Ageing Research Reviews 120 (2026) 103190

AGEING
RESEARCH
REVIEWS

Contents lists available at ScienceDirect

Ageing Research Reviews

FI. SEVIER

journal homepage: www.elsevier.com/locate/arr

Review article

Misplaced nucleic acids as a trigger of coagul-aging

', Maurizio Cardelli©,
a,b

Angelica Giuliani ™ ®, Sonia Fantone ¢, Matilde Sbriscia

Fabiola Olivieri *“, Maria Rita Rippo “, Jacopo Sabbatinelli
2 Department of Clinical and Molecular Sciences, Universita Politecnica Delle Marche, Ancona, Italy

b Clinic of Laboratory and Precision Medicine, IRCCS INRCA, Ancona, Italy

¢ Advanced Technology Center for Aging Research, IRCCS INRCA, Ancona, Italy

ARTICLE INFO ABSTRACT

Keywords: Aging is associated with a persistent, sterile inflammatory state called inflammaging, which contributes to
Coagulation endothelial dysfunction, immune dysregulation, and a gradual shift toward a procoagulant phenotype known as
Inflammaging

coagul-aging. Inflammation and coagulation are now understood as interconnected processes, linked by innate
immune activation and thrombin production. Recent evidence highlights the vital role of endogenous nucleic
acids, especially cytosolic and extracellular DNA, RNA, and RNA:DNA hybrids, as key mediators at the inter-
section of these systems. These nucleic acids, often originating from senescent cells and endogenous retroele-
ments, accumulate due to impaired degradation and are detected by pattern recognition receptors such as
c¢GAS-STING, RIG-I, and TLR9. Besides promoting inflammatory cytokine release and tissue factor expression,
certain nucleic acid species, particularly when unencapsulated, can directly activate the contact pathway via
factor XII (FXII), contributing to thrombin production independently of traditional inflammatory pathways. This
dual role makes nucleic acids central players in the convergence of inflammaging and coagul-aging. In this re-
view, we examine the sources, topological forms, and immunothrombotic functions of misplaced nucleic acids in
aging. We propose that a cumulative nucleic acid burden acts as a molecular trigger for thrombo-inflammatory
responses, offering new insights into age-related vascular risk and novel targets for therapeutic intervention,
including the development of biomarker-based risk stratification approaches and novel strategies targeting up-
stream thromboinflammatory pathways.

Coagul-aging
Extracellular vesicles
Tissue factor
RNA:DNA hybrids

intertwined through the concept of thrombo-inflammation, a coordi-
nated response originally evolved to contain infection and repair tissue
damage. When chronically activated, however, this crosstalk becomes

1. Introduction

Aging is characterized by a gradual decline in tissue homeostasis and

regenerative capacity, accompanied by the emergence of a chronic, low-
grade inflammatory state termed inflammaging (Franceschi et al.,
2000). This sterile inflammation stems from the accumulation of
cellular and molecular damage, defective clearance of self-derived
debris, and persistent activation of innate immune pathways
(Franceschi et al.,, 2017). Inflammaging plays a central role in the
development of age-related pathologies, including cardiovascular and
thrombotic diseases (Franceschi and Campisi, 2014).

One of the major vascular consequences of inflammaging is the
establishment of a prothrombotic phenotype, referred here to as coagul-
aging. This state results from endothelial dysfunction, platelet hyper-
reactivity, and altered hemostatic balance. Importantly, inflammation
and coagulation are not isolated processes but are functionally

maladaptive, sustaining vascular injury and thrombotic risk (Jackson
et al., 2019). While traditionally studied in overt pathological condi-
tions such as sepsis (Meyer and Prescott, 2024), autoimmune diseases
(Menichelli et al., 2023), and cancer (Mack et al., 2024), this reciprocal
amplification between the immune system and the coagulation cascade
is now gaining attention as a potential contributor to the chronic in-
flammatory and procoagulant phenotype observed in physiological
aging (Zeng et al., 2024).

Emerging evidence suggests that misplaced nucleic acids, including
extracellular or cytosolic DNA, RNA, and RNA:DNA hybrids, act as
molecular triggers of both innate immune activation and coagulation.
These nucleic acids, often derived from endogenous retroelements or
senescence-associated damage, are sensed by pattern recognition
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receptors such as cGAS-STING, TLR9, and RIG-I-like receptors, pro-
moting type I interferon responses, cytokine release, and Tissue Factor
(TF) expression (Chen et al., 2025; Mankan et al., 2014). In parallel, they
may directly activate the contact pathway of coagulation via factor XII
(FXII), providing a non-inflammatory route to thrombin generation
(Fuchs et al., 2010; Kannemeier et al., 2007).

In this review, we examine the role of nucleic acid accumulation and
dysregulation in linking inflammaging to coagul-aging. We propose that
extracellular nucleic acids act as central effectors of age-associated
thrombo-inflammatory circuits, not only by sustaining chronic im-
mune activation, but also by directly triggering coagulation, potentially
bypassing classical inflammatory pathways. These properties position
nucleic acids as both mechanistic drivers and potential therapeutic
targets in vascular aging.

