3 frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Gloria Lopez-Castejon,

The University of Manchester,
United Kingdom

REVIEWED BY

Gillian Dunphy,

Spanish National Centre for Cardiovascular
Research, Spain

Jack Green,

The University of Manchester,

United Kingdom

*CORRESPONDENCE

Jinwen Ge
001267@hnucm.edu.cn

Zhigang Mei
meizhigang@hnucm.edu.cn

RECEIVED 09 August 2023
AccepTeD 04 October 2023
PUBLISHED 17 October 2023

CITATION

Ma X, Xin D, She R, Liu D, Ge J and Mei Z
(2023) Novel insight into cGAS-STING
pathway in ischemic stroke: from pre- to
post-disease.

Front. Immunol. 14:1275408.

doi: 10.3389/fimmu.2023.1275408

COPYRIGHT
© 2023 Ma, Xin, She, Liu, Ge and Mei. This is
an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology

TYPE Review
PUBLISHED 17 October 2023
D01 10.3389/fimmu.2023.1275408

Novel insight into cGAS-STING
pathway in ischemic stroke: from
pre- to post-disease

- - 1 - 2 . . l . l
Xiaoqi Ma“, Dan Xin<, Ruining She*, Danhong Liu-,

. . 1.
Jinwen Ge* and Zhigang Mei™
tKey Laboratory of Hunan Province for Integrated Traditional Chinese and Western Medicine on
Prevention and Treatment of Cardio-Cerebral Diseases, College of Integrated Traditional Chinese and
Western Medicine, Hunan University of Chinese Medicine, Changsha, Hunan, China, 2Institute of

Pharmacy, Shandong University of Traditional Chinese Medicine, Jinan, China, *Hunan Academy of
Chinese Medicine, Hunan University of Chinese Medicine, Changsha, China

Ischemic stroke, a primary cause of disability and the second leading cause of
mortality, has emerged as an urgent public health issue. Growing evidence
suggests that the Cyclic GMP-AMP synthase (cGAS)- Stimulator of interferon
genes (STING) pathway, a component of innate immunity, is closely associated
with microglia activation, neuroinflammation, and regulated cell death in
ischemic stroke. However, the mechanisms underlying this pathway remain
inadequately understood. This article comprehensively reviews the existing
literature on the cGAS-STING pathway and its multifaceted relationship with
ischemic stroke. Initially, it examines how various risk factors and pre-disease
mechanisms such as metabolic dysfunction and senescence (e.g., hypertension,
hyperglycemia, hyperlipidemia) affect the cGAS-STING pathway in relation
to ischemic stroke. Subsequently, we explore in depth the potential
pathophysiological relationship between this pathway and oxidative stress,
endoplasmic reticulum stress, neuroinflammation as well as regulated cell
death including ferroptosis and PANoptosis following cerebral ischemia injury.
Finally, it suggests that intervention targeting the cGAS-STING pathway may
serve as promising therapeutic strategies for addressing neuroinflammation
associated with ischemic stroke. Taken together, this review concludes that
targeting the microglia cGAS-STING pathway may shed light on the exploration
of new therapeutic strategies against ischemic stroke.
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Highlights

* The cGAS-STING pathway has emerged as a mediator of inflammation in response
to the detection of dsDNA.
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* The cGAS-STING pathway is closely associated with the
initiation of the neuroinflammatory response in ischemic
stroke.

* The cGAS-STING pathway is involved in various forms of
RCD, including ferroptosis and PANoptosis.

* The HMGBI1-NETs-cGAS-STING pathway in microglia
activation may be a promising target for the therapy

against hemorrhagic transformation.

1 Introduction

Stroke poses a significant global health concern, representing
the second leading cause of mortality worldwide, with at least 6
million fatalities and impacting 13 million individuals annually (1,
2). Ischemic stroke is the most common type, accounting for over
85% of cases and exhibiting an increase in annual incidence over the
past few years (3). Most stroke incidents are associated with
established cerebrovascular risk factors, with metabolic factors
such as hypertension, hyperglycemia, and hyperlipidemia
contributing to over 80% of cases, as reported by the European
Stroke Organization (4). Implementing primary prevention
strategies, such as the timely management of blood pressure (BP),
lipids, and glucose to regulate associated risk factors, can
significantly enhance patient survival rates and optimize
treatment and outcomes of this patient population.

The pathogenesis of ischemic stroke is multifaceted, involving
intricate pathological mechanisms. Disrupted cerebral blood flow
results in inadequate ATP and nutrient supply, instigating a cascade
of pathophysiological events such as oxidative stress, endoplasmic
reticulum (ER) stress, and neuroinflammatory responses, culminating
in neuronal demise and dysfunction (5). Thrombolytic therapy with
tissue-type plasminogen activator (t-PA) has been established as the
standard of care treatment for moderate to severe ischemic stroke (6).
The narrow therapeutic window and the risk of hemorrhagic
transformation (HT) often lead to unsatisfactory clinical outcomes
and prognosis in cases of ischemic stroke (7). Therefore, it is
imperative to identify strategies to intervene in the pathological
mechanisms associated with ischemic stroke and mitigate the
adverse effects of thrombolytic therapy. It is well-established that the
inflammatory response plays a substantial role in stroke outcomes,
such as stroke incidence, pathology, and the efficacy of thrombolytic
therapy. Therefore, it is crucial to comprehensively modulate the
inflammatory response to improve stroke injury management. The
cGAS-STING pathway has demonstrated significant potential in
this regard.

The cGAS-STING pathway is an integral part of the innate
immune system, with cGAS acting as a pattern recognition receptor
(PRR) that is response to cellular stress or pathogenic invasion (8).
PRRs are pivotal in detecting pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) (9). cGAS can directly sense DAMPs, including
mislocalized host double-stranded DNA (dsDNA) as well as
pathogen-derived dsDNA from PAMPs, such as bacterial and
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viral (10). Interacting with dsDNA, cGAS synthesizes the second
messenger cyclic GMP-AMP (cGAMP). Upon the binding of
cGAMP to STING, there is a rearrangement of the STING
ligand-binding domain, transitioning it from an open to a closed
conformation. This results in the formation of an activated STING
tetramer (11), leading to its translocation from the ER to Golgi
apparatus. Then STING binds and activates the TANK-binding
kinase 1 (TBK1) and Interferon Regulatory Factor 3 (IRF-3) (12).
Ultimately, this process promotes the transcription and expression
of type 1 interferon (IFN) and nuclear factor kappa B (NF-«B)
(Figure 1) (13). It is noteworthy that cGAS can also recognize host
DNAs, including mitochondrial DNA (mtDNA) and nuclear DNA
(nuDNA), which contribute to metabolic dysfunction and sterile
inflammation (14, 15).

The cGAS-STING pathway, initially extensively researched in the
context of pathogenic infections (16-19), has been identified as a
significant factor in various ischemic diseases (20, 21). By around
2020, its importance in ischemic stroke started to gain broader
acknowledgment in the scientific literature (22). This recognition
has been bolstered by a growing body of evidence highlighting the
cGAS-STING pathway’s crucial involvement in neuroinflammation,
a primary contributor to cerebral ischemic injury (23-27).

Research on immunotherapy as an intervention for cerebral
ischemic injury has gained significant momentum (28, 29).
Nevertheless, the blood-brain barrier (BBB) and the lack of
cerebral lymphatic vessels significantly hinder the innate immune
system’s function in the central nervous system (CNS), leading to
complex interactions between the CNS and the immune system in
the context of ischemic stroke (30). The cGAS enzyme is primarily
distributed in microglia within the brain, directly contributing to the
immune response in the CNS (31). Furthermore, metabolic
dysfunction-induced cell injury has the potential to directly trigger
the activation of the central and peripheral cGAS-STING pathway,
instigating an inflammatory response in the corresponding regions
(32-34), and increasing susceptibility to ischemic stroke.
Additionally, the DNA structure of neutrophil extracellular traps
(NETs) is widely thought to exacerbate the negative effects of
thrombolysis by modulating the cGAS-STING pathway (24, 35).
These findings offer insights into the intricate molecular mechanisms
underlying immune cell-to-cell interactions. Accordingly, the cGAS-
STING pathway represents a promising avenue for further
exploration in immunotherapy for ischemic stroke.

This comprehensive review aims to provide an overview of the
importance of the cGAS-STING pathway in ischemic stroke,
emphasizing the neuroinflammatory responses resulting from its
over-activation. While numerous comprehensive reviews published
over the past few years have thoroughly examined the mechanisms
of the cGAS-STING pathway, the present review provides a
comprehensive analysis of the intricate mechanisms through
which the ¢GAS-STING pathway contributes to the heightened
susceptibility and detrimental effects of ischemic stroke. It also
presents a novel perspective on its involvement in regulated cell
death (RCD), acknowledging that the precise underlying
mechanisms remain to be fully elucidated. To the best of our
knowledge, this is the most comprehensive review about the
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FIGURE 1

Depiction of the cGAS-STING pathway. Various dsDNA molecules derived from viruses, bacteria, deceased cells, or cellular organelles such as the
nucleus and mitochondria, bind to and activate the corresponding sites of the dsDNA sensor cGAS. Subsequently, cGAS catalyzes the synthesis of 2’
3’-cGAMP, which binds to the ER adaptor STING. Upon activation, STING translocates from the ER to the Golgi apparatus, where it activates the
kinases TBK1 and IKK. These kinases phosphorylate IRF3 and NF-xB, respectively. IRF3 and NF-xB then transcribe pro-inflammatory cytokines in the
nucleus, which are subsequently released to activate responsive receptors and initiate an inflammatory cascade response, such as the IFNR-
mediated JAK-STAT signal pathway. Ultimately, it regulates the ISRE, thereby promoting the expression of ISGs

GAS-STING pathway in ischemic stroke, encompassing risk
factors, pathophysiology, potential therapeutic targets, and the
side effect of thrombolytic therapy.

2 The overview of cGAS-
STING pathway

In the context of the innate immune system, a range of
intracellular and extracellular danger signals (36) are recognized by
various PRRs. These PRRs include transmembrane Toll-like
receptors (TLRs), NOD-like receptors (NLRs), cytoplasmic RIG-I-
like helicases (RLHs), and cGAS (37, 38). Several PRRs are capable of
detecting and responding to DNA, including Toll-like receptor 9
(TLR9), Absent in Melanoma 2 (AIM2), Z-DNA binding protein 1
(ZBP1), Interferon gamma-inducible protein 16 (IFI16), and cGAS
(39-43). Typically, host DNA is confined to the nucleus or
mitochondria. Furthermore, cells are capable to identify and
remove superfluous DNA. This is achieved through the action of
various enzymes such as DNase I, located in the extracellular space,
DNase I, located in the nucleus, and three prime repair exonuclease 1
(TREX1, originally designated DNase III), located in the cytoplasm.
These enzymes play a crucial role in regulating the quantity and
distribution of cellular DNA (44). However, instances such as
genomic DNA instability, mitochondrial stress, and lysosomal
rupture can lead to the discharge of DNA into the cytoplasm (45-
47). The activation of DNA sensors and downstream pathways can
occur due to a reduction in endogenous DNase activity, an escalation
in DNA damage, or an upsurge in exogenous DNA (48).
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cGAS, the DNA sensor, a 60kDa protein, exhibits a high degree
of sensitivity towards dsDNA, and its ability to recognize DNA is
sequence-independent, allowing for indiscriminately binding and
sensing the dsDNA (49). The ¢cGAS protein comprises three
domains, namely a DNA binding domain located at its N-
terminus, a central nucleotidy transferase (NTase) domain, and a
C-terminal domain (50). The interaction between the C-terminus of
cGAS and the phosphate backbone of dsDNA is facilitated by a
conserved zinc ribbon (10, 51). Upon binding to dsDNA, the
resulting 2:2 complex of ¢cGAS and DNA undergoes
conformational changes that are believed to be catalytic in nature.
Notably, cGAS dimers are situated between two distinct dsDNA
fragments, thereby forming a stable complex (49). In contrast,
single-stranded DNA and double-stranded RNA are incapable of
forming a stable complex, thus confirming that the specificity of
cGAS for dsDNA is determined by the structure of this stable
complex (49). In addition to dsDNA, cGAS can also be activated by
long-interspersed element-1 (LINE-1) and high-mobility group box
1 (HMGB1), influencing its downstream pathways (52, 53). Further
upstream activators of cGAS remain to be identified in future
studies. It is noteworthy that certain viruses, including vesicular
stomatitis virus and herpes simplex virus do not directly elicit the
activation of cGAS via their DNA or RNA. Rather, these viruses can
indirectly stimulate cGAS by releasing mtDNA (54).

The localization of cGAS extends beyond the cytoplasm to include
the cell and nuclear membranes (55). Within the membrane, cGAS
exhibits heightened proficiency in detecting exogenous DNA. In the
cytoplasm, the release of mtDNA resulting from Bak or Bax-mediated
mitochondrial damage, coupled with the upregulation of mitochondrial
transcription factor A (TFAM), enhances cGAS sensitivity to long
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DNA, ultimately leading to cGAS activation (53, 56). In the context of
senescent cells, cGAS is observed to infiltrate chromatin as a result of
micronucleus instability or nuclear membrane rupture, thereby
instigating the activation of pro-inflammatory genes (14). The cGAS-
STING pathway is closely associated with cellular senescence,
predominantly by promoting the induction of senescence (14). This
protective mechanism, which serves as a safeguard against the
development or reception of tumor cells, emphasizes the significance
of the cGAS-STING pathway ‘s distinctive function in modulating
senescent cell activity. Moreover, cGAS is also identified within the
cellular nucleus, predominantly in an inactive or low-active state under
physiological conditions (57). Recent findings underscore that a
mechanism exists within the nucleus that inhibits cGAS activity. This
inhibition is attributed to the barrier-to-autointegration factor 1 (BAF)
that dynamically competes with ¢cGAS for DNA binding, effectively
obstructing the activation complex formation between DNA and cGAS
(58). Such a mechanism serves as a protective strategy, ensuring
precision in cGAS’s discrimination of genomic DNA.

