, a key receptor sensing extracellular
RNA, has also been shown to ameliorate steatohepatitis and reduce hepatic
injury in preclinical MASH models®”. These models suggest that both
enzymatic degradation of eRNA and disruption of its signaling axis translate
to strong hepatoprotective effects. A recent study demonstrated the hepatic
lipotoxicity-driven release of eRNA, which serves as an immunostimulatory
agent and activates downstream TLR3/TLR7 signaling to promote the
production of pro-inflammatory cytokines and chemokines (IL-6, TNF-q,
CCL2, CCL3, and CXCL10), perpetuating a cycle of inflammation and
tissue damage in MASH". This study provided direct evidence of paracrine
pro-inflammatory signaling by eRNA in hepatic cells and a preclinical
mouse model of MASH. Furthermore, the inhibition of the biological
activity of eRNA by RNasel or the inhibition of TLR3 signaling significantly
reduced palmitate-induced cellular stress and inflammation in hepatic cells
and attenuated liver injury caused by a MASH-inducing diet in mice.
Specifically, RNasel treatment significantly improved cell viability, reduced
apoptosis, and decreased the activation of stress-related kinases, such as JNK
and p38MAPK, in HepG2 cells exposed to palmitate-induced lipotoxicity.
Additionally, RNasel administration inhibited NF-xB activation and the
subsequent production of pro-inflammatory cytokines, including IL-6 and
TNF-q, in these cells. These findings were further corroborated by in vivo
experiments employing a murine MASH model, wherein RNasel treatment
reduced hepatic steatosis, lowered serum ALT levels, and diminished
hepatic inflammation and fibrosis. These results were also supported by a
similar study, which suggested the involvement of TLR3 in MASH"".
Collectively, this work provides in vitro and in vivo evidence of reduced
hepatocyte injury, cytokine production, and immune activation by eRNA
antagonism by RNasel administration and TLR3 inhibition (Fig. 2). Owing
to its capacity to degrade eRNA, RNasel has emerged as a promising
therapeutic candidate for the treatment of sepsis and systemic inflammatory
response syndrome (SIRS)'"** and several cancers, including non-small

cell lung cancer (NSCLC)"”. Ranpirnase (onconase), a ribonuclease-based
therapeutic, has been tested in renal cancer and malignant
mesothelioma'“"*". With encouraging preclinical evidence and a growing
track record in other inflammatory and fibrotic diseases, RNasel holds
considerable promise as a novel therapy for MASH that is capable of
reducing steatosis, inflammation, and fibrosis. RNasel represents a pro-
mising therapeutic target for e(RNA-mediated immune activation in MASH
by interrupting the self-perpetuating cycle of hepatocyte stress, cytokine
release, and immune cell recruitment, thereby preventing fibrogenic acti-
vation in MASH.

Clinical trials

RSLV-132, a non-immunosuppressive biologic drug based on RNasel, has
already been evaluated in a phase 2, multicenter, randomized, double-blind,
placebo-controlled clinical trial in autoimmune diseases'*’. RSLV-132 is a
catalytically active RNase fused to the Fc region of human IgGl. It is
engineered for prolonged circulation and is designed to degrade eRNA
present in the blood, especially RNA that is freely circulating or complexed
with autoantibodies and immune complexes. Thus, RSLV-132 prevents
eRNA from engaging PRRs, particularly TLR3. The unique architecture of
RSLV-132 ensures that it remains extracellular and does not permeate cell
membranes to degrade intracellular RNA, thus selectively targeting
pathogenic eRNA.

By digesting circulating eRNA, RSLV-132 disrupts the key stimuli for
chronic inflammatory signaling. Chronic inflammation fueled by eRNA
signaling contributes to impaired lipid metabolism, hepatocyte injury, and
worsening of hepatic steatosis. RSLV-132 may aid in restoring normal lipid
metabolism by mitigating inflammation at the molecular level. Inflamma-
tion is tightly linked to HSC activation and fibrotic matrix deposition. By
attenuating upstream eRNA-driven inflammatory loops, RSLV-132 indir-
ectly limits the paracrine activation of stellate cells (via a reduction in TGF-$
and other profibrogenic cytokines), thus restraining fibrogenesis. Preclinical
data in other inflammatory conditions support that sustained RNase activity
in the plasma can attenuate both inflammatory and fibrotic progression.
However, the efficacy of this drug may be less impactful in cases of advanced
fibrosis, and its long-term effects in the context of chronic liver disease
require further study. Because RSLV-132 primarily targets inflammation,
adjunctive therapies may be required to target lipid metabolism, insulin
resistance, and other pathways. Target selectivity remains another concern,
as eRNAs are heterogeneous and play physiological roles in intercellular
communication; their extensive degradation may disrupt beneficial para-
crine signals or EV-mediated repair.

Conclusion and future directions

Sterile inflammation, driven by DAMPs (such as HMGB1, ATP, mtDNA,
and eRNA), plays a pivotal role in the transition from simple hepatic
steatosis to MASH by activating innate immune signaling pathways, such as
TLRs, NLRP3 inflammasome, and cGAS-STING pathways. Recently,
eRNAs, which act through innate immune sensors, such as TLR3, have been
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Fig. 2 | Therapeutic strategies to counter eRNA
mediated sterile inflammation in metabolic
dysfunction-associated steatohepatitis (MASH).
1. Use of stable RNase 1 mediated degradation of
circulating eRNA may be useful in mitigating
inflammatory signaling in MASH. 2. Development
and application of small-molecule of inhibitors of
eRNA-TLR3 interaction could be an effective
treatment strategy in attenuating MASH progres-
sion in humans. Figure was created using
BioRender.com
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identified as key amplifiers of liver inflammation that bridge metabolic
dysregulation with immune activation. Elucidating the crosstalk between
eRNAs, other DAMPs, and downstream inflammatory pathways holds
promise for the development of more precise strategies for MASH man-
agement. In this context, the identification of RNasel-based therapy, which
can degrade eRNA, could be a promising approach to treat inflammation
and liver injury in MASH. However, the specificity, safety, and efficacy of
RNasel-and/or TLR3 antagonism-based therapies need to be tested rigor-
ously in relevant animal models and, eventually, in human clinical trials.
Although eRNA subsets, such as microRNAs, tRNA fragments, and
IncRNAs have been studied, the specific roles of many eRNA classes and
their cell-type origins within the liver microenvironment have not yet been
fully defined. In addition, the molecular mechanisms that govern the
selective packaging of eRNAs into EVs and facilitate their targeted delivery
to HSCs, immune cells, and other parenchymal cells are poorly understood.
Most mechanistic insights have been derived from in vitro and animal
models, with limited human studies validating the eRNA signatures as
reliable biomarkers or therapeutic targets. Large-scale clinical cohorts
integrating eRNA profiling with disease phenotyping are required to bridge
this gap. While this review highlights promising therapeutic avenues tar-
geting sterile inflammation, such as inhibition of DAMP release, receptor
antagonism, immune cell modulation, RNA-based approaches, transla-
tional studies, and clinical trials, these remain limited. Future research
should focus on comprehensive profiling of DAMPs, including eRNA
species, across different disease stages and patient subgroups. Further stu-
dies are warranted to understand the signaling networks and cell-specific
roles of eRN As and other DAMPs in inflammation and fibrosis. Finally, the
safety, specificity, and efficacy of emerging therapeutic strategies, including
RNasel administration and TLR3 antagonism, must be comprehensively
evaluated in clinical settings to translate promising preclinical results.
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