2. Coagulation and aging: a prothrombotic drift

Aging is characterized by a progressive shift toward a prothrombotic
state. This phenomenon contributes to the increased incidence of
thrombotic events in older adults, which collectively account for a
substantial burden of morbidity and mortality in the aging population
(Poscablo et al., 2024; Tang et al., 2015; Tschan and Bolliger, 2021).
This shift reflects multifactorial changes involving endothelial
dysfunction (Fuchs et al, 2010), platelet hyper-reactivity
(Davizon-Castillo et al., 2019), altered levels of coagulation and fibri-
nolytic factors, and chronic low-grade inflammation.

Older individuals exhibit increased levels of coagulation factors such
as factor VIII (FVIID), fibrinogen, and von Willebrand factor (VWF),
together with reduced activity of natural anticoagulants and impaired
fibrinolysis (Wang et al., 2018; Wilkerson and Sane, 2002). These
changes increase the basal thrombin potential and predispose in-
dividuals to both arterial and venous thrombotic events (Liu et al., 2023;
Tschan and Bolliger, 2021). Thrombin, in turn, together with activated
factor VII (FVIIa) and activated factor X (FXa), can amplify inflamma-
tion by signaling through protease-activated receptors (PARs) on
endothelial and immune cells (Heuberger and Schuepbach, 2019).
Thrombin and FXa, via PAR—1 and PAR-2, respectively, promote the
release of proinflammatory cytokines, adhesion molecules, and che-
mokines, thereby reinforcing the thromboinflammatory phenotype of
aging (Habibi et al., 2025).

At the vascular level, the endothelium undergoes structural and
functional remodeling with age. Senescent endothelial cells acquire a
proinflammatory and procoagulant phenotype, characterized by
increased expression of adhesion molecules (ICAM—1 and VCAM-1)
(Honda et al., 2021), upregulation of TF (Kurz et al., 2014), and
diminished production of nitric oxide due to reduced eNOS activity
(Bochenek et al., 2016; Han and Kim, 2023). This promotes vasocon-
striction, platelet adhesion, and further endothelial activation. In par-
allel, platelets from aged individuals exhibit increased reactivity and
enhance thrombin generation by releasing more procoagulant micro-
particles (Martinez Bravo et al., 2024; Tian et al., 2025). The fibrinolytic
system is also affected, with reduced levels of tissue plasminogen acti-
vator (tPA) and increased levels of plasminogen activator inhibitor—1
(PAI-1), which favor clot persistence and impair thrombus resolution
(Khoddam et al., 2025). Inflammatory cytokines such as IL—1f and
TNF-a, commonly elevated in aging tissues, further exacerbate this
imbalance by increasing TF and suppressing anticoagulant pathways in
endothelial and immune cells (Giuliani et al., 2023, 2024).

Importantly, the complement system, which interacts with both
immune and coagulation systems, is also altered in aging. Elevated
levels of complement proteins such as C3 and Clq, together with sus-
tained complement activation through the classical and alternative
pathways, contribute to vascular inflammation, endothelial dysfunction,
and amplify thromboinflammatory responses in aging (Hasegawa et al.,
2019; Stephan et al., 2013). Complement-derived anaphylatoxins C3a
and C5a can directly activate platelets via their respective receptors,
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promoting the release of P-selectin and procoagulant microvesicles.
Moreover, C5a has been shown to reinforce the thromboinflammatory
loop by inducing TF expression in neutrophils and endothelial cells (Kim
and Conway, 2019; Skendros et al., 2020). Reciprocally, activated FXII
(FXIIa) can directly trigger complement activation by cleaving C1r and
Cls, while FXII-driven kallikrein generation further amplifies this
crosstalk by promoting C3 and C5 cleavage (Schmaier and Stavrou,
2019). C3a can directly activate platelets, while C5a, together with
thrombin released from activated platelets, induces tissue factor
expression in neutrophils and promotes the formation of TF-bearing
neutrophil extracellular traps (NETs) (Skendros et al., 2020).

With aging, platelets acquire a senescent phenotype characterized by
enhanced basal activation, increased reactivity, altered granule secre-
tion, and proinflammatory signaling, which collectively sustain a pro-
thrombotic drift and vascular dysfunction (Anjum et al., 2025; Le Blanc
and Lordkipanidze, 2019; Montenont et al., 2019). In parallel, aging
drives a progressive remodeling of the megakaryocyte-platelet axis at
the level of hematopoietic stem cells (HSCs). This shift leads to the
generation of hyperreactive platelets with increased thrombotic poten-
tial, contributing to age-related coagulopathy independently of systemic
inflammation (Poscablo et al., 2024).

Hemodynamic factors also play a non-negligible role in coagul-
aging. Increased arterial stiffness—driven by elastin degradation,
collagen cross-linking, and accumulation of advanced glycation end-
products (AGEs) - combined with altered shear stress patterns due to
reduced physical activity and endothelial dysfunction, establish a pro-
thrombotic biomechanical milieu. These alterations impair endothelial
responsiveness and nitric oxide release, foster platelet-endothelial
adhesion and consequently lower the threshold for thrombus formation
(Ungvari et al., 2018; Zhang et al., 2024).

Together, these age-related alterations establish a prothrombotic
environment even in the absence of overt disease (Fig. 1). Clinically,
these changes translate into a higher incidence of venous thromboem-
bolism (VTE), ischemic stroke, and myocardial infarction in older in-
dividuals. As a result, older patients often require antithrombotic
therapies, such as low-dose anticoagulants or antiplatelet agents, both
for primary prevention in high-risk populations and for secondary pre-
vention following thrombotic events (Okumura et al., 2020; Spence
et al.,, 2020; Stuby et al., 2024). Understanding the molecular un-
derpinnings of coagul-aging is essential for identifying novel biomarkers
of vascular aging and for developing preventive strategies tailored to
thromboinflammatory risk in older populations.