Upon formation of the cGAS-dsDNA complex, ATP and GTP
are recruited to cyclize and create two phosphodiester bonds,
ultimately yielding a distinctive 2'3’-cGAMP structure is crucial for
STING activation (59). STING, a 42 KD protein with four
transmembrane domains, predominantly localizes as a dimer on
the ER (60). Upon binding of cGAMP, a conformational change
occurs in the C-terminal structural domain of STING (11), which
triggers its translocation from the ER to the Golgi apparatus. This
process necessitates the assembly of Coat Protein Complex II
(COPII) vesicles, involving several proteins, including Sarl, Secl3,
Sec24, and Sec31 (61-64). The regulation of downstream pro-
inflammatory cytokines is contingent upon the relocation of
STING to the Golgi. Upon STING translocation to the Golgi
apparatus, activates the TBK1 and IRF3. STING’s oligomerization
and activation of TBK1 are facilitated by its palmitoylation (65).
Subsequently, IRF3 was phosphorylated and dimerized by TBKI,
which then translocates to the cell nucleus to induce IFN-1
expression (65). Then, IFN-1is recognized by cell membrane
receptor IFNAR, composed of IFNARI and IFNAR2 subunits,
leading to the activation of the JAK/STAT pathway (66). This
results in the formation of specific complexes that regulates a
group of target genes containing the interferon-stimulated response
element (ISRE), thereby regulating the expression of interferon-
stimulated gene factors (ISG) (Figure 1) (67). Furthermore, STING
that has undergone maturation is subjected to lysosomal degradation
via autophagy, indicating an interaction between the cGAS-STING
pathway and autophagy (61). The cGAS-STING pathway not only
mediates the expression of interferons but also activates inhibitors of
kappa B kinase (IKK) via STING, resulting in the production of NF-
KB (68). Nevertheless, the regulatory mechanisms of non-IRF3
transcription factors remain elusive.

3 Role of cGAS-STING pathway in the
risk factors of ischemic stroke

Prolonged and persistent inflammation poses a heightened risk of
stroke, especially in individuals with coexisting medical conditions
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such as hypertension, hyperglycemia, and hyperlipidemia. Mitigating
modifiable risk factors is imperative in the prevention, management,
and recurrence of ischemic stroke. Recent studies have identified that
these metabolic aberrations are often accompanied by the
dysregulated activation of the cGAS-STING pathway in various
tissue cells, especially in endothelial cells (69, 70). Mitochondrial
dysfunctions, especially those leading to the aberrant release of
mtDNA, are prominent indicators of metabolic stress (71). Such
mitochondrial disturbances can give rise to mtDNA damage and
abnormal distribution, thereby suggesting a potential association
between mitochondrial-originated metabolic dysfunction and the
cGAS-STING pathway, as evidenced by various studies (15, 32, 72).
In parallel, senescent cells, both under physiological and pathological
scenarios, might augment DNA exposure due to their compromised
membrane integrity and diminished genomic DNA repair capabilities
(14, 73), thus influencing the cGAS-STING pathway’s activation.
This section underscores the importance of the ¢cGAS-STING
pathway-mediated chronic inflammatory response in the risk
factors linked to ischemic stroke.

3.1 Hypertension

Hypertension, which accounts for 52% of all cases, is the most
significant independent risk factor for ischemic stroke and is
therefore considered a crucial target for long-term prevention of
stroke (74). The American Stroke Association recommends anti-
hypertensive therapy for patients eligible for intravenous (IV)
thrombolysis with recombinant t-PA. The pre-treatment systolic
BP should not exceed 185 mmHg, and the diastolic BP should not
exceed 110 mmHg. Furthermore, it is recommended to maintain BP
levels below 180/105 mmHg during the first 24 hours following
treatment (75).

The renin-angiotensin system (RAS) is a fundamental molecular
mechanism that initiates hypertension, and its hyperactivation is
facilitated by sympathetic nerves (76). Angiotensin II (Ang II), a
crucial constituent of the RAS, is produced in multiple tissues,
including the circulation, blood vessels, kidneys, and brain tissues.
In the brain, Ang II stimulates microglia polarization towards the M1
state and induces the release of various pro-inflammatory cytokines
(77). Research has indicated that the release of these cytokines is
closely linked to an increased number of damaged mitochondria and
intracytoplasmic dsDNA (78). Activation of the cGAS-STING
pathway, predominantly situated in the paraventricular nucleus and
rostral ventrolateral medulla of the brain, governs mitophagy and
pro-inflammatory cytokines release, thereby inducing microglial
polarization and localized neuroinflammation (33, 78). The ensuing
neuroinflammation in the central cardiovascular system elicits
sympathetic excitation, which ultimately contributes to the long-
term development of hypertension. The results of utilizing an
intracisternal infusion of RU.521, an inhibitor of cGAS, indicated a
reduction in microglia polarization, a decrease in neuroinflammation,
a lowered sympathetic excitability, and a significant decrease in BP
(33). These findings suggest that the cGAS-STING pathway
regulates BP by promoting neuroinflammation in the central
cardiovascular system.
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Activation of the cGAS-STING pathway occurs not only in the
cardiovascular center but also in the peripheral tissues of
hypertensive patients, thereby exacerbating tissue damage.
Research has demonstrated that direct inhibition of ¢cGAS can
enhance left ventricular contractility and alleviate ventricular
hypertrophy in pressure-overload-induced heart failure (79).
These findings indicate that the controlled expression of cGAS
has a direct impact on myocardial contractile function and cardiac
remodeling, influencing BP and delaying the onset of heart failure.
Moreover, augmented STING expression has been detected in
cardiomyocytes and is closely associated with heart failure (79,
80). Ventricular cells have been shown to be influenced by Ang II in
terms of cGAS activation and STING upregulation, and the
inhibition of ER stress has been found to substantially decrease
cGAS-STING pathway activation (81). These suggest that the
cGAS-STING pathway is directly involved in the development of
Ang II-induced hypertension, which ultimately results in damage to
peripheral tissues.

To date, several mechanisms by which the ¢cGAS-STING
pathway influences BP have been identified, such as direct
involvement in the regulation of cardiovascular centers, directly
affecting myocardial contractile function, and cardiac remodeling.
Further exploration of the cGAS-STING regulatory pathway may
offer new insights into blood pressure modulation. Additionally,
whether the activation of the cGAS-STING pathway is closely
associated with tissue damage beyond the myocardium in the
context of hypertension remains to be determined.

3.2 Hyperglycemia

Hyperglycemia represents an additional modifiable and
independent risk factor for stroke. A J-shaped association
between glycosylated hemoglobin levels and the likelihood of
stroke has been documented (82). Hyperglycemia frequently co-
occurs with vascular remodeling, and the architecture of the
microvasculature influences the development of collateral
circulation during the onset of ischemic stroke, which in turn
tends to augment the size of the infarct (83). Furthermore, blood
glucose levels exhibit a positive correlation with anaerobic
metabolism, as heightened blood glucose levels lead to an
accumulation of lactic acid and acidosis during ischemia (84).

The c¢GAS-STING pathway has been implicated in the
regulation of blood glucose. Notably, the expression of cGAS,
STING, and TBK1 is elevated in adipocytes, which may
contribute to sterile inflammatory response, insulin resistance,
and hyperglycemia (32). Furthermore, a high-fat diet (HFD) leads
to the release of mtDNA, which activates the cGAS-STING pathway
and promotes chronic inflammation (85). In the islet, activation of
the cGAS-STING pathway in B-cells of HFD mice has been found
to inhibit glucose metabolism and increase the load on islet 3-cells
(86). Following intervention with the STING inhibitor C176, the
inflammatory response was significantly downregulated, thereby
safeguarding the proper functioning of pancreatic B-cells and
glucose metabolism. Disulfide-bond A oxidoreductase-like protein
(DsbA-L), an enzyme that exhibits an inverse correlation with
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obesity in both mice and humans (87), has been found to impede
the entry of mtDNA into the cytoplasm, suppress the activation of
the cGAS-STING pathway, and mitigate the inflammatory response
of adipose tissue under HFD conditions (15). The downregulation
of STING has been demonstrated to decrease adipose tissue
inflammation and insulin resistance induced by an HFD (88).
The modulation of the cGAS-STING pathway as a means of
regulating insulin resistance presents a novel approach to the
treatment of type 2 diabetes. Additionally, the activation of the
cGAS-STING pathway has been observed in the microglia of HFD
mice, concomitant with microglia polarization and neuronal
damage (89). This suggests that the cGAS-STING pathway
may serve as a novel “bridge” linking metabolic dysfunction
and neuroinflammation. Moreover, existing evidence has
demonstrated that hyperglycemia has an impact on the
production of vascular endothelial cells, potentially through the
activation of the cGAS-STING pathway and the dysregulation of
the Hippo-Yes-associated protein (YAP) pathway (90). Mammalian
Ste20-like kinases 1 (MST1) have been identified as a contributing
factor to YAP phosphorylation, which inhibits angiogenesis.
Activation of the cGAS-STING pathway by mtDNA leads to the
production of IRF3, which acts on the promoter region of MST1 to
induce its expression and ultimately inhibit angiogenesis (90). To
summarize, the excessive activation of the cGAS-STING pathway is
linked to hyperglycemia-induced chronic inflammation, metabolic
abnormalities, and impaired angiogenesis, resulting in inflammation
and compromised blood flow in the brain.

3.3 Hyperlipidemia and atherosclerosis

Hyperlipidemia, a well-established risk factor for ischemic
stroke, is a significant contributor to the development of
atherosclerosis (AS). It is characterized by a subacute immune-
mediated inflammatory response resulting from the accumulation
of lipids around the vessel wall, which triggers macrophages to
migrate and engulf the lipids, ultimately leading to the formation of
atherosclerotic plaques (91). Furthermore, the endothelium serves
as the primary defense against AS, and the process of endothelial-
to-mesenchymal transition (EndMT) is closely associated with the
pathogenesis of AS (92). Hence, the crucial intervention strategy for
ischemic stroke involves mitigating hyperlipidemia-induced
endothelial cell dysfunction, which leads to anomalous cerebral
blood flow.

In the context of vascular inflammation research, it was noted
that AS plaques exhibited a high expression of STING (93).
Oxidized low-density lipoprotein (oxLDL) accumulates in the
vasculature, leading to the recruitment of circulating immune
cells, subsequently triggering an inflammatory cascade that
culminates in the formation of atherosclerotic plaques (94)
(Figure 2). Recent studies have identified mislocalized self-DNA
and DNA damage in AS (95, 96), with this DNA predominantly
localized within AS plaques (97). The activation of the cGAS-
STING pathway was observed in dysfunctional endothelial cells
with elevated cytosolic mtDNA and nuDNA, leading to an increase
in the expression of IL-6 mRNA in AS (98). Moreover, research
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Senescence and atherosclerosis affect vascular endothelial function through cGAS-STING pathway. In Senescence cells, mitochondrial dysfunction,
reduced nuDNA stability, and impaired DNA damage repair mechanisms lead to intracellular DNA accumulation, subsequently activating the cGAS-
STING pathway. This not only results in the reduction of INOS and NO, affecting vasodilation, but also promotes SASP production, impacting
endothelial cell function. Atherosclerotic plaques lead to endothelial cell damage, elevated Ca®* levels inhibit the suppressive role of STIM1 on the
cGAS-STING pathway and also promote AMPK-mediated activation of the cGAS-STING pathway. Furthermore, mtDNA resulting from mitochondrial

damage also activates the cGAS-STING pathway

indicates that damaged endothelial cells within these plaques, due to
mitochondrial dysfunction, exhibit significantly elevated mtDNA
levels, inducing the activation of the cGAS-STING pathway, thereby
exacerbating endothelial cell damage (99). The functionality of
endothelial cells is largely contingent upon Ca®* concentrations.
Stromal interaction molecule 1 (STIM1), an essential regulator of
calcium homeostasis, orchestrates the equilibrium of Ca* levels
between the cytoplasm and ER (100). Under physiological
conditions, STIM1 supports the tethering of STING to the ER,
suppressing the subsequent activation of the cGAS-STING pathway
and attenuating the type 1 IFN response (101). Hyperglycemia
induces elevated Ca’* concentrations in endothelial cells
(102). Similarly, in the context of AS, calcium homeostasis is
compromised, leading to the displacement of STIM1 and
diminished STING inhibition (103). The apolipoprotein E (ApoE)
-/- mice subjected to HFD, which induces the formation of
atherosclerotic plaques, it also observed an elevation in Ca®*
levels. This in turn activates calcium/calmodulin-dependent
protein kinase II (CaMKII), leading to the activation of AMP-
activated protein kinase (AMPK) and subsequent stimulation of the
STING pathway (Figure 2) (104). In addition, activation of STING
in macrophages also promotes AS. In HFD ApoE-/- mice,
attenuation of atherosclerotic lesions was observed upon
knocking down STING or reducing macrophage accumulation
(105). Moreover, the administration of the STING-specific
antagonist C-167 to ApoE-/- mice led to a decrease in plaque
lesions and lipid accumulation (106). Furthermore, the process of
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EndMT results in the impairment of endothelial cells, thereby
facilitating the development of atherosclerotic plaque. Upon
induction of EndMT in human aortic endothelial cells by palmitic
acid (PA), activation of the cGAS-STING pathway was observed,
and the suppression of cGAS expression mitigated inflammation,
oxidative stress, and EndMT (107). Modulating the activation of the
cGAS-STING pathway in endothelial cells may represent a novel
molecular mechanism to ameliorate atherosclerotic injury.

3.4 Senescence

The incidence of ischemic stroke and associated mortality
exhibit a marked rise with advancing age (108, 109). Vascular
endothelial dysfunction and neuronal degeneration are the
primary pathophysiological mechanisms underlying stroke.
Recent studies have shed light on the neurodegenerative damage
mediated by the cGAS-STING pathway in the context of neural
aging (110-112). In this regard, our research endeavors to
investigate the involvement of the cGAS-STING pathway in
senescent vasculature.

The expression levels of cGAS, STING, and p-IRF3/IRF3 in
endothelial cells exhibit an increase with age, while the expression of
inducible nitric oxide synthase (iNOS) and nitric oxide (NO)
production, a significant vasodilatory factor, decrease in an age-
dependent manner (70). The inhibition of the cGAS-STING
pathway has been observed to mitigate the disparity in eNOS and
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NO expression between 12-month and 6-month-old mice,
indicating that the modulation of the cGAS-STING pathway can
directly enhance senescent vascular structures, cerebral blood
supply, and reduce nervous system injury (Figure 2B) (70).
Senescent cells demonstrate distinct molecular and functional
alterations, including decreased stability of nuDNA, mitochondrial
dysfunction, aberrant generation of reactive oxygen species (ROS),
and compromised DNA damage repair mechanisms (113). A recent
publication in Nature regarding senescence underscored the impact
of YAP/TAZ activity and the activation of the cGAS-STING
pathway on cellular senescence (114). The involvement of YAP/
TAZ in the transcriptional regulation of lamin Bl and ACTR2,
which respectively contribute to the structural integrity of the
nuclear membrane and the formation of the peri-nuclear actin
cap (115, 116), implies the importance of YAP/TAZ in the
modulation of cellular senescence. Specifically, YAP/TAZ may
exert its effect by preserving the integrity of the nuclear
membrane, thereby indirectly suppressing the activation of the
cGAS-STING pathway.

The senescence-associated secretory phenotype (SASP) is a
crucial aging marker that can modify intercellular communication
levels, thereby inducing senescent cells and their neighboring cells
to age more rapidly, resulting in chronic low-grade inflammation.
Senescent endothelial and smooth muscle cells exhibit an increase
in SASP expression, which is accompanied by abnormalities in
endothelial secretory function and vascular architecture (117).
Moreover, the cGAS-STING pathway recognizes DNA fragments
and facilitates the release of SASP from senescent cells (Figure 2B)
(14, 118). The inhibition of cGAS, STING, or NF-kB has been
demonstrated to eliminate SASP gene expression in both mice and
human cells (119). Additionally, a novel cellular senescence
phenotype, characterized by the response of type 1 IFN, has been
observed to maintain high SASP expression in senescent cells. It
may be linked to the elevated expression of LINE-1 in senescent
cells, which possesses high reverse transcriptase activity and
transcribes mRNA into DNA in the cytosol (120). Despite the
identification of a positive correlation between the cGAS-STING
pathway and SASP, the precise molecular mechanism underlying
this relationship remains unknown.

4 Role of cGAS-STING pathway in
pathophysiology of ischemic stroke

Ischemic stroke encompasses diverse pathophysiological
mechanisms, including oxidative stress, ER stress, neuroinflammatory
response, and RCD. The over-activation of the cGAS-STING
pathway may represent a novel mechanism that exacerbates
these processes. Given the non-regenerative nature of nerve cells
and their susceptibility to ischemia and hypoxia, identifying
strategies to inhibit the pathophysiological cascade of ischemic
stroke and reverse neuronal death could have significant
implications for limiting the expansion of the penumbra and
treating ischemic stroke.
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4.1 Oxidative stress

The brain is a high-energy-demanding organ that can only be
met through oxidative phosphorylation. Both cerebral ischemia
injury and cerebral ischemia/reperfusion injury (CI/RI) can
induce oxidative stress, which generates ROS that directly damage
DNA, lipids, and proteins, leading to cell death. Under normal
conditions, DNase I, DNase II, and TREX1 can degrade a small
amount of damaged DNA, rendering the DNA sensor inactive
(121). However, oxidatively damaged DNA is more resistant to
nuclease degradation, resulting in its accumulation in the cytoplasm
(122, 123).

Recent studies have confirmed a complex relationship between
oxidative stress in ischemic stroke and the cGAS-STING pathway.
Initially, ischemic stroke leads to an excess of ROS within neurons,
resulting in cell cycle aberrations, DNA damage, and increased
nuclear DNA content. Ischemic stroke also elevates Rb levels,
subsequently inducing dysfunction of the cell cycle-inhibitory
transcription factor E2fl (124). Moreover, ischemic stroke
activates p38 MAPK, subsequently enhancing p53 and pl6
expression in the infarct area, further modulating the cell cycle
through Rb and E2f1 regulation (125-127). Cellular DNA damage
caused by ischemic stroke is closely associated with in activating the
cGAS-STING pathway. Additionally, as the primary site of
oxidative respiration, mitochondrial damage during ischemic
stroke also leads to increased cytoplasmic mtDNA, thereby
activating cGAS (128). Current research reveals that dysregulation
of iron metabolism is a crucial aspect of ischemic stroke and is
closely linked to oxidative stress. In the early stages of I/R, Nuclear
Receptor Coactivator 4 (NCOA4) mediated ferritinophagy results
in elevated cytoplasmic Fe2+, initiating oxidative stress, which
further promotes autophagy and apoptosis, culminating in
augmented brain injury (129). An in-depth investigation into
NCOA4 and the cGAS-STING pathway revealed that activating
the cGAS-STING pathway can exacerbate ischemic brain damage
via NCOA4-mediated ferritinophagy (130) (Figure 3).

In fact, NCOA4-mediated ferritinophagy ultimately induces the
Fenton reaction, leading to elevated intracellular ROS levels. The
ROS can oxidize the cysteine residue at position C147 of the STING
protein, thereby inhibiting the cGAS-STING pathway and
subsequently downregulating the expression of IFN-1 (131). The
influence of ROS on the cGAS-STING pathway has been further
highlighted within the realm of ferroptosis research. Ferroptosis is a
distinct oxidative stress-driven cell death mechanism marked by the
depletion of glutathione peroxidase 4 (GPX4), an essential protein
that counteracts cellular ferroptosis. In the absence of GPX4, there
is enhanced cellular lipid peroxidation, which subsequently
suppresses the cGAS-STING pathway (132). The mechanism
suggests that the upsurge of ROS levels and oxidative stress,
which induces STING carbonylation at C88 and impedes its
translocation from the ER to the Golgi complex, hindering the
downstream signaling of the cGAS-STING pathway (132)
(Figure 3). This suggests that oxidative stress can, on one hand,
impact the cell cycle and mitochondrial function, subsequently
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The connection between cGAS-STING pathway and oxidative stress. Ischemic stroke induces elevated expression of P16 and P53 in neurons within
the ischemic region, subsequently modulating the cell cycle through the regulation of Rb and E2f1, leading to DNA damage. On another front,
mitochondrial damage also results in increased cytoplasmic mtDNA levels. Furthermore, ROS enhances the resistance of DNA to degradation by
nucleases, including DNase Il and TREX1, leading to the accumulation of DNA in the cytoplasm. Subsequently, activated STING upregulates NOCA4
expression, leading to ferritinophagy and a surge in ROS production via the Fenton reaction. However, ROS can impede the phosphorylation of
STING Cys147, thereby hindering the downstream formation of the protein complex involved in innate immune signaling by inhibiting the transfer of

STING from the ER to the Golgi apparatus.

activating the cGAS-STING pathway via DNA. On the other hand,
ROS can also inhibit STING activation. The intricate relationship
between the cGAS-STING pathway and oxidative stress is pivotal,
and the interplay between the two requires further elucidation.

Crucially, the interplay between the cGAS-STING pathway and
oxidative stress manifests divergent outcomes across various
ischemic disorders. For example, the administration of the cGAS
inhibitor RU.521 successfully mitigated oxidative stress-induced
harm and apoptosis in lung schemia/reperfusion (I/R) injury by
suppressing the cGAS-STING pathway (133). In contrast, the
activation of cGAS was found to confer protection against ischemic
liver injury by initiating autophagy, which effectively inhibited
oxidative stress (134). The bidirectional regulation of oxidative
stress by the cGAS-STING pathway suggests a unique characteristic
that has significant implications for innate immunity, enhancing its
defensive efficacy against oxidative stress in ischemic stroke. To
comprehensively comprehend the pathway’s involvement in diverse
biological processes, further investigation is warranted to identify the
cellular substructures implicated.

4.2 ER stress

The induction of ER stress is a consequential mechanism that
leads to neuronal cell damage. During cerebral ischemia and
hypoxia, changes occur within the ER, resulting in the abnormal
aggregation of unfolded proteins and triggering the unfolded
protein response (UPR). The accumulation of unfolded proteins
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prompts the activation of PKR-like ER-resident kinase (PERK),
activating transcription factor-6 (ATF6) and inositol-requiring
enzyme lo. (IRE1a), which bind to these proteins and undergo
phosphorylation, thereby initiating downstream pathways that
culminate in apoptosis (135).

The interplay between the cGAS-STING pathway and ER stress
has been well-documented. In studies on pathogen infections, the
cyclic-di-adenosine monophosphate found in live Gram-positive
bacteria is known to activate STING, which in turn mediates ER
stress and subsequently influences cellular autophagy (136).
Moreover, research has indicated that several pharmacologic ER
stress inducers, alongside oxygen-glucose deprivation, trigger the
activation of IRF3. Notably, the application of 4-(2-Aminoethyl)-
Benzenesulfonyl Fluoride Hydrochloride (an inhibitor targeting the
unfolded protein ATF6) markedly curtails IRF3 activation (137).
This research suggests that ischemic disorders might activate the
cGAS-STING pathway through ER stress or the UPR (137). Parallel
findings are reported in various ischemic conditions. In studies
concerning lung I/Rinjury, it was observed that cGAS-STING
pathway expression is upregulated in alveolar epithelial type II
cells of I/R rats. When the cGAS-STING pathway was activated, ER
stress was induced in alveolar epithelial type II cells, whereas
inhibiting the cGAS-STING pathway prominently ameliorated
both ER stress and I/R injury (133). Additionally, mice
manifesting cardiac hypertrophy displayed augmented markers of
PERK and elF2o. ER stress, markers which were significantly
attenuated upon STING knockout (81). Subsequent studies
established that in neurons, ER stress could instigate the cGAS-
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STING pathway, culminating in the polarization and activation of
microglia (138). The use of the PERK inhibitor GSK2656157
substantially reduced the production of IFN and the polarization
of microglia towards the M1 phenotype (138). Intriguingly, STING
gain-of-function mutations were associated with anomalous
expression of multiple unfolded proteins, including Chop and
p-IRE1 (139). In the context of ischemic stroke, a similar
accumulation of these unfolded proteins is observed. We posit
that the aberrant accumulation of unfolded proteins in ischemic
stroke may likely be attributed to the dysregulation of the cGAS-
STING pathway. Modulating the activation of this pathway might
be pivotal in intervening the ER stress observed in ischemic stroke.

4.3 Neuroinflammation

4.3.1 Aberrant cGAS-STING pathway exacerbates
neuroinflammation in ischemic stroke

Neuroinflammation is an inflammatory response that manifests
in the brain or spinal cord and is observed in various cerebrovascular
diseases, particularly ischemic stroke, leading to the disruption of
immune homeostasis and aggravation of organ damage (140).
Neuroinflammation plays a dual role in ischemic stroke, as it can
both amplify ischemic damage and contribute to infarct resolution
(141). Microglia activation is widely acknowledged as a crucial
event in neuroinflammation, and the high expression of cGAS in
microglia has been verified (24). Hence, regulating the activation of
the cGAS-STING pathway in microglia is critical in regulating
neuroinflammatory responses during ischemic stroke.

After an ischemic stroke, microglia, the immune cells residing
in the brain, are activated and subsequently release inflammatory
cytokines and chemokines. After the onset of an ischemic stroke,
the intrinsic negative feedback mechanism between IFN-1 and
interferon-stimulated genes ISGs in the CNS becomes
dysregulated (142). Furthermore, IFN-1 induces the release of
cytokines and chemokines, including chemokines (C-C motif)
ligand-2 (CCL-2) and CCL-3, from activated microglia (143). The
chemokines facilitate the clustering of peripheral macrophages and
neutrophils at the injury site. In the event of cerebral ischemia,
astrocytes, which is associated with maintaining normal brain
function, initiate autophagy via the HIF-1/mTOR pathway (144),
leading to endothelial cell dysfunction and astrocyte autophagy,
which in turn increases BBB permeability, thereby promoting the
infiltration of peripheral immune cells into the brain. In summary,
microglia are pivotal in the neuroinflammatory response to
ischemic stroke.

It is now understood that the cGAS-STING pathway can
prompt polarization of microglia/macrophages towards the
proinflammatory MI1-like phenotype. Studies have revealed that
c¢GAS governs macrophage polarization in repairing cardiac injury
in myocardial infarction (21). The absence of ¢cGAS function
has been demonstrated to encourage the transformation of
macrophages to a reparative phenotype, which restrains
pathological remodeling and advances angiogenesis and early
survival (21). In fact, microglia, which are highly specialized
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macrophages, also have their M1/M2 polarization modulated by
the cGAS-STING pathway.

The c¢GAS-STING pathway exacerbates cerebral ischemic
injury has been confirmed through experiments using si-cGAS
inhibition of microglial M1 polarization in a middle cerebral artery
occlusion (MCAO) mouse model, resulting in the downregulation
of the M1/M2 ratio and attenuation of neuroinflammation in
ischemic stroke by suppressing the shift in microglia phenotype
(23). A similar cGAS-mediated neuroinflammatory response was
observed in CI/RI (145). The activation of the microglial cGAS-
STING pathway in the ischemic zone has been proposed to
contribute to the local microenvironment. The upregulation of
cGAS expression in microglia by HDAC3 and the facilitation of
downstream P65 acetylation and nuclear localization resulted in
increased pro-inflammatory cytokines (145). Furthermore, within
the context of subarachnoid hemorrhage, a specific type of stroke, a
significant increase in STING expression was observed 12 hours
post-injury (146). The administration of CMA, a STING agonist,
resulted in heightened neuronal damage, whereas using C-176, a
STING inhibitor, produced neuroprotective outcomes, such as
diminished brain edema, mitigated neuronal damage, and
reduced microglial activation (146). Additionally, STING
expression was upregulated in a neonatal hypoxic-ischemic
encephalopathy rat model, and the implementation of STING
inhibitors yielded a significant reduction in infarct size and
neuroinflammation (52).