3. Nucleic acids as drivers of inflammaging
3.1. Garb-aging and nucleic acid accumulation

Aging and cellular senescence are accompanied by the progressive
accumulation of nucleic acid debris, resulting from both enhanced
endogenous production and impaired clearance mechanisms. This
accumulation is a hallmark of the broader phenomenon known as "garb-
aging," in which senescent cells fail to degrade intracellular waste due to
compromised autophagy, reduced nuclease activity, and altered chro-
matin dynamics (Franceschi et al., 2017). Among the most prominent
nucleic acid species that accumulate are cytosolic double-stranded DNA
(dsDNA), single-stranded DNA (ssDNA), mitochondrial DNA (mtDNA),
double-stranded RNA (dsRNA), and RNA:DNA hybrids. These molecules
can originate from multiple sources, including nuclear envelope insta-
bility, micronuclei rupture, endogenous retroelements such as LINE—1,
and mitochondrial dysfunction (Ramini et al., 2024; Storci et al., 2018)

LINE—1 elements, usually silenced by heterochromatin, become
transcriptionally derepressed in senescence (Li et al., 2024; Ramini
et al., 2022). Moreover, the accumulation of LINE—1-derived RNA
contributes to heterochromatin loss and the onset of senescent pheno-
types. At the same time, its depletion by antisense oligonucleotides re-
stores epigenetic marks, attenuates senescence-associated secretory
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Fig. 1. Age-related alterations promoting a prothrombotic state (coagul-aging). Schematic representation of the main mechanisms contributing to the pro-
thrombotic shift in aging. Increased platelet reactivity and elevated levels of coagulation factors, including factor VIII (FVIII), fibrinogen, and von Willebrand factor
(vWF), enhance thrombin generation, while natural anticoagulants, such as antithrombin III (ATIII) and protein C/protein S (PC/PS), are reduced. Impaired fibri-
nolysis, characterized by decreased tissue plasminogen activator (tPA) and increased plasminogen activator inhibitor—1 (PAI-1), further promotes clot persistence.
Proinflammatory cytokines, including interleukin—1 beta (IL—1p), tumor necrosis factor alpha (TNF-a), and interleukin—6 (IL—6), induce tissue factor (TF)
expression and protease-activated receptor (PAR—1/PAR—2) signaling. Endothelial dysfunction is associated with increased vascular cell adhesion molecule—1
(VCAM-1) and intercellular adhesion molecule—1 (ICAM-1), and reduced endothelial nitric oxide synthase (eNOS) activity and nitric oxide (NO) availability.
Complement activation (Clq, C3, C3a, C5a) and altered hemodynamics, including increased arterial stiffness and shear stress, further contribute to the throm-

boinflammatory phenotype.

phenotype (SASP) gene expression, and ameliorates progeroid features
(Della Valle et al, 2022). LINE—-1 RNA transcripts are
reverse-transcribed by endogenous reverse transcriptase activity into
cDNA, generating RNA:DNA hybrids and cytosolic dsDNA fragments
(Beck et al., 2011) that are not efficiently degraded due to reduced
expression of nucleases such as RNase H2, TREX1, and DNaselL3 (Guo
et al., 2021; Kim et al., 2020b; Ramini et al., 2024). Similarly, nuclear
DNA fragments can translocate into the cytoplasm through lamin
Bl-mediated nuclear envelope alterations (Freund et al., 2012), and
mitochondrial stress can lead to the release of immunogenic mtDNA and
mtRNA (Gogvadze and Zhivotovsky, 2025; Victorelli et al., 2024)
These misplaced nucleic acids are potent activators of innate im-
mune pathways. Cytosolic DNA is recognized by cGAS, which triggers
the STING pathway and induces type I interferon responses (Yu and Liu,
2021). TLRY, localized to endosomes, senses DNA-rich complexes,
including RNA:DNA hybrids (Rigby et al., 2014). In parallel, RIG-I and
MDAS5 detect aberrant or misprocessed cytosolic RNA, especially
mitochondrial-derived RNA species (Di Giorgio et al., 2024; Molony
et al., 2017). These nucleic acid sensors have evolved to detect

non-self-genetic material, such as viral or bacterial genomes, and to
trigger appropriate inflammatory and interferon (antiviral) responses.
However, under certain conditions, such as cellular senescence, defec-
tive nucleic acid metabolism, or autoimmune diseases like systemic
lupus erythematosus (SLE), self-derived nucleic acids can accumulate in
aberrant cellular compartments (Mustelin et al., 2019). Their inappro-
priate recognition by these sensors leads to chronic activation of innate
immunity, contributing to the maintenance of the SASP and sustaining
low-grade, systemic inflammation, a hallmark of inflammaging (Ramini
et al., 2024).

Beyond their role in sustaining the SASP, these innate immune
pathways also influence coagulation. Activation of cGAS-STING and
TLR9 in endothelial and immune cells leads to increased TF expression,
endothelial activation, and monocyte recruitment (Yu et al., 2025), all of
which promote thrombin generation. Moreover, type I interferons and
proinflammatory cytokines induced by nucleic acid sensing (e.g., IL—6,
TNF-a) contribute to platelet activation and impair anticoagulant
mechanisms (Page et al., 2018).

In sum, garb-aging encompasses a multilayered disruption of nucleic
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acid homeostasis: senescent cells accumulate and release DNA and RNA
species that are recognized as danger signals, activating inflammatory
and procoagulant cascades. This accumulation is both a marker and a
mechanistic contributor to the thromboinflammatory phenotype of

aging.
3.2. Extracellular nucleic acids and secretory mechanisms

In addition to their intracellular accumulation, senescent and
stressed cells actively release nucleic acids into the extracellular envi-
ronment, where they act as potent proinflammatory and procoagulant
signals (Ramini et al., 2024; Teo et al., 2019). These cell-free nucleic
acids (cfNAs), including both cell-free DNA (cfDNA) and RNA (cfRNA),
can exist in multiple physical forms: either freely circulating as "naked"
molecules, or enclosed within extracellular vesicles (EVs) or pro-
tein-lipid complexes such as virtosomes (Malkin et al., 2022). This
structural diversity is key to understanding the biological roles and
immunogenic potential of cfNAs in aging and senescence.

3.2.1. ¢fDNA

Mechanistically, cfDNA can originate through several pathways: (i)
passive release during apoptosis or necrosis, resulting in short nucleo-
somal fragments; (ii) active secretion of DNA, either nuclear or mito-
chondrial; and (iii) packaging within EVs, such as exosomes or
microvesicles, by living cells (Grabuschnig et al., 2020; Stejskal et al.,
2023).

This distinction (naked or EV-associated cfNAs) is not merely struc-
tural; it carries important functional implications. While encapsulation
can shield nucleic acids from enzymatic degradation and facilitate
intercellular communication, naked nucleic acids are directly accessible
to extracellular sensors and coagulation factors, and thus more likely to
engage in pathological interactions.

Although cfDNA was historically associated with apoptotic and
necrotic cell death, emerging evidence suggests that, in addition to DNA
packaged within EVs (Mensa et al., 2020; Ramini et al., 2024), senescent
cells are a key source of nuclear or mitochondrial cfDNA. Thus, they
contribute to the pool of circulating naked cfDNA (possibly bound to
nucleosomes or protein complexes), perhaps or probably through active
secretion mechanisms or impaired nuclear-cytoplasmic integrity (Lai
et al., 2025; Simon et al., 2019; Szilagyi et al., 2020). While earlier
studies suggested that exosomes and microvesicles were the major car-
riers of cfDNA, more recent high-resolution approaches demonstrated
that most circulating nuclear cfDNA is in fact associated with nucleo-
somes rather than vesicles, whereas mitochondrial ¢fDNA (cf-mtDNA) is
frequently protected within membrane structure (Malkin et al., 2022).
Consistently, experimental work has demonstrated that the soluble,
non-vesicular fraction of cfDNA is able to induce cell transformation and
tumorigenesis through horizontal DNA transfer in vitro and in vivo (De
La Cruz-Siguenza et al., 2024; Schwartz and Conboy, 2023). Moreover,
in senescence, DNA fragments can accumulate in the cytoplasm as
cytosolic chromatin fragments (CCFs), which may then be expelled from
the cell either as vesicular cargo or in a free soluble form (Schwartz and
Conboy, 2023). Interestingly, studies of senescence induced by anti-
cancer therapies suggest that cfDNA release can be modulated, some-
times leading to altered kinetics or reduced release compared to
proliferating cells (Rostami et al., 2020).

While the precise contribution of senescent cells to this non-
encapsulated cfDNA pool remains to be determined, its presence in
circulation has been documented and may have functional relevance in
aging-related inflammation and coagulation. In contrast, cf-mtDNA ap-
pears more frequently within membrane-protected compartments,
although it can also exist as soluble extracellular fragments (Malkin
et al., 2022). This duality underscores the complexity of cfDNA
biology and the need to differentiate between fractions when studying
its origins and functions.

Circulating cf-mtDNA was shown to increase with age in both murine
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models and human donors, suggesting that senescent cells are a major
contributor to the age-associated rise in cfDNA levels (Iske et al., 2020).
Similarly, one recent study demonstrated that chemotherapy-induced
senescence of tumor cells contributes to paracrine signaling and im-
mune activation via the release of cf-mtDNA in a regulated manner (Lai
et al., 2025). Functionally, cfDNA acts as more than a passive
by-product. Extracellular DNA is recognized as a damage-associated
molecular pattern (DAMP) capable of triggering innate immune path-
ways. In particular, cf-mtDNA can activate the cGAS-STING axis, driving
interferon signaling and pro-inflammatory responses (Daubermann
et al., 2025). Furthermore, oxidized cfDNA has been proposed to serve
as a long-range stress signal that propagates inflammatory cues to
neighboring cells (Glebova et al., 2015).

In summary, although c¢fDNA has long been associated with tumor
biology and liquid biopsy, it is increasingly clear that senescent cells
represent an important source of both nuclear and mitochondrial cfDNA
and contribute to the pro-inflammatory milieu of senescence and aging
through innate immune activation (Daubermann et al., 2025; Iske et al.,
2020).