These findings suggest that targeting the cGAS-STING pathway
may be a viable immunotherapeutic approach for treating ischemic
stroke. Specifically, the polarization of microglia mediated by
cGAS-STING may represent a novel mechanism for inducing
neuroinflammation. Additionally, activated microglia can directly
release pro-inflammatory cytokines and indirectly attract immune
cells from peripheral regions toward the ischemic zone, thereby
promoting neuroinflammation. Consequently, targeting the cGAS-
STING pathway may offer a promising avenue for immunotherapy
in treating ischemic stroke.

4.3.2 Therapeutical potential of targeting cGAS-
STING pathway against neuroinflammation in
ischemic stroke

It is widely acknowledged that neuroinflammation involves the
activation of microglia and astrocytes and the production of pro-
inflammatory cytokines that trigger nerve cell damage through various
signaling pathways and exacerbate ischemic stroke (147). There are
preclinical compounds that can potentially mitigate ischemic stroke by
modulating inflammatory response pathways or targets (148-150).
Presently, there are surge in research on the involvement of the cGAS-
STING pathway mediating neuroinflammation in the context of
ischemic stroke. These findings have prompted research into the
potential therapeutic applications of this innate immune pathway in
treating ischemic stroke. Targeting the cGAS-STING pathway
represents a promising novel approach to immunotherapy for
neuroinflammatory disorders. Although several pharmacological
studies have now confirmed that DNA inhibitors can intervene in
neuroinflammation, such as A151 and DNase I (22, 24, 25). However,
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it remains to be further determined whether other inflammatory
pathways are also affected as the cGAS-STING pathway.

The regulation of ¢cGAS expression in microglia has the
potential to affect the activation of microglia and the downstream
pro-inflammatory cytokines, consequently influencing the
neuroinflammatory response in ischemic stroke. HDAC3
transcriptionally promoted the expression of cGAS and
potentiated the activation of the ¢cGAS-STING pathway by
regulating the acetylation and nuclear localization of p65 in
microglia (145). Additionally, the induction of mitochondrial
damage by ischemia-reperfusion further increased mtDNA
content in microglia, leading to enhanced microglia activation via
the ¢cGAS-STING pathway. In the MCAO model, the
administration of HDAC3 inhibitors TSA/MS275/RgFP109/
RgFPI66 effectively mitigated the neuroinflammatory response by
inhibiting the HDAC3-P65-cGAS axis (145). In the context of
ischemic stroke, the DNA backbone of NETs has the ability to
function as a ligand, thereby activating cGAS and subsequently
inducing microglia activation and neuroinflammation (24). The
administration of DNase I has been observed to mitigate cGAS
activation and confer neuroprotective effects (24). Furthermore,
A151 functions as a potent inhibitor of cGAS, effectively impeding
its activation by competitively binding to DNA. A151 inhibits
neuroinflammatory responses by inhibiting the production of
inflammasome AIM2, consequently reducing neuronal cell death
in ischemic stroke (22). The presence of the BBB poses challenges in
effectively delivering drugs to the brain for therapeutic purposes. To
address this issue, a novel engineering approach involving the
integration of a CXCL12 biomimetic decoy into a versatile
immunosuppressive nanoparticle, loaded with A151, has been
developed (25). This nanoparticle specifically targets cGAS
activity in microglia and hinders the infiltration of peripheral
neutrophils and mononuclear macrophages. In an experimental
rat model of ischemic stroke, the administration of A151 via the
nanoparticle significantly suppressed the expression of Caspas-1
and modulated microglia polarization, resulting in a reduction in
both infarct volume and neuronal damage (25). 4-sulfonic
calixarenes target multiple dsDNA PRRs, including AIM2, cGAS
and TLRY. In CI/RI model, 4-sulfonic calix[6]arene may be effective
at both the dsDNA-binding site on cGAS and the 2',3"-cGAMP, but
not the CMA binding site on STING (151). RU.521, another
inhibitor of cGAS, can increase the stacking interaction of cGAS
amino-acid residues Arg364 and Tyr421 (152). Cerebral venous
sinus thrombosis (CVST) is a potentially fatal cause of stroke. In a
mouse model of CVST, the cGAS-STING pathway was upregulated
and related to microglia pyroptosis and neuroinflammatory
responses (27). Blocking ¢GAS with RU.521 suppressed the
inflammatory cascade and NLRP3 inflammasome-mediated
microglia pyroptosis, thereby exerting an anti-CVST effect and
mitigating the occurrence of ischemic stroke (27). In the rat
model of CI/RI, along with the inhibition of the cGAS by RU.521,
the ferritinophagy, oxidative stress, autophagy, and apoptosis were
inhibited, and CI/RI was ameliorated, which was attenuated by
NCOA4 overexpression (130). In neonatal hypoxia-ischemia in a
10-day-old rat model, RU.521 can reduce the expression of
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cathepsin B and decrease the expression of Bax and caspase 3
cleavage (52).

C-176, the inhibitor of STING, also ameliorates the
neuroinflammatory responses. C-176 blocks the STING
palmitoylation by cysteine residue 91 (153). In both the in vivo
MCAO rat model and the in vitro BV2 microglia oxygen-glucose
deprivation/reperfusion model, C-176 effectively suppresses the
polarization of microglia towards the M1 phenotype and the
expression of downstream transcription factors, such as IRF3 and
NF-xB (154). Nevertheless, studies in the stroke subtype,
subarachnoid hemorrhage, have demonstrated that inhibiting the
AMPK signaling can reverse the tissue and cellular ischemic injuries
mediated by C-176, a specific STING agonist. Upon activation,
STING phosphorylates and activates TBK1, which in turn inhibits
AMPK activity. This leads to the activation of microglia, polarizing
them into the M1 phenotype and resulting in the secretion of pro-
inflammatory mediators and neuronal damage (146). It is widely
accepted that N6-Methyladenosine (m6A) has been implicated in
CI/RI (155). The expression of the microglial m6A demethylase fat
mass and obesity-associated protein (FTO) was found to be
significantly decreased in cerebral I/R injury. Conversely,
the overexpression of FTO was observed to mitigate the
inflammatory response mediated by microglia and reduce brain
injury. This effect is believed to be achieved through the inhibition
of cGAS expression, which is accomplished by reducing its mRNA
stability via m6A modification (156). Activin A, a member of the
transforming growth factor b (TGF-b) superfamily of growth and
differentiation factors, promotes and maintains the survival of
cortical neurons and protects neurons from neurotoxicity (157).
In a mouse model of ischemic stroke, Activin A phosphorylates PKB
via the PI3K-PKB pathway, which in turn PKB phosphorylates the
S$291 or S305 residue of mouse or human cGAS (158). This suggests
that Activin A holds promise as a potential therapeutic agent for
ischemic stroke by mitigating cGAS-STING-dependent neuronal
autophagy. MicroRNAs (miRNAs) are ubiquitous 21-23nt RNA
molecules in eukaryotes that repress mRNA translation by binding
to the 3’-untranslated region (3’-UTR) of their target mRNAs (159).
Studies have indicated that miR-340-5p exerts neuroprotective
effects in SAH (a subtype of stroke) by modulating the expression
of STING in microglial cells (160) (Table 1).

It is noteworthy that both the knockout cGAS mice and the use of
cGAS inhibitors appear to suppress the neuroinflammatory response
in ischemic stroke. This strongly suggests that the cGAS-STING
pathway can serve as a potential target for intervening in the
neuroinflammatory response of ischemic stroke. However, given
that the cGAS-STING pathway is a vital component of the innate
immune system and exhibits significant expression in various
immune cells, it is essential for the response to microbiota in
homeostasis, thereby allowing the proper development of the
adaptive immune system (161). When using cGAS KO mice as an
ischemic stroke animal model, addressing potential extracerebral
interferences becomes a concern (22, 24, 145). No studies have yet
demonstrated whether cGAS KO induces numerous uncontrollable
alterations in the immune system, potentially confounding ischemic
stroke investigations. Targeting cGAS KO specifically in microglia
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TABLE 1 Therapeutical Potential of Targeting the cGAS-STING Pathway against Neuroinflammation in Ischemic Stroke.

Target (s) Intervention(s) Mechanism Subjects References
HDAC3 TSA/MS275/ Reduce neuroinflammatory responses by inhibiting the HDAC3- BV2 cells, HEK293T cells, and cGAS (145)
RgFP109/RgFP966 P65-cGAS axis KO mice
NETs DNase I DNase‘ I 4isrupts the DNA backbone of NETS, inh-ibitinfg the HBMECs, NeutroPhils, and cGas™~ Q1)
activation of the cGAS-STING pathway and microglia mice
ALSL Al51 con‘lpetes with DNA and inhibits the éctivation of c.GAS, BV2 cells and cGAS™ mice 2)
reducing the AIM2 inflammasome-mediated pyroptosis
AL5L b A151 competes with DNA and inhibits the activation of cGAS,
7 inhibiting the the expression of caspase-1 and microglia PC12 cells and C57bL/6 mice (25)
nanoparticle o
polarization
. . . . o bone marrow-derived macrophages,
4-sulfonic calix[6] 4-sulfonic calix[6]arene affects at both the dsDNA-binding site on R
Human monocyte-derived (151)
arene cGAS and the 2/,3’-cGAMP. i
macrophages, and C57bL/6 mice
RU.521 increase the stacking interaction of cGAS amino-acid
id Arg364 and Tyr421,
RU.521 ‘ residues Argo6% and Tyr o C57BL/6 mice @7)
suppressing the pyroptosis-pertinent components, oxidative stress,
<GAS and neurological deficits.
RU.521 RU.521 block the cGAS inﬂflmmator?r Acascade, attenuating the C57BL/6 mice (130)
NCOA4-mediated ferritinophagy.
RU.521 reducing the expression of cathepsin B and decreased the
RU.521/LINE-1 expression of Bax and caspase 3 cleavage. LINE-1 is a potential Rat Model (52)
upstream activator of cGAS/STING pathway
FTO inhibits cGAS expression through decreasing its mRNA . . X .
e . L Mouse primary isolated microglia
FTO stability via m6A modification, thereby alleviating inflammatory . (156)
. and male C57BL/6 mice
response in CI/RI
Activin A phosphorylates PKB via the PI3K-PKB pathway, which
. . ctivin & phosphorylates Via the . pathway, whic Primary cortical neuron and C57BL/
Activin A in turn PKB phosphorylates the $291 or S305 residue of mouse or 6 mice (158)
human cGAS '
C-176 C-176 block the STING palmitoylation by cysteine residue 91, HT22 cells, BV2 cells, and C57BL/6 (154)
reducing the expression of IRF3 and NF-kB. mice
C-176 Inhibit the STING downstream and promote AMPK
STING C-176 phosphorylation to attenuate microglia polarization and BV2 cells and C57BL/6 mice (146)
neuroinflammation
. miR-340-5p inhibit STING expression to inhibit microglia Primary neurons, microglia and
miR-340-5p o . ) ) (160)
activation and attenuat neuroinflammation C57BL/6 mice

might be pivotal in addressing this issue. The research generated mice
lacking cGAS specifically in microglia by cross-breeding mice
carrying cGAS-floxed alleles (cGASf/+) with CX3CR1CreER
transgenic mice (22). Using these mice, the specific importance of
cGAS in stroke could be characterized.

4.4 Regulated cell death

The demise of neural cells is a deleterious outcome of various
pathophysiological mechanisms in ischemic stroke. It has been
substantiated that the RCD of neural cells directly impacts the
enlargement of the ischemic penumbra and subsequent damage. A
plethora of studies have been devoted to intervening in RCD to
extend the thrombolytic window for the management of ischemic
stroke, and some of these studies have demonstrated interactions
between the cGAS-STING pathway and multiple RCDs (40, 134,
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162, 163). However, the current understanding of the importance of
cGAS-STING pathway in RCD processes such as ferroptosis and
PANoptosis remains limited. The present section aims to enhance
comprehension by synthesizing the existing knowledge on the
cGAS-STING pathway.

4.4.1 Ferroptosis

Ferroptosis is a newly identified form of non-apoptotic RCD
characterized by the accumulation of lipid peroxides dependent on
iron. It is morphologically and biochemically unique from other
types of cell death. Ferroptosis is critical in the pathophysiology of
tumors, renal failure, and ischemia/reperfusion injury (164).
Senescent cells exhibit a reduced ability to scavenge iron ions, and
ischemic injury exacerbates senescence, leading to the excessive
accumulation of iron ions that ultimately triggers ferroptosis (165).
Several studies employing MCAO models have demonstrated the
significant therapeutic potential of ferroptosis inhibitors (166-168).
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It has been established that ferroptosis is closely associated with
neuronal damage during stroke.

Polyunsaturated fatty acids (PUFAs) peroxidation within
cellular membranes is a pivotal element in ferroptosis. Research
has provided evidence that the STING protein modulates PUFA
metabolism by impeding the function of delta-6 desaturase (A6D), a
rate-limiting enzyme of fatty acid desaturase 2 (FADS2) (169). This
inhibition results in the accumulation of PUFA derivatives. Current
evidence suggests a feedback loop with negative regulation between
STING and PUFA metabolism, as PUFAs can impede STING
activation (131). Excessive ROS can directly impact STING
activity, which oxidizes cysteine 147 of the STING protein,
ultimately inhibiting its aggregation and downstream signaling.
The preservation of cellular redox homeostasis necessitates the
presence of GPX4 (131). When GPX4 is deficient, cellular lipid
peroxidation occurs, leading to carbonylation of STING at C88 and
hindering its transit from the ER to the Golgi apparatus (132). The
activation of STING and its downstream transcription factors is
impeded when cellular antioxidant capacity is diminished or ROS
production is augmented. On the other hand, STING itself can
modulate lipid peroxidation, highlighting its role in maintaining
metabolic homeostasis. However, over-activation of STING may
disrupt PUFA metabolism and contribute to ferroptosis.

The cGAS-STING pathway activation has been associated with
excess iron deposition in cells. Previous studies have shown that
iron treatment increases the expression of cGAS, STING, and their
downstream targets (170). As illustrated in section 4.1, during the
early phases of ischemia-reperfusion (I/R), NCOA4 exacerbates
intracellular free Fe2+ accumulation by promoting ferritinophagy.
This increase in the labile iron pool (LIP) subsequently amplifies
cellular membrane damage to polyunsaturated fatty acids (PUFA)
via the Fenton reaction (129). The expression of NCOA4 is also
regulated by the upstream cGAS-STING pathway, further
intensifying the ischemic injury induced by ferritinophagy (130).
Furthermore, it has pinpointed Q237, E316, and S322 in the CBD
domain of STING as crucial binding sites that interact with the
coiled-coil domain of NCOA4 (171). Numerous investigations have
demonstrated that NCOA4 serves as an upstream mechanism to
elicit ferroptosis by controlling intracellular levels of free iron and
the production of cellular ROS (172, 173). Notably, STING
stimulates NCOA4 to induce ferritinophagy, underscoring the
crosstalk between the cGAS-STING pathway and ferroptosis in
regulating intracellular iron homeostasis.

Reduction of antioxidant capacity and initiation of ferroptosis is
a consequence of inhibiting the cystine/glutamate antiporter or
system Xc . Following an ischemic stroke, the release of DAMPs
from necrotic cells and the impaired BBB result in microglia
activation and infiltration of peripheral immune cells (174). The
cGAS-STING pathway is reportedly involved in the immune
response by releasing pro-inflammatory cytokines, which
promotes immune cell infiltration (23). Downstream IFN-1
induces the proliferation and survival of CD8" T cells by
activating the JAK-STAT3 and MAPK pathways (175) During the
initial phases of ischemic stroke, the infiltration of CD8" T cells in
the ischemic penumbra is minimal; however, it gradually increases
as time progresses. These cells predominantly infiltrate the center of

Frontiers in Immunology

10.3389/fimmu.2023.1275408

the cerebral infarct, and their abundance is directly correlated with
the size of the infarct (176, 177). Mechanistically, the activation of
CD8" T cells results in the release of IFN-y, which regulates the
expression of two subunits of the cystine/glutamate antiporter,
namely solute carrier family 3 members 2 (SLC3A2) and solute
carrier family 31 member 1 (SLC7A11) (178). When the function of
System Xc- is inhibited, there is a significant reduction in cellular
glutathione levels. Given that GPX4 utilizes glutathione as an
indispensable cofactor for its enzymatic activity, this results in the
indirect inhibition of GPX4 (179).

By far, the precise mechanism by which the cGAS-STING
pathway is implicated in ferroptosis during ischemic stroke
remains unclear. However, it has been established that excessive
activation of the cGAS-STING pathway during cerebral ischemia
leads to NCOA4 overexpression, resulting in iron accumulation in
neuronal cells [105]. The elevation of intracellular free iron ions
induced by the cGAS-STING pathway is a critical contributor to
ferroptosis. Furthermore, current evidence suggests that the cGAS-
STING pathway is linked to PUFA peroxidation, impaired GPX4
antioxidant function, and system Xc~ dysfunction (Figure 4). It is
highly conceivable that the cGAS-STING pathway involves several
aspects of ferroptosis in ischemic stroke. Furthermore, considering
the predominant distribution of ¢cGAS in immune cells, this could
potentially represent an innovative mechanism for immunogenic
cell death (ICD).

4.4.2 PANoptosis

PANoptosis is a novel form of RCD associated with
inflammation and is mediated by the PANoptosome complex.
Despite sharing features of pyroptosis, apoptosis, and necroptosis,
PANoptosis cannot be exclusively categorized as any of these RCD
types (180). Studies have demonstrated that innate immunity can
concurrently regulate pyroptosis, apoptosis, and necroptosis through
the PANoptosome complex, in which Z-DNA binding protein 1
(ZBP1) with Zo. molecules is crucial (39). The cGAS-STING
pathway, a constituent of the innate immune system, can initiate
various forms of RCD, such as pyroptosis, apoptosis, and necroptosis,
suggesting that the cGAS-STING pathway may regulate PANoptosis
(22, 56, 181, 182). Additionally, a comprehensive analysis has verified
the occurrence of PANoptosis in ischemic brain injury, indicating its
potential as a therapeutic target (183).

Pyroptosis is a type of RCD characterized by the activation of
the inflammasome, the maturation of pro-inflammatory cytokines
such as IL-1B and IL-18, and the involvement of the Gasdermin
family proteins that cause damage to the cell membrane (184).
Recent findings suggest that pyroptosis in microglial cells is closely
associated with the development of ischemic brain injury (147, 185,
186). Specifically, increased cerebral ischemia-induced cytoplasmic
dsDNA activates the cGAS-STING pathway, and inhibition of
cGAS leads to the downregulation of inflammasome AIM2,
caspase-1, gasdermin D, IL-1B, and IL-18 (22). Although the
precise mechanism by which the cGAS-STING pathway and
AIM2 participate in the inflammatory reaction during ischemic
stroke remains ambiguous, the interaction of downstream NF-kB
with GSDMD or type I IFN with AIM2 may be involved.
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The connection between cGAS-STING pathway and ferroptosis. The cGAS-STING pathway is subject to physiological negative regulation by
ferroptosis in multiple respects, while its excessive activation is implicated in the initiation of ferroptosis. STING promotes the upregulation of
NCOA4, subsequently inhibiting Ferritin, leading to an elevation in the LIP. This results in lipid peroxidation of the cellular membrane’'s PUFA, thereby
inducing ferroptos0069s. Additionally, STING promotes the activation of FADS2, which enhances PUFA levels, thereby providing a substrate for lipid
peroxidation. However, PUFA can impede STING activation. The infiltration of peripheral CD8+ T cells modulates the function of system Xc- through
IFN-v signaling. This leads to a depletion of glutathione, indirectly inhibiting GPX4 activity, subsequently attenuating GPX4's promotive effect on

downstream STING.

Additionally, another study on neuroinflammation demonstrated
that the administration of the cGAS inhibitor RU.521 impeded the
activation of the cGAS-STING pathway and diminished the
expression of caspase-1, GSDMD, and inflammasome NLRP3,
thereby mitigating microglial pyroptosis and reducing the
neuroinflammatory response (27). In contrast, the activation of
the STING pathway through ADU-S100 promoted microglial
activation and neuroinflammatory responses, leading to the
upregulation of caspase-1 and GSDMD and exacerbating
pyroptosis-related activation (187). Treated with the STING
antagonist c-176 yielded the opposite effects. These studies
collectively indicate that the cGAS-STING pathway is pivotal in
modulating microglial pyroptosis. Additionally, the activation of
the ¢cGAS-STING pathway induces pyroptosis in other ischemic
organs, including the liver and intestine (188, 189).

Apoptosis represents the predominant form of RCD. Within
ischemic regions, apoptosis is triggered by the accumulation of
extracellular glutamate, which results from the compromised
uptake of this excitatory neurotransmitter by ischemic neurons
(190). In vitro experiments on HT22 cells exposed to oxygen-
glucose deprivation and BV2 microglial cells stimulated with cell
culture supernatant demonstrated microglial polarization and
heightened cGAS, STING, and pro-inflammatory cytokines (23).
However, applying cGAS inhibitors significantly impeded these
outcomes and effectively mitigated neuronal apoptosis in MCAO
mice. Interestingly, the cGAS-STING pathway is inhibited by
apoptosis, as evidenced by the heightened TBK1 phosphorylation
and IFNo. expression observed in caspase-9 knockout or caspase-3/-
7 double knockout mice and cells (191). A similar increase in IFN-1
expression was noted in caspase-9-deficient mouse embryonic
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fibroblasts (32). This phenomenon may be attributed to the
degradation of cytoplasmic mtDNA mediated by Caspases (56).
Moreover, activated caspase-3 can reportedly cleave cGAS and IRF3
to prevent excessive IFN production (192).

Necroptosis is a form of RCD dependent on RIPKI and
involves the formation of a complex with downstream RIPK3 to
phosphorylate and activate mixed lineage kinase domain-like
(MLKL), ultimately resulting in cell membrane rupture (193).
The subsequent release of various DAMPs triggers an innate
immune response (194). A study on sepsis-associated
encephalopathy indicated that STING expression in
hippocampal neurons is elevated and interacts with PERK, a
significant factor of ER stress, to promote p-RIPK3/RIPK3
expression in damaged neurons (181). This suggests that
modulation of the PERK-STING-RIPK3 pathway may have
neuroprotective effects by reducing neuroinflammation.
Additionally, increased levels of dsDNA in damaged cells have
been observed to activate the cGAS-STING pathway in various
ischemic diseases, leading to downstream IFNs and other pro-
inflammatory cytokines that can mediate necroptosis, such as
intestinal and renal ischemia (195, 196). Furthermore, RIP3
interacts with inner mitochondrial proteins to facilitate their
degradation, leading to increased damage to mitochondria and
the release of mtDNA, activation of the cGAS-STING/p65
pathway, and amplification of the damage (196). Over the past
few years, the involvement of necroptosis in cerebral ischemic
injury has gained widespread recognition (197-200), implying
that the cGAS-STING pathway may serve as a new mechanism for
mediating necroptosis in neurons and that inhibiting its activation
could provide neuroprotection.
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Through the integration of prior research on cerebral ischemic
injury and the mechanisms of RCD, including pyroptosis, apoptosis,
and necroptosis, it has been determined that these processes can co-
occur and contribute to neuroinflammation (183). Consequently,
PANoptosis as a novel form of RCD raises the possibility of its
involvement in ischemic stroke. While its impact on CNS injury has
received less scrutiny, recent investigations have indicated the
potential for interplay between PANoptosis and cerebral ischemic
injury via ceRNA regulatory networks (201). The ¢cGAS-STING
pathway can directly upregulate the expression of ZBP-1, a sensor
protein for PANoptosis, through downstream IFN-1, apart from its
direct role in pyroptosis, apoptosis, and necroptosis (202). Recent
research has revealed that STING agonists can also lead to the
upregulation of other markers associated with necroptosis and
apoptosis, such as MLKL and caspase-3, as well as inflammasome
NLRP3 and AIM2 (203). The above studies overlap in their assertion
that the cGAS-STING pathway can regulate PANoptosis through
multiple pathways (Figure 5).

5 Targeting cGAS-STING pathway to
mitigate side effects of thrombolytic
therapy against ischemic stroke

Thrombolytic therapy has the potential to dissolve blood clots
and re-establish blood flow to ischemic organs, including the brain,
thereby serving as an efficacious intervention for neurological
impairment and improving survival in individuals with ischemic
stroke. Nevertheless, this therapeutic approach is linked to a
heightened risk of HT, with documented incidence rates ranging
from 2.4% to 10% within the initial 24-36 hours following
thrombolysis (204). HT poses a significant obstacle to reperfusion

10.3389/fimmu.2023.1275408

therapy and adversely affects patient prognosis. Activation of the
cGAS-STING pathway has been shown to affect the development of
HT after intravenous thrombolysis. Therefore, it is recommended
to consider the modulation of cGAS sensitivity to dsDNA or the
inhibition of the cGAS-STING pathway as potential strategies to
mitigate the side effects of thrombolysis.

5.1 Hemorrhagic transformation

NETs are reticular complexes composed of dsDNA, histones,
and granular proteins released by activated neutrophils (205). The
administration of t-PA for thrombolysis can trigger neutrophil
degranulation, resulting in the formation of NETs, which can
cause hemorrhagic transformation and resistance to thrombolysis
(206). Furthermore, t-PA can compromise vascular integrity and
BBB function, exacerbating neutrophil infiltration in the ischemic
region and penumbra (207, 208) (Figure 6). DNase I has been
shown to disrupt NETs, mitigate cerebral ischemic injury, and
alleviate the adverse effects of t-PA thrombolysis (209, 210).
DNase I has demonstrated efficacy in mitigating ischemic damage
during thrombolysis for ischemic stroke and exhibiting potential for
targeting NETs in other ailments, including myocardial and
experimental hindlimb I/R injury (211, 212). Studies have
revealed that target NETs via DNase I can inhibit the activation
of ¢cGAS-STING pathway, thereby reducing cerebral ischemic
damage (24). Indeed, it is widely thought that the upregulation of
pro-inflammatory cytokines are not directly facilitated by microglia,
but rather by the infiltration of neutrophils and subsequent release
of substantial quantities of NETs (213). These findings imply that
the activation of the cGAS-STING pathway is closely linked to
NETs and may represent a pivotal molecular mechanism
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FIGURE 5

The connection between cGAS-STING pathway and PANoptosis. ZBP1, a sensor protein for PANoptosis, can be induced by the IFN-1 downstream of
the cGAS-STING pathway. Importantly, the cGAS-STING pathway not only directly regulates PANoptosis through IFN-1, but also modulates
pyroptosis, apoptosis, and necroptosis respectively to regulate PANoptosis. While the cGAS-STING pathway downstream of pro-inflammatory
cytokines can promote pyroptosis, it can also regulate Caspase protein-induced apoptosis. Moreover, cGAS-STING mediates necroptosis by

interacting with PERK and promoting downstream RIPK phosphorylation.
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The HMGB1-NETs-cGAS-STING pathway serves as a mediator for hemorrhagic transformation: A Hypothesis. In ischemic stroke, ischemic neurons
release HMGB1, enhancing cGAS's affinity for the NETs scaffold, which in turn activates the microglial cGAS-STING pathway and induces pro-
inflammatory cytokine production. t-PA treatment for ischemic stroke further promotes neutrophil degranulation and NET formation, exacerbating
the activation of the microglial cGAS-STING pathway. The released pro-inflammatory cytokines, in conjunction with t-PA, compromise the BBB,
increasing its permeability, leading to brain hemorrhage. Furthermore, as neutrophils migrate to the ischemic region and the continuous formation
of NETs ensues, this process intensifies, resulting in HT during t-PA treatment for ischemic stroke.