3.2.2. ¢fRNA

cfRNA encompasses a wide array of RNA species, including
messenger RNA (mRNA), microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), ribosomal RNA fragments (rRFs), circular RNAs (circRNAs),
and mitochondrial RNAs (mtRNAs). Unlike cfDNA, cfRNA is highly
labile in extracellular fluids and typically requires stabilization through
incorporation into EVs or binding to RNA-binding proteins (e.g., AGO2,
HDL particles). Among circulating RNAs, microRNAs are by far the most
extensively studied in the context of aging and senescence, serving as
well-established biomarkers of inflammaging and vascular dysfunction
(Giuliani et al., 2018; Olivieri et al., 2021). Nevertheless, other RNA
species, including long non-coding RNAs (He et al., 2018), circular RNAs
(Kim et al., 2021), and tRNA-derived fragments (Kim et al., 2021), are
increasingly recognized as potential contributors to the aging process,
although their roles remain less defined and warrant further investiga-
tion. Recent work has demonstrated that extracellular mtRNAs are
increased in the plasma and saliva of patients with Sjogren’s syndrome,
supporting their presence as circulating signals with potential patho-
physiological relevance (Ha et al., 2025). Naked cfRNA fragments,
including extracellular ribosomal RNAs, have been shown to activate
endosomal Toll-like receptors in dendritic cells and macrophages
(Castellano et al., 2025). Moreover, mitochondrial double-stranded RNA
(mt-dsRNA), either secreted in EVs or released into the cytosol under
stress or senescence, can engage key innate immune sensors such as
TLR3 and MDAS5 (Kim et al., 2022, 2020a).

3.2.3. EVs in c¢fNA trafficking

EVs represent a major route of cfNA trafficking. Senescent cells,
especially endothelial and immune cells, increase their release of EVs as
part of the SASP (Buzas, 2023; Mensa et al., 2020). These EVs may carry
nucleic acids, including DNA fragments, small RNAs, or
retroelement-derived transcripts, along with proteins and lipids. The
encapsulation of nucleic acids in vesicles confers protection from
enzymatic degradation and allows for targeted delivery to recipient
cells, influencing gene expression, inflammation, and immune re-
sponses. Moreover, a subset of EVs known as virtosomes has been
described as complexes of DNA and RNA associated with lipids and
proteins, actively secreted by metabolically active cells. However,
beyond their nucleic acid cargo, senescence-associated EVs themselves
display a prothrombotic profile, as their surface exposure of phospha-
tidylserine and enrichment in tissue factor provide catalytic platforms
for coagulation (Du et al., 2024; Hanelova et al., 2023; Wright et al.,
2023).

Taken together, extracellular nucleic acids in aging display a com-
plex spectrum of origin, structure, and packaging. Their accumulation
and altered distribution reflect a combination of increased release and
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impaired clearance. While the exact proportions of naked versus vesicle-
associated cfNAs remain to be fully defined, both forms are integral
components of the senescent secretome and may contribute to the
chronic inflammatory milieu characteristic of aging.

4. Disease models linking nucleic acids to thromboinflammation

Several pathological conditions represent amplified settings in which
nucleic acid accumulation is markedly increased. In these contexts, a
higher nucleic acid burden is consistently associated with enhanced
thromboinflammatory activation. These models help clarify mecha-
nisms that may also operate, at lower intensity, during physiological
aging.

Systemic Lupus Erythematosus (SLE) is a prototypical autoimmune
disease characterized by defective clearance of apoptotic material,
excessive activation of endogenous retroelements, and the accumulation
of extracellular and intracellular nucleic acids. Patients with SLE often
exhibit high levels of circulating ¢cfDNA and RNA:DNA hybrids, which
sustain chronic type I interferon production by engaging TLR9 and
cGAS-STING signaling pathways (Hartl et al., 2021). These hybrids are
generated through transcriptional dysregulation and impaired nucleic
acid clearance mechanisms, and increased activity of endogenous ret-
roelements such as LINE—1 (Ukadike et al., 2023). In addition, NETs,
which are abundant in SLE, provide a major source of extracellular DNA
and TF (Moore et al., 2020). Importantly, an engineered RNase
(RSLV—132) designed to degrade extracellular RNA has been evaluated
in a phase 2a clinical study in (SLE), showing a trend toward clinical
improvement in patients with moderate-to-severe cutaneous disease,
and thus highlighting extracellular RNA as a potentially targetable
driver of interferon-mediated pathology in SLE (Burge et al., 2024).
Clinical studies have shown that thrombotic events in SLE can occur
even in the absence of antiphospholipid antibodies. This observation
supports the idea that alternative mechanisms, such as nucleic acid-
—driven innate immune activation and TF induction, may contribute to
the prothrombotic state in these patients (Richter et al., 2024). More-
over, in sporadic SLE, particularly in patients with nephritis, neutral-
izing autoantibodies against DNASE1L3, an enzyme involved in
degrading extracellular chromatin, significantly reduce its enzymatic
activity, resulting in the accumulation of long polynucleosomal cfDNA
fragments within circulating microparticles, a non-genetic mechanism
that fosters anti-dsDNA autoimmunity and disease severity (Hartl et al.,
2021). Interestingly, patients with SLE have autoantibodies against the
L1l-encoded open-reading frame 1 protein (ORF1p) (Ukadike et al.,
2023), suggesting that aberrant LINE—1 expression and retro-
transposition intermediates are not immunologically silent, but may be
actively targeted by the immune system.