underlying the interplay between microglia and neutrophils. Recent
research has indicated that the administration of t-PA leads to the
promotion of ¢GAS expression in activated microglia and the
promotion of downstream signals such as STING, TBK1, pIRF3,
and IFN-1 expression (24). Additionally, the cGAS-/- can restore
the integrity of the BBB that has been disrupted by t-PA, which
reduces the infiltration of neutrophils and the formation of NETSs
(24). The activation of the microglia cGAS-STING pathway by the
DNA backbone in NETs promotes neutrophils migration and
increased NET formation, creating a positive regulatory loop
between NETs and the cGAS-STING pathway (Figure 6). This
novel mechanism may contribute to the adverse effects of
thrombolytic therapy. Furthermore, the activation of the
microglial cGAS-STING pathway is central to the entire process.
Moreover, the modulation of cGAS responsiveness to dsDNA
may heighten and exacerbate susceptibility to HT. Research has
indicated that the sensitivity of h-cGAS to dsDNA is contingent
upon the length of the DNA molecule. Specifically, a DNA length of
approximately 45 base pairs constitutes a threshold below which
cGAS activation is not observed (10). It has been postulated that
certain intracellular factors, such as HMGB proteins 1/2 and
TFAM, can augment DNA recognition by cGAS. These proteins
facilitate the proper arrangement of DNA by forming U-turns,
thereby amplifying the activation and sensitivity of cGAS (214,
215). Indeed, the sensitivity and activity of cGAS to dsDNA can be
increased by up to 25-fold with adequate levels of human HMGBI
(53). HMGBI1, a DAMP, can activate various PRRs, including Toll-
like receptors, matrix metalloproteinase enzymes, and receptors for
advanced glycation end products (RAGEs), leading to cerebral
ischemia and neuroinflammatory damage (216). HMGBI is
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initially released passively from dying neurons and subsequently
secreted actively by infiltrating microglia/macrophages during the
early stages of stroke (217). Despite not serving as a ligand for
cGAS, HMGBI facilitates the formation of U-turns in DNA,
thereby promoting cGAS-mediated innate immunity, which may
prove crucial in the context of the pronounced HMGB1-induced
injury observed following stroke. The HMGBI1 binding
heptapeptide (HBHP) represents an inhibitor of HMGBI1 that
effectively mitigates damage to the BBB and the incidence of HT
after t-PA thrombolytic therapy (218). The potential modulation of
cGAS sensitivity to dsSDNA by HMGBI presents a novel perspective
for pharmacological intervention in ischemic stroke through
HMGBI antagonists or monoclonal antibodies.

It has been established that the upregulation of HMGBI is
crucial to induce H3cit production in both central and peripheral
neutrophils in an MCAO model (219). This finding implies that
HMGBI may serve as an upstream regulator of NETs, facilitating
their generation, while concurrently modulating the affinity of
NETs for their downstream receptor cGAS and mediating the
activation of the cGAS-STING pathway. In essence, a direct
correlation exists between HMGB1, NETs, and cGAS, and the
HMGBI-NETs-cGAS molecular pathway may function as a
“catalytic mediator” for the activation of the cGAS-STING
pathway (Figure 6).

5.2 Nevascularization

Neovascularization is an innate reparative mechanism of the
central nervous system in response to brain injury. Impaired
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neovascularization exacerbates cerebral ischemic injury, thereby
hindering thrombolytic therapy (220, 221). It has been shown
that levels of circulating DNA in the infarcted region are
significantly elevated, which may be attributed to incomplete
development and high permeability of neovascularization (222).
The augmented levels of free DNA can directly activate the DNA
sensor cGAS. Research has demonstrated that MCAO mice exhibit
significantly upregulated STING, TBK1, and IRF3 expression (222).
Notably, silencing STING or blocking IFNAR function in mice
enhanced vascular regeneration and repair (213). These findings
imply that IEN-1 is closely associated with revascularization, and
the reduction of DNA levels or suppression of the cGAS-STING
pathway may facilitate neovascularization.

6 Conclusion and perspective

The application of immunomodulatory therapy for ischemic
stroke has become a research hotspot in recent years (223-227)
(Table 2). It is now understood that the innate immune system is
promptly activated following ischemia, which aids in eliminating
necrotic cells and promotes tissue restoration, while also playing a
significant role in initiating and intensifying post-stroke
inflammation. While most research has concentrated on the
immune system’s function after stroke, a growing body of
evidence indicates that inflammation and immune activation
preceding brain injury can impact stroke susceptibility and
prognosis. In Western countries, the prevalence of co-morbidities,
including obesity, hypertension, and diabetes, is high, resulting in
the widespread presence of pre-existing chronic “low-grade”
systemic inflammation in stroke pathophysiology. The systemic
inflammatory response and immune dysregulations associated with
stroke can significantly impact brain injury, recovery, and outcome.
Although the modulation of inflammatory and immune responses

TABLE 2

Immunomodulatory therapy in ischemic stroke.

10.3389/fimmu.2023.1275408

in the brain can directly influence the clinical presentation and
outcome of stroke, there are limited proven treatment options.
Consequently, a rational approach to managing ischemic stroke
may involve the safe and effective modulation of the innate immune
system of CNS.

This review centers on the potential application of the cGAS-
STING pathway as an effective approach to address the issue from
pre- to post-ischemic stroke. Analogous to other innate immune
pathways, the cGAS-STING pathway has a mixed-blessing effect.
It promotes microglia polarization and neuroinflammation,
which exacerbate ischemic stroke injury and expand the extent of
damage while enhancing host defense mechanisms against ischemic
injury. We provide a comprehensive and multidimensional
systematic review of ischemic stroke, covering the pre-onset to
treatment, emphasizing the inflammatory response triggered by the
cGAS-STING pathway. Within the existing research, we introduce
three innovative concepts. Firstly, metabolic dysfunction can induce
co-activation of both peripheral and central cGAS-STING
pathways, thereby increasing susceptibility to stroke. Factors such
as Ang II, HFD, and fatty acids in daily food intake can activate the
cGAS-STING pathway in microglia, leading to neuroinflammation
and vulnerability to ischemic stroke. Secondly, the etiology of
ischemic stroke-induced ICD has been attributed to peripheral
immune cells, specifically CD11b*CD45%cells (228). Conversely,
RCD, governed by cGAS-mediated microglia, may represent a novel
form of ICD instigated by intrinsic immune cells within the brain
(229). Our investigation delved into the interplay between upstream
or downstream regulators of cGAS-STING and ferroptosis and
PANoptosis. Interestingly, the cGAS-STING pathway reportedly
governs ferroptosis within the ischemic penumbra by heightening
intracellular iron concentrations and diminishing cellular
antioxidant capability following the onset of cerebral ischemia.
Furthermore, we suggest that IFN-1, produced by the cGAS-
STING pathway, could facilitate the activation of ZBP-1 to
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prompt PANoptosis. Thirdly, the side effects of thrombolytic
therapy in ischemic stroke may be associated with the regulation
of NETs affinity for cGAS by HMGBI released from dying neurons
and the direct promotion of NETs by HMGB1. We posit that the
HMGBI1-NETs-cGAS-STING positive feedback loop constitutes a
pivotal molecular interplay involving neurons, vascular endothelial
cells, neutrophils, and microglia, which serves as a novel mechanism
underlying the HT following thrombolysis in ischemic stroke. Insights
from this review provide valuable insights for developing
complementary clinical t-PA thrombolytic therapies, such as HMGB1
monoclonal antibodies, DNase I, and cGAS-STING inhibitors.

From 2020 onward, researchers began to focus on and explore
the importance of the cGAS-STING pathway in ischemic stroke
(22). Although research on this pathway and its involvement in
ischemic stroke is still in its infancy, progress has been made. For
instance, researchers have employed nanomaterials to penetrate the
BBB and target the modulation of cGAS-STING pathway activity in
the ischemic zone (25). Certain natural compounds have been
discovered to effectively inhibit the cGAS-STING pathway (230-
232). Moreover, recent research has uncovered that nuclear cGAS
remains inactive in the presence of chromatin, indicating the
existence of inherent cellular mechanisms and active agents that
directly inhibit cGAS activity (51, 233). From a safety perspective,
since all molecules in the cGAS-STING pathway are upstream of
IFN-I, targeting this pathway is expected to have a lesser effect on
host defenses than blocking the IFN-I receptor. These discoveries
provide practical and theoretical bases for further exploration of the
regulation of the cGAS-STING pathway as a potential intervention
for ischemic stroke. However, many questions remain unanswered,
such as whether cGAS is regulated by other small molecules,
whether it has consistent sensitivity to different types of DNA,
whether ¢GAS recognizes any other ligands besides dsDNA, and
whether there is crosstalk between the cGAS-STING pathway and
other immune pathways activated by the release of DAMPs/PAMPs
from ischemic neuronal cells, like TLRs or NLRs. Furthermore,
the specific regulation of TBK1 and NF-kB as downstream
transcription factors of the ¢GAS-STING pathway remains
unclear. Further investigation is needed to elucidate the precise
mechanisms and factors involved in regulating the activity of TBK1
and NF-xB within this pathway. Besides, it is important to consider
the inflammatory protective effect of the cGAS-STING pathway in
the physiological state. Crucially, the exact mechanisms through
which the cGAS-STING pathway modulates pro-inflammatory and
anti-inflammatory responses in microglia remain elusive. Given its
‘double-edged sword’ nature, whether the cGAS-STING pathway is
intricately involved in regulating the delicate balance between pro-
inflammatory attributes and neuroprotective characteristics of
various microglial subpopulations warrants further exploration
(234). Subsequent research should concentrate on the precise and
rational modulation of this pathway while circumventing excessive
inflammatory reactions. While human clinical trials have been
disappointing thus far, it is highly conceivable that h-cGAS and

Frontiers in Immunology

17

10.3389/fimmu.2023.1275408

m-cGAS are involved in different processes, given that they only
share 60% amino acid identity (68). Therefore, drug screens
targeting h-cGAS specifically could be valuable. Targeting this
pathway will likely be a therapeutic and preventative strategy for
ischemic stroke.

Author contributions

XM: Conceptualization, Data curation, Software, Visualization,
Writing - original draft. DX: Conceptualization, Formal Analysis,
Software, Writing - original draft. RS: Conceptualization,
Methodology, Writing - original draft. DL: Conceptualization,
Software, Visualization, Writing - original draft. JG: Supervision,
Writing - review & editing. ZM: Conceptualization, Supervision,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the National Natural Science Foundation of
China (82174167), the Key Project of Hunan Province Education
Department (20A366), the Project of Natural Science Foundation of
Hunan Province (2021]J]J30499), and the Fund for Youth Top Talent
Project of Hubei Provincial Health and Family Planning
Commission (EWT-2019-48).

Acknowledgments

We are grateful to JG’s lab members for their scientific
discussions, helpful suggestions and critical reading of
the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

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

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1275408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

References

1. Wang P, Cui Y, Liu Y, Li Z, Bai H, Zhao Y, et al. Mitochondrial ferritin alleviates
apoptosis by enhancing mitochondrial bioenergetics and stimulating glucose
metabolism in cerebral ischemia reperfusion. Redox Biol (2022) 57:102475.
doi: 10.1016/j.redox.2022.102475

2. Zhang T, Liang Z, Lin T, Cohen D], Arrieta A, Wang X, et al. Cost-effectiveness of
folic acid therapy for primary prevention of stroke in patients with hypertension. BMC
Med (2022) 20:407. doi: 10.1186/s12916-022-02601-z

3. Zheng Z, Liu S, Wang C, Wang C, Tang D, Shi Y, et al. Association of genetic
polymorphisms in CASP7 with risk of ischaemic stroke. Sci Rep (2019) 9:18627.
doi: 10.1038/541598-019-55201-y

4. Dawson J, Béjot Y, Christensen LM, De Marchis GM, Dichgans M, Hagberg G,
et al. European Stroke Organisation (ESO) guideline on pharmacological interventions
for long-term secondary prevention after ischaemic stroke or transient ischaemic
attack. Eur Stroke J (2022) 7:I-11. doi: 10.1177/23969873221100032

5. Ren W, Yang X. Pathophysiology of long non-coding RNAs in ischemic stroke.
Front Mol Neurosci (2018) 11:96. doi: 10.3389/fnmol.2018.00096

6. Suzuki K, Matsumaru Y, Takeuchi M, Morimoto M, Kanazawa R, Takayama Y,
et al. Effect of mechanical thrombectomy without vs with intravenous thrombolysis on
functional outcome among patients with acute ischemic stroke. JAMA (2021) 325:244-
53. doi: 10.1001/jama.2020.23522

7. Elgendy IY, Kumbhani DJ, Mahmoud A, Bhatt DL, Bavry AA. Mechanical
thrombectomy for acute ischemic stroke: A meta-analysis of randomized trials. ] Am
Coll Cardiol (2015) 66:2498-505. doi: 10.1016/j.jacc.2015.09.070

8. Xia P, Wang S, Gao P, Gao G, Fan Z. DNA sensor cGAS-mediated immune
recognition. Protein Cell (2016) 7:777-91. doi: 10.1007/s13238-016-0320-3

9. Tang D, Kang R, Coyne CB, Zeh HJ, Lotze MT. PAMPs and DAMPs: signal 0s
that spur autophagy and immunity. Immunol Rev (2012) 249:158-75. doi: 10.1111/
j.1600-065X.2012.01146.x

10. Civril F, Deimling T, de Oliveira Mann CC, Ablasser A, Moldt M, Witte G, et al.
Structural mechanism of cytosolic DNA sensing by cGAS. Nature (2013) 498:332-7.
doi: 10.1038/nature12305