A similar mechanism has been proposed in Aicardi-Goutiéres Syn-
drome (AGS), a monogenic interferonopathy, which results from mu-
tations in genes involved in nucleic acid metabolism, such as TREX1 and
RNASEH2 (Liu and Ying, 2023). These defects lead to intracellular
accumulation of endogenous nucleic acids, including RNA:DNA hybrids,
and spontaneous activation of innate immune responses (Liu and Ying,
2023). Although overt thrombosis is not a typical feature of AGS,
affected individuals frequently develop vasculopathy, endothelial
damage, and inflammatory neurovascular lesions (Adang et al., 2018; du
Moulin et al., 2011). These manifestations may reflect subclinical acti-
vation of coagulation cascades in response to chronic sensing of
endogenous nucleic acid.

Both SLE and AGS exemplify how genetic variants in innate nucleic
acid sensors can predispose to chronic interferon signaling. In particular,
single nucleotide polymorphisms and gain-of-function mutations in RIG-
I-like receptors, especially MDAS, have been reported in these disorders,
enhancing sensitivity to self-RNA and sustaining inappropriate type I
interferon responses (Oda et al., 2014; Oliveira et al., 2014)

HIV infection provides a further model where viral nucleic acids,
especially reverse-transcribed ¢cDNA and RNA:DNA intermediates,
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accumulate in host cells and contribute to chronic immune activation
(Akiyama et al., 2018). Even under suppressive antiretroviral therapy,
people living with HIV (PLWH) exhibit persistently elevated levels of
inflammatory and coagulation markers, including D-dimer, and tissue
factor—positive microparticles (MP-TF), suggesting a chronic pro-
thrombotic state despite effective viral control (Baker et al., 2013b;
Funderburg, 2014). Experimental data suggest that viral nucleic acid
debris can activate the cGAS-STING pathway, promote monocyte TF
expression, and potentially engage FXII. This raises the question of
whether pharmacological suppression of nucleic acid intermediates
might modulate thromboinflammation in vivo. Interestingly, nucleoside
reverse transcriptase inhibitors (NRTIs), beyond their direct antiviral
activity, have been shown to dampen immune activation driven by
endogenous RNA:DNA hybrids by reducing their intracellular accumu-
lation and subsequent inflammasome stimulation. By inhibiting the
reverse transcription of viral RNA into cDNA, NRTIs reduce the forma-
tion of intermediate nucleic acid species, such as cytosolic cDNA and
RNA:DNA hybrids, that are known to activate innate immune sensors
like ¢cGAS-STING and TLR9 (Olivieri et al., 2025). This immunomodu-
latory effect may attenuate monocyte TF expression, endothelial acti-
vation, and the release of procoagulant microparticles. Consistent with
this, active HIV replication has been shown to increase thrombin gen-
eration and alter levels of extrinsic coagulation factors such as FVII and
FVIII, in association with increased tissue factor expression on mono-
cytes and microparticles (Baker et al., 2013a). Notably, certain NRTIs
such as tenofovir disoproxil fumarate (TDF) are associated with a rela-
tively favorable cardiovascular profile, whereas abacavir has been
linked to increased risk of thrombotic and major adverse cardiovascular
events (MACE) - findings supported by data from the REPRIEVE trial
showing approximately twofold higher hazard ratios for MACE in
abacavir-treated individuals compared to TDF-based regimens (Davies
Smith et al., 2025; Fichtenbaum et al., 2025; Grinspoon et al., 2019) and
corroborated by observational cohort analyses in HIV-positive veterans
(Choi et al., 2011).

Importantly, this thromboinflammatory state persists even under
complete viral suppression. The mechanisms sustaining this residual risk
remain unresolved, as current evidence cannot clearly disentangle the
contributions of antiretroviral therapy (ART)-related effects, the
immunovascular damage established prior to treatment, and the low-
grade viral and immune perturbations that continue during suppres-
sive therapy (Perkins et al., 2023). This mechanistic ambiguity is re-
flected in the persistent elevation of inflammatory and coagulation
biomarkers in treated PLWH and in their sustained cardiovascular risk
despite viral suppression.

Murine models provide additional support, showing that impaired
nucleic acid degradation leads to chronic interferon activation, vascular
injury, and features of coagulopathy. For example, Trex1 —/— mice,
which lack the major cytosolic DNA exonuclease TREX1, accumulate
endogenous DNA in the cytosol, triggering chronic cGAS-STING-
mediated inflammation and exhibiting signs of vascular damage and
endothelial activation-features, that may predispose to thrombotic
complications (Stabach et al., 2024; Yan, 2017). Similarly, mice defi-
cient in DNaselL3, show increased levels of circulating RNA:DNA hy-
brids and develop autoimmunity and vasculopathy, paralleling aspects
of human SLE (Gomez-Banuelos et al., 2023). In both models, the
presence of nucleic acid debris has been shown to stimulate monocyte
activation and tissue factor expression, and in some settings may acti-
vate the intrinsic coagulation pathway via FXII, although this remains to
be conclusively demonstrated (Jimenez-Alcazar et al., 2017). These
preclinical observations reinforce the idea that misplaced nucleic acids
are not only immunogenic, but may also directly modulate thrombotic
pathways, providing a mechanistic bridge between innate sensing and
coagulation in chronic inflammation and aging (Gall et al., 2012; Sisirak
et al., 2016).