11. Shang G, Zhang C, Chen ZJ, Bai X-C, Zhang X. Cryo-EM structures of STING
reveal its mechanism of activation by cyclic GMP-AMP. Nature (2019) 567:389-93.
doi: 10.1038/s41586-019-0998-5

12. Sun L, Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic
DNA sensor that activates the type I interferon pathway. Science (2013) 339:786-91.
doi: 10.1126/science.1232458

13. Maekawa H, Fain ME, Wasano K. Pathophysiological roles of the cGAS-STING
inflammatory pathway. Physiol (Bethesda) (2023) 38:0. doi: 10.1152/physiol.00031.2022

14. Gliick S, Guey B, Gulen MF, Wolter K, Kang T-W, Schmacke NA, et al. Innate
immune sensing of cytosolic chromatin fragments through cGAS promotes senescence.
Nat Cell Biol (2017) 19:1061-70. doi: 10.1038/ncb3586

15. BaiJ, Cervantes C, Liu J, He S, Zhou H, Zhang B, et al. DsbA-L prevents obesity-
induced inflammation and insulin resistance by suppressing the mtDNA release-
activated cGAS-cGAMP-STING pathway. Proc Natl Acad Sci USA (2017) 114:12196-
201. doi: 10.1073/pnas.1708744114

16. Thomsen MK, Nandakumar R, Stadler D, Malo A, Valls RM, WangF, et al. Lack
of immunological DNA sensing in hepatocytes facilitates hepatitis B virus infection.
Hepatology (2016) 64:746-59. doi: 10.1002/hep.28685

17. Collins AC, Cai H, Li T, Franco LH, Li X-D, Nair VR, et al. Cyclic GMP-AMP
synthase is an innate immune DNA sensor for mycobacterium tuberculosis. Cell Host
Microbe (2015) 17:820-8. doi: 10.1016/j.chom.2015.05.005

18. Gallego-Marin C, Schrum JE, Andrade WA, Shaffer SA, Giraldo LF, Lasso AM,
et al. Cyclic GMP-AMP synthase is the cytosolic sensor of plasmodium falciparum
genomic DNA and activates type I IFN in malaria. J Immunol (2018) 200:768-74.
doi: 10.4049/jimmunol.1701048

19. Domizio JD, Gulen MF, Saidoune F, Thacker VV, Yatim A, Sharma K, et al. The
c¢GAS-STING pathway drives type I IFN immunopathology in COVID-19. Nature
(2022) 603:145-51. doi: 10.1038/s41586-022-04421-w

20. Cao DJ, Schiattarella GG, Villalobos E, Jiang N, May HI, Li T, et al. Cytosolic

DNA sensing promotes macrophage transformation and governs myocardial ischemic
injury. Circulation (2018) 137:2613-34. doi: 10.1161/CIRCULATIONAHA.117.031046

21. King KR, Aguirre AD, Ye Y-X, Sun Y, Roh JD, Ng RP, et al. IRF3 and type I
interferons fuel a fatal response to myocardial infarction. Nat Med (2017) 23:1481-7.
doi: 10.1038/nm.4428

22. Li Q, Cao Y, Dang C, Han B, Han R, Ma H, et al. Inhibition of double-strand
DNA-sensing cGAS ameliorates brain injury after ischemic stroke. EMBO Mol Med
(2020) 12:€11002. doi: 10.15252/emmm.201911002

23. Jiang G-L, Yang X-L, Zhou H-J, Long J, Liu B, Zhang L-M, et al. cGAS
knockdown promotes microglial M2 polarization to alleviate neuroinflammation by
inhibiting cGAS-STING signaling pathway in cerebral ischemic stroke. Brain Res Bull
(2021) 171:183-95. doi: 10.1016/j.brainresbull.2021.03.010

Frontiers in Immunology

10.3389/fimmu.2023.1275408

24. Wang R, Zhu Y, Liu Z, Chang L, Bai X, Kang L, et al. Neutrophil extracellular
traps promote tPA-induced brain hemorrhage via ¢cGAS in mice with stroke. Blood
(2021) 138:91-103. doi: 10.1182/blood.2020008913

25. Shi J, Yang Y, Yin N, Liu C, Zhao Y, Cheng H, et al. Engineering CXCL12
biomimetic decoy-integrated versatile immunosuppressive nanoparticle for ischemic
stroke therapy with management of overactivated brain immune microenvironment.
Small Methods (2022) 6:€2101158. doi: 10.1002/smtd.202101158

26. Lei C, Tan Y, Ni D, Peng J, Yi G. cGAS-STING signaling in ischemic diseases.
Clin Chim Acta (2022) 531:177-82. doi: 10.1016/j.cca.2022.04.003

27. Ding R, Li H, Liu Y, Ou W, Zhang X, Chai H, et al. Activating cGAS-STING axis
contributes to neuroinflammation in CVST mouse model and induces inflammasome
activation and microglia pyroptosis. J Neuroinflamm (2022) 19:137. doi: 10.1186/
s12974-022-02511-0

28. Yang Z, Wei F, Zhang B, Luo Y, Xing X, Wang M, et al. Cellular immune signal
exchange from ischemic stroke to intestinal lesions through brain-gut axis. Front
Immunol (2022) 13:688619. doi: 10.3389/fimmu.2022.688619

29. Dreikorn M, Milacic Z, Pavlovic V, Meuth SG, Kleinschnitz C, Kraft P.
Immunotherapy of experimental and human stroke with agents approved for
multiple sclerosis: a systematic review. Ther Adv Neurol Disord (2018)
11:1756286418770626. doi: 10.1177/1756286418770626

30. Chamorro A, Meisel A, Planas AM, Urra X, van de Beek D, Veltkamp R. The
immunology of acute stroke. Nat Rev Neurol (2012) 8:401-10. doi: 10.1038/
nrneurol.2012.98

31. Reinert LS, Lopusna K, Winther H, Sun C, Thomsen MK, Nandakumar R, et al.
Sensing of HSV-1 by the cGAS-STING pathway in microglia orchestrates antiviral
defence in the CNS. Nat Commun (2016) 7:13348. doi: 10.1038/ncomms13348

32. Bai J, Liu F. The cGAS-cGAMP-STING pathway: A molecular link between
immunity and metabolism. Diabetes (2019) 68:1099-108. doi: 10.2337/dbi18-0052

33. Han C, Qian X, Ren X, Zhang S, Hu L, Li J, et al. Inhibition of cGAS in
paraventricular nucleus attenuates hypertensive heart injury via regulating microglial
autophagy. Mol Neurobiol (2022) 59:7006-24. doi: 10.1007/s12035-022-02994-1

34. Kanno T, Nakajima T, Yokoyama S, Asou HK, Sasamoto S, Kamii Y, et al. SCD2-
mediated monounsaturated fatty acid metabolism regulates cGAS-STING-dependent
type I TEN responses in CD4+ T cells. Commun Biol (2021) 4:820. doi: 10.1038/s42003-
021-02310-y

35. Li T, Yum S, Li M, Chen X, Zuo X, Chen ZJ. TBKI recruitment to STING
mediates autoinflammatory arthritis caused by defective DNA clearance. ] Exp Med
(2022) 219:20211539. doi: 10.1084/jem.20211539

36. Amarante-Mendes GP, Adjemian S, Branco LM, Zanetti LC, Weinlich R,
Bortoluci KR. Pattern recognition receptors and the host cell death molecular
machinery. Front Immunol (2018) 9:2379. doi: 10.3389/fimmu.2018.02379

37. Kawasaki T, Kawai T, Akira S. Recognition of nucleic acids by pattern-
recognition receptors and its relevance in autoimmunity. Immunol Rev (2011)
243:61-73. doi: 10.1111/j.1600-065X.2011.01048.x

38. Aarreberg LD, Esser-Nobis K, Driscoll C, Shuvarikov A, Roby JA, Gale M.
Interleukin-1B Induces mtDNA Release to Activate Innate Immune Signaling via
cGAS-STING. Mol Cell (2019) 74:801-815.e6. doi: 10.1016/j.molcel.2019.02.038

39. Malireddi RKS, Kesavardhana S, Kanneganti T-D. ZBP1 and TAKI: master
regulators of NLRP3 inflammasome/pyroptosis, apoptosis, and necroptosis (PAN-
optosis). Front Cell Infect Microbiol (2019) 9:406. doi: 10.3389/fcimb.2019.00406

40. Zhao J, Miller-Little W, Li X. Inflammasome-independent functions of AIM2.
J Exp Med (2021) 218:€20210273. doi: 10.1084/jem.20210273

41. Kanzler H, Barrat FJ, Hessel EM, Coftman RL. Therapeutic targeting of innate
immunity with Toll-like receptor agonists and antagonists. Nat Med (2007) 13:552-9.
doi: 10.1038/nm1589

42. Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al.
IF116 is an innate immune sensor for intracellular DNA. Nat Immunol (2010) 11:997-
1004. doi: 10.1038/ni.1932

43. Yu L, Liu P. Cytosolic DNA sensing by cGAS: regulation, function, and human
diseases. Signal Transduct Target Ther (2021) 6:170. doi: 10.1038/s41392-021-00554-y

44. Paludan SR, Reinert LS, Hornung V. DNA-stimulated cell death: implications
for host defence, inflammatory diseases and cancer. Nat Rev Immunol (2019) 19:141—
53. doi: 10.1038/s41577-018-0117-0

45. Harding SM, Benci JL, Irianto J, Discher DE, Minn AJ, Greenberg RA. Mitotic
progression following DNA damage enables pattern recognition within micronuclei.
Nature (2017) 548:466-70. doi: 10.1038/nature23470

46. Mackenzie KJ, Carroll P, Martin C-A, Murina O, Fluteau A, Simpson DJ, et al.
cGAS surveillance of micronuclei links genome instability to innate immunity. Nature
(2017) 548:461-5. doi: 10.1038/nature23449

47. Guan H, Zhang W, Xie D, Nie Y, Chen S, Sun X, et al. Cytosolic release of
mitochondrial DNA and associated ¢cGAS signaling mediates radiation-induced
hematopoietic injury of mice. Int ] Mol Sci (2023) 24:4020. doi: 10.3390/ijms24044020

frontiersin.org


https://doi.org/10.1016/j.redox.2022.102475
https://doi.org/10.1186/s12916-022-02601-z
https://doi.org/10.1038/s41598-019-55201-y
https://doi.org/10.1177/23969873221100032
https://doi.org/10.3389/fnmol.2018.00096
https://doi.org/10.1001/jama.2020.23522
https://doi.org/10.1016/j.jacc.2015.09.070
https://doi.org/10.1007/s13238-016-0320-3
https://doi.org/10.1111/j.1600-065X.2012.01146.x
https://doi.org/10.1111/j.1600-065X.2012.01146.x
https://doi.org/10.1038/nature12305
https://doi.org/10.1038/s41586-019-0998-5
https://doi.org/10.1126/science.1232458
https://doi.org/10.1152/physiol.00031.2022
https://doi.org/10.1038/ncb3586
https://doi.org/10.1073/pnas.1708744114
https://doi.org/10.1002/hep.28685
https://doi.org/10.1016/j.chom.2015.05.005
https://doi.org/10.4049/jimmunol.1701048
https://doi.org/10.1038/s41586-022-04421-w
https://doi.org/10.1161/CIRCULATIONAHA.117.031046
https://doi.org/10.1038/nm.4428
https://doi.org/10.15252/emmm.201911002
https://doi.org/10.1016/j.brainresbull.2021.03.010
https://doi.org/10.1182/blood.2020008913
https://doi.org/10.1002/smtd.202101158
https://doi.org/10.1016/j.cca.2022.04.003
https://doi.org/10.1186/s12974-022-02511-0
https://doi.org/10.1186/s12974-022-02511-0
https://doi.org/10.3389/fimmu.2022.688619
https://doi.org/10.1177/1756286418770626
https://doi.org/10.1038/nrneurol.2012.98
https://doi.org/10.1038/nrneurol.2012.98
https://doi.org/10.1038/ncomms13348
https://doi.org/10.2337/dbi18-0052
https://doi.org/10.1007/s12035-022-02994-1
https://doi.org/10.1038/s42003-021-02310-y
https://doi.org/10.1038/s42003-021-02310-y
https://doi.org/10.1084/jem.20211539
https://doi.org/10.3389/fimmu.2018.02379
https://doi.org/10.1111/j.1600-065X.2011.01048.x
https://doi.org/10.1016/j.molcel.2019.02.038
https://doi.org/10.3389/fcimb.2019.00406
https://doi.org/10.1084/jem.20210273
https://doi.org/10.1038/nm1589
https://doi.org/10.1038/ni.1932
https://doi.org/10.1038/s41392-021-00554-y
https://doi.org/10.1038/s41577-018-0117-0
https://doi.org/10.1038/nature23470
https://doi.org/10.1038/nature23449
https://doi.org/10.3390/ijms24044020
https://doi.org/10.3389/fimmu.2023.1275408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

48. Miller KN, Victorelli SG, Salmonowicz H, Dasgupta N, Liu T, Passos JF, et al.
Cytoplasmic DNA: sources, sensing, and role in aging and disease. Cell (2021)
184:5506-26. doi: 10.1016/j.cell.2021.09.034

49. Ablasser A, Chen ZJ. ¢GAS in action: Expanding roles in immunity and
inflammation. Science (2019) 363:eaat8657. doi: 10.1126/science.aat8657

50. Kranzusch PJ, Lee AS-Y, Berger JM, Doudna JA. Structure of human cGAS
reveals a conserved family of second-messenger enzymes in innate immunity. Cell Rep
(2013) 3:1362-8. doi: 10.1016/j.celrep.2013.05.008

51. Pathare GR, Decout A, Gliick S, Cavadini S, Makasheva K, Hovius R, et al.
Structural mechanism of cGAS inhibition by the nucleosome. Nature (2020) 587:668-
72. doi: 10.1038/s41586-020-2750-6