Together, these disease models demonstrate that the pathological
accumulation of self-derived nucleic acids, whether due to genetic
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mutations, viral infection, or immune dysregulation, can contribute to
thromboinflammatory phenotypes (Ferriere et al., 2020; Klavina et al.,
2022). They reinforce the hypothesis that nucleic acids are not merely
markers of cell damage, but active drivers of coagulation and vascular
inflammation, and suggest that similar mechanisms may contribute to
the thromboinflammatory phenotype observed during physiological

aging.
5. Nucleic acid burden as a molecular driver of coagul-aging

The evidence discussed above, including both pathological models
and aging-related mechanisms, converges on a unifying concept: the
accumulation and mislocalization of nucleic acids, both cytosolic and
extracellular, constitutes a molecular axis that links cellular senescence,
chronic inflammation, and thrombosis. While nucleic acids have long
been recognized as potent immunostimulatory DAMPs that activate
innate immune pathways and sustain chronic inflammation, accumu-
lating evidence demonstrates that they also possess direct procoagulant
potential through activation of FXII and the contact system (Vu et al.,
2016). This dual functionality highlights their ability to drive both
inflammation and coagulation, thereby challenging the classical notion
that coagulation in aging is merely a downstream consequence of
inflammation.

Specifically, FXII is a zymogen that becomes autoactivated upon
exposure to negatively charged nucleic acids, including dsDNA, RNA:
DNA hybrids, and NET-associated DNA (Fuchs et al., 2010; Hothorn
et al., 2009; Pavlov et al., 2006; Renne and Stavrou, 2019). Once acti-
vated, FXII initiates the intrinsic coagulation cascade, amplifying
thrombin generation and fibrin formation, while also engaging the
kallikrein-kinin system to promote bradykinin release and vascular
permeability (Mailer et al., 2022). In aging, the accumulation of LINE-
—1-derived cDNA, mitochondrial RNA, RNA:DNA hybrids, and cfDNA,
the so-called ‘nucleic acid burden’, provides a persistent trigger for FXII
activation, establishing coagul-aging as a parallel and self-amplifying
process that arises from nucleic acid dysregulation rather than being a
mere byproduct of inflammaging. The contact activation pathway,
centered on FXII, provides a mechanistic link between nucleic acids and
coagulation. Experimental studies have shown that cfRNA, particularly
ribosomal and mitochondrial RNA, exhibits potent FXII-activating
properties (Alharbi et al., 2021). A prototypical example of nucleic
acid-driven FXII activation is provided by NETs, which supply a
DNA-rich scaffold that promotes contact activation and thrombus for-
mation (McDonald et al., 2017). This mechanism has been extensively
documented in pathological conditions such as sepsis, where excessive
NETosis fuels both immunothrombosis and organ damage (Gould et al.,
2014). Beyond triggering FXII activation, NETs have also been shown to
promote FXI activation, thereby amplifying the intrinsic pathway and
promoting thrombin generation in sepsis models (Shi et al., 2021). One
of the landmark studies in this field demonstrated that both eukaryotic
and prokaryotic RNA molecules can directly trigger FXII activation and
downstream thrombin generation in vitro and in vivo (Kannemeier
et al., 2007). Importantly, RNA was found to be significantly more
potent than DNA in activating coagulation, and its prothrombotic effect
could be attenuated by treatment with RNase but not DNase
(Kannemeier et al., 2007). Subsequent studies confirmed that ribosomal
RNA, mitochondrial RNA, and synthetic polyribonucleotides exhibit
similar procoagulant properties, suggesting that specific structural fea-
tures of RNA confer high contact activity (Alharbi et al., 2021; Mar-
eboina et al.,, 2024). The homeostasis of extracellular RNA is
safeguarded by RNase A type ribonucleases, which are constitutively
secreted, most prominently by endothelial cells, and degrade circulating
RNA to prevent its procoagulant activity (Bedenbender and Schmeck,
2020). Exposure of human umbilical vein endothelial cells (HUVECs)
to pro-inflammatory cytokines such as IL—1p and TNF-a leads to a sig-
nificant downregulation of RNase A at both the mRNA and protein
levels, suggesting a diminished capacity of the endothelium to neutralize
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extracellular RNA (Bedenbender et al., 2019). Although a direct
impairment of this regulatory axis has not yet been demonstrated in
senescence models, evidence from chronic inflammatory settings in-
dicates that RNasel expression is suppressed, leading to defective
clearance of extracellular RNA and amplifying vascular dysfunction and
procoagulant activity (Laakmann et al., 2023). Importantly, this mech-
anism operates independently of classical cytokine-driven inflammation
and may explain the presence of a basal procoagulant state in aging
individuals, even in the absence of acute inflammatory stimuli. The
co-localization of nucleic acid accumulation, innate immune activation,
and thrombin generation in aging tissues supports the concept of a
nucleic acid—driven thromboinflammatory axis (Fig. 2).

6. Conclusions and future perspectives

The dysregulation and extracellular release of endogenous nucleic
acids emerge as central pathophysiological mechanisms linking senes-
cence, inflammation, and coagulation. Rather than being passive by-
products, these nucleic acids act as active agents capable of stimu-
lating both innate immune receptors and the coagulation system,
particularly through direct activation of FXIIL. This dual function places
them at the heart of thromboinflammatory responses observed in aging
and in several chronic diseases.

We propose that a “nucleic acid burden,” resulting from the com-
bined effects of retroelement activation, defective degradation, and
vesicular export, drives a parallel process of inflammaging and coagul-
aging. Therapeutic strategies aimed at reducing the accumulation,
sensing, or systemic spillover of these nucleic acids, such as nucleases,
inhibitors of retrotransposition, or senolytic agents, may offer novel
opportunities to mitigate vascular aging and thrombotic risk.

From a clinical perspective, these mechanistic insights reinforce the
notion that older individuals display a persistently heightened throm-
boinflammatory tone, even in the absence of overt cardiovascular dis-
ease. In this context, beyond conventional inflammatory markers,
greater attention should be given to circulating indicators of coagulation
activation. These may include TF activity associated with circulating
membranes, such as extracellular vesicles and microparticles, as well as
markers of thrombin generation, such as thrombin-antithrombin (TAT)
complexes. Notably, experimental models of endothelial senescence
have shown increased vesiculation and enhanced TF expression
(Holnthoner et al., 2017; Mensa et al., 2020), suggesting that aged in-
dividuals may exhibit higher levels of circulating TF activity. In parallel,
a more comprehensive assessment of endogenous anticoagulant path-
ways, including the protein C/protein S and antithrombin systems,
which are not routinely evaluated in clinical practice, may provide
additional insight into individual thromboinflammatory risk. Together,
these parameters may support the development of integrated biomarker
panels capturing procoagulant drivers, thrombin generation, and anti-
coagulant capacity, thereby enabling a more refined stratification of
vulnerability to coagul-aging-related complications. This observation
naturally raises the question of whether low-intensity anticoagulation
might attenuate the vascular consequences of coagul-aging. However,
current evidence outside atrial fibrillation remains scarce. Trials eval-
uating low-dose direct oral anticoagulants (DOACs) in elderly or
high-risk populations have so far yielded disappointing results. The
COMMANDER HF study, which tested rivaroxaban 2.5 mg twice daily in
patients with chronic heart failure and coronary artery disease, failed to
reduce the primary composite endpoint of death from any cause,
myocardial infarction, or stroke compared with placebo (Zannad et al.,
2018). The only significant difference observed was a modest reduction
in the incidence of ischemic stroke, with no overall cardiovascular
benefit despite acceptable safety. Importantly, the mean age of partici-
pants (~66 years) did not fully capture the biological complexity of the
oldest-old, in whom the thrombotic-bleeding balance may differ sub-
stantially. Additionally, emerging strategies targeting upstream com-
ponents of the coagulation cascade, particularly the contact activation
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Fig. 2. Misplaced nucleic acids as drivers of thromboinflammation in aging. Accumulation of cell-free nucleic acids (cfNAs), including cell-free DNA (cfDNA)
and RNA (cfRNA), in aging results from impaired degradation (“garb-aging”) and active release from senescent cells, either as naked molecules or within extracellular
vesicles (EVs) or virtosomes. These nucleic acids are sensed by pattern recognition receptors, including cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING), Toll-like receptors (TLR9 and TLR3), and RIG-I-like receptors (RIG-I and melanoma differentiation-associated protein 5, MDAS5), leading to type I
interferon (IFN-I), nuclear factor kappa B (NF-kB), and cytokine (IL—6, TNF-a) responses, contributing to the senescence-associated secretory phenotype (SASP) and
inflammaging.In parallel, extracellular nucleic acids activate the contact pathway via factor XII (FXII), promoting factor XI (FXI), thrombin, and fibrin generation,
and engaging the kallikrein—kinin system with bradykinin release. These pathways also induce tissue factor (TF) expression and monocyte recruitment, ultimately

linking nucleic acid burden to thrombosis and coagul-aging.

system, may offer additional opportunities. Experimental and early
clinical data indicate that inhibition of FXII can attenuate both throm-
bosis and inflammation without significantly impairing hemostasis,
suggesting a promising approach to modulate thromboinflammation
while potentially minimizing bleeding risk (Muller et al., 2011; Xu et al.,
2024). More broadly, novel antithrombotic approaches aimed at disso-
ciating thrombosis from hemostasis are under active investigation,
including targeting factor XI, platelet receptors such as PARs, glyco-
protein VI (GPVI), or intracellular signaling pathways, which have
shown antithrombotic efficacy with a potentially improved safety pro-
file in preclinical and early clinical studies (Buller et al., 2015; Xu et al.,
2024).

Altogether, while the pathophysiological framework of coagul-aging
strongly supports the rationale for preventive anticoagulation in
selected older adults, current evidence remains insufficient to define
optimal strategies outside established indications such as atrial fibril-
lation or venous thromboembolism. Yet, the recognition that a chronic,
nucleic acid-driven chronic thromboinflammatory activation underlies
vascular aging warrants a re-evaluation of anticoagulant use through the
lens of biological aging. Future studies specifically designed to test low-
dose or targeted anticoagulant regimens in biologically aged or
inflammaging-prone individuals could help determine whether attenu-
ating subclinical thrombin generation translates into tangible vascular
benefits, paving the way for a more personalized approach to throm-
boprophylaxis in aging.
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