52. Gamdzyk M, Doycheva DM, Araujo C, Ocak U, Luo Y, Tang J, et al. cGAS/
STING pathway activation contributes to delayed neurodegeneration in neonatal
hypoxia-ischemia rat model: possible involvement of LINE-1. Mol Neurobiol (2020)
57:2600-19. doi: 10.1007/s12035-020-01904-7

53. Andreeva L, Hiller B, Kostrewa D, Lissig C, de Oliveira Mann CC, Jan Drexler D,
et al. cGAS senses long and HMGB/TFAM-bound U-turn DNA by forming protein-
DNA ladders. Nature (2017) 549:394-8. doi: 10.1038/nature23890

54. West AP, Khoury-Hanold W, Staron M, Tal MC, Pineda CM, Lang SM, et al.
Mitochondrial DNA stress primes the antiviral innate immune response. Nature (2015)
520:553-7. doi: 10.1038/nature14156

55. Dai ], Huang Y-J, He X, Zhao M, Wang X, Liu Z-S, et al. Acetylation blocks cGAS
activity and inhibits self-DNA-induced autoimmunity. Cell (2019) 176:1447-1460.e14.
doi: 10.1016/j.cell.2019.01.016

56. White MJ, McArthur K, Metcalf D, Lane RM, Cambier JC, Herold M]J, et al.
Apoptotic caspases suppress mtDNA-induced STING-mediated type I IFN production.
Cell (2014) 159:1549-62. doi: 10.1016/j.cell.2014.11.036

57. Boyer JA, Spangler CJ, Strauss JD, Cesmat AP, Liu P, McGinty RK, et al.
Structural basis of nucleosome-dependent cGAS inhibition. Science (2020) 370:450-4.
doi: 10.1126/science.abd0609

58. Guey B, Wischnewski M, Decout A, Makasheva K, Kaynak M, Sakar MS, et al.
BAF restricts cGAS on nuclear DNA to prevent innate immune activation. Science
(2020) 369:823-8. doi: 10.1126/science.aaw6421

59. Decout A, Katz JD, Venkatraman S, Ablasser A. The cGAS-STING pathway as a
therapeutic target in inflammatory diseases. Nat Rev Immunol (2021) 21:548-69.
doi: 10.1038/s41577-021-00524-2

60. de Oliveira Mann CC, Orzalli MH, King DS, Kagan JC, Lee ASY, Kranzusch PJ.
Modular architecture of the STING C-terminal tail allows interferon and NF-kB
signaling adaptation. Cell Rep (2019) 27:1165-1175.e5. doi: 10.1016/j.celrep.
2019.03.098

61. Gui X, Yang H, Li T, Tan X, Shi P, Li M, et al. Autophagy Induction via STING
Trafficking Is a Primordial Function of the cGAS Pathway. Nature (2019) 567:262-6.
doi: 10.1038/541586-019-1006-9

62. Sun M-S, Zhang J, Jiang L-Q, Pan Y-X, Tan J-Y, Yu F, et al. TMED2 potentiates
cellular IEN responses to DNA viruses by reinforcing MITA dimerization and
facilitating its trafficking. Cell Rep (2018) 25:3086-3098.e3. doi: 10.1016/
j.celrep.2018.11.048

63. Ogawa E, Mukai K, Saito K, Arai H, Taguchi T. The binding of TBK1 to STING
requires exocytic membrane traffic from the ER. Biochem Biophys Res Commun (2018)
503:138-45. doi: 10.1016/j.bbrc.2018.05.199

64. Jeltema D, Abbott K, Yan N. STING trafficking as a new dimension of immune
signaling. J Exp Med (2023) 220:20220990. doi: 10.1084/jem.20220990

65. Tsuchida T, Zou J, Saitoh T, Kumar H, Abe T, Matsuura Y, et al. The ubiquitin
ligase TRIM56 regulates innate immune responses to intracellular double-stranded
DNA. Immunity (2010) 33:765-76. doi: 10.1016/j.immuni.2010.10.013

66. Michalska A, Blaszczyk K, Wesoly J, Bluyssen HAR. A positive feedback
amplifier circuit that regulates interferon (IFN)-stimulated gene expression and
controls type I and type II IFN responses. Front Immunol (2018) 9:1135.
doi: 10.3389/fimmu.2018.01135

67. Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nat Rev
Immunol (2014) 14:36-49. doi: 10.1038/nri3581

68. Lama L, Adura C, Xie W, Tomita D, Kamei T, Kuryavyi V, et al. Development of
human cGAS-specific small-molecule inhibitors for repression of dsDNA-triggered
interferon expression. Nat Commun (2019) 10:2261. doi: 10.1038/s41467-019-08620-4

69. Huang LS, Hong Z, Wu W, Xiong S, Zhong M, Gao X, et al. mtDNA activates
cGAS signaling and suppresses the YAP-mediated endothelial cell proliferation
program to promote inflammatory injury. Immunity (2020) 52:475-486.e5.
doi: 10.1016/j.immuni.2020.02.002

70. YuH, Liao K, HuY, Lv D, Luo M, Liu Q, et al. Role of the cGAS-STING pathway

in aging-related endothelial dysfunction. Aging Dis (2022) 13:1901-18. doi: 10.14336/
AD.2022.0316

71. Wai T, Langer T. Mitochondrial dynamics and metabolic regulation. Trends
Endocrinol Metab (2016) 27:105-17. doi: 10.1016/j.tem.2015.12.001

72. Yuan L, Mao Y, Luo W, Wu W, Xu H, Wang XL, et al. Palmitic acid dysregulates
the Hippo-YAP pathway and inhibits angiogenesis by inducing mitochondrial damage
and activating the cytosolic DNA sensor cGAS-STING-IRF3 signaling mechanism.
J Biol Chem (2017) 292:15002-15. doi: 10.1074/jbc.M117.804005

Frontiers in Immunology

19

10.3389/fimmu.2023.1275408

73. Dou Z, Ghosh K, Vizioli MG, Zhu ], Sen P, Wangensteen K]J, et al. Cytoplasmic
chromatin triggers inflammation in senescence and cancer. Nature (2017) 550:402-6.
doi: 10.1038/nature24050

74. O’Donnell MJ, Xavier D, Liu L, Zhang H, Chin SL, Rao-Melacini P, et al. Risk
factors for ischaemic and intracerebral haemorrhagic stroke in 22 countries (the
INTERSTROKE study): a case-control study. Lancet (2010) 376:112-23.
doi: 10.1016/S0140-6736(10)60834-3

75. Powers WJ, Rabinstein AA, Ackerson T, Adeoye OM, Bambakidis NC, Becker K,
et al. 2018 Guidelines for the early management of patients with acute ischemic stroke:
A guideline for healthcare professionals from the American heart association/American
stroke association. Stroke (2018) 49:e46-e110. doi: 10.1161/STR.0000000000000158

76. Haspula D, Clark MA. Neuroinflammation and sympathetic overactivity:
Mechanisms and implications in hypertension. Auton Neurosci (2018) 210:10-7.
doi: 10.1016/j.autneu.2018.01.002

77. Cui C, Xu P, Li G, Qiao Y, Han W, Geng C, et al. Vitamin D receptor activation
regulates microglia polarization and oxidative stress in spontaneously hypertensive rats
and angiotensin II-exposed microglial cells: Role of renin-angiotensin system. Redox
Biol (2019) 26:101295. doi: 10.1016/j.redox.2019.101295

78. Zhang S, Hu L, Jiang J, Li H, Wu Q, Ooi K, et al. HMGB1/RAGE axis mediates
stress-induced RVLM neuroinflammation in mice via impairing mitophagy flux in
microglia. ] Neuroinflamm (2020) 17:15. doi: 10.1186/s12974-019-1673-3

79. HuD, Cui Y-X, Wu M-Y, Li L, Su L-N, Lian Z, et al. Cytosolic DNA sensor cGAS
plays an essential pathogenetic role in pressure overload-induced heart failure. Am J
Physiol Heart Circ Physiol (2020) 318:H1525-37. doi: 10.1152/ajpheart.00097.2020

80. Lei Y, VanPortfliet JJ, Chen Y-F, Bryant JD, Li Y, Fails D, et al. Cooperative
sensing of mitochondrial DNA by ZBP1 and cGAS promotes cardiotoxicity. Cell (2023)
186:3013-3032.€22. doi: 10.1016/j.cell.2023.05.039

81. Zhang Y, Chen W, Wang Y. STING is an essential regulator of heart
inflammation and fibrosis in mice with pathological cardiac hypertrophy via
endoplasmic reticulum (ER) stress. BioMed Pharmacother (2020) 125:110022.
doi: 10.1016/j.biopha.2020.110022

82. Park C, Guallar E, Linton JA, Lee D-C, Jang Y, Son DK, et al. Fasting glucose
level and the risk of incident atherosclerotic cardiovascular diseases. Diabetes Care
(2013) 36:1988-93. doi: 10.2337/dc12-1577

83. Smith M, Reddy U, Robba C, Sharma D, Citerio G. Acute ischaemic stroke:
challenges for the intensivist. Intensive Care Med (2019) 45:1177-89. doi: 10.1007/
s00134-019-05705-y

84. Ferrari F, Moretti A, Villa RF. Hyperglycemia in acute ischemic stroke:
physiopathological and therapeutic complexity. Neural Regener Res (2021) 17:292-9.
doi: 10.4103/1673-5374.317959

85. Ablasser A, Schmid-Burgk JL, Hemmerling I, Horvath GL, Schmidt T, Latz E,
et al. Cell intrinsic immunity spreads to bystander cells via the intercellular transfer of
cGAMP. Nature (2013) 503:530-4. doi: 10.1038/nature12640

86. Hu H, Zhao R, He Q, Cui C, Song J, Guo X, et al. cGAS-STING mediates
cytoplasmic mitochondrial-DNA-induced inflammatory signal transduction during
accelerated senescence of pancreatic B-cells induced by metabolic stress. FASEB |
(2022) 36:€22266. doi: 10.1096/£.202101988R

87. Fang Q, Yang W, Li H, Hu W, Chen L, Jiang S, et al. Negative regulation of
DsbA-L gene expression by the transcription factor spl. Diabetes (2014) 63:4165-71.
doi: 10.2337/db14-0182

88. Mao Y, Luo W, Zhang L, Wu W, Yuan L, Xu H, et al. STING-IRF3 triggers
endothelial inflammation in response to free fatty acid-induced mitochondrial damage
in diet-induced obesity. Arterioscler Thromb Vasc Biol (2017) 37:920-9. doi: 10.1161/
ATVBAHA.117.309017

89. Elzinga SE, Koubek EJ, Hayes JM, Carter A, Mendelson FE, Webber-Davis I,
et al. Modeling the innate inflammatory cGAS/STING pathway: sexually dimorphic
effects on microglia and cognition in obesity and prediabetes. Front Cell Neurosci
(2023) 17:1167688. doi: 10.3389/fncel.2023.1167688

90. Yuan L, Mao Y, Luo W, Wu W, Xu H, Wang XL, et al. Palmitic acid dysregulates
the Hippo-YAP pathway and inhibits angiogenesis by inducing mitochondrial damage
and activating the cytosolic DNA sensor ¢cGAS-STING-IRF3 signaling mechanism.
J Biol Chem (2017) 292:15002-15. doi: 10.1074/jbc.M117.804005

91. Ross R. Atherosclerosis—an inflammatory disease. N Engl ] Med (1999) 340:115—
26. doi: 10.1056/NEJM199901143400207

92. Huang Q, Gan Y, Yu Z, Wu H, Zhong Z. Endothelial to mesenchymal transition:
an insight in atherosclerosis. Front Cardiovasc Med (2021) 8:734550. doi: 10.3389/
fcvm.2021.734550

93. Pallarés J, Torreguitart N, Arqué G, Portero-Otin M, Purroy F. Human
atheromatous plaques expressed sensing adaptor STING, a potential role in vascular
inflammation pathogenesis. Thromb Haemost (2022) 122:1621-4. doi: 10.1055/a-1772-
1192

94. Suciu CF, Prete M, Ruscitti P, Favoino E, Giacomelli R, Perosa F. Oxidized low
density lipoproteins: The bridge between atherosclerosis and autoimmunity. Possible
implications in accelerated atherosclerosis and for immune intervention in
autoimmune rheumatic disorders. Autoimmun Rev (2018) 17:366-75. doi: 10.1016/
j-autrev.2017.11.028

95. West AP, Shadel GS. Mitochondrial DNA in innate immune responses and
inflammatory pathology. Nat Rev Immunol (2017) 17:363-75. doi: 10.1038/nri.2017.21

frontiersin.org


https://doi.org/10.1016/j.cell.2021.09.034
https://doi.org/10.1126/science.aat8657
https://doi.org/10.1016/j.celrep.2013.05.008
https://doi.org/10.1038/s41586-020-2750-6
https://doi.org/10.1007/s12035-020-01904-7
https://doi.org/10.1038/nature23890
https://doi.org/10.1038/nature14156
https://doi.org/10.1016/j.cell.2019.01.016
https://doi.org/10.1016/j.cell.2014.11.036
https://doi.org/10.1126/science.abd0609
https://doi.org/10.1126/science.aaw6421
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.1016/j.celrep.2019.03.098
https://doi.org/10.1016/j.celrep.2019.03.098
https://doi.org/10.1038/s41586-019-1006-9
https://doi.org/10.1016/j.celrep.2018.11.048
https://doi.org/10.1016/j.celrep.2018.11.048
https://doi.org/10.1016/j.bbrc.2018.05.199
https://doi.org/10.1084/jem.20220990
https://doi.org/10.1016/j.immuni.2010.10.013
https://doi.org/10.3389/fimmu.2018.01135
https://doi.org/10.1038/nri3581
https://doi.org/10.1038/s41467-019-08620-4
https://doi.org/10.1016/j.immuni.2020.02.002
https://doi.org/10.14336/AD.2022.0316
https://doi.org/10.14336/AD.2022.0316
https://doi.org/10.1016/j.tem.2015.12.001
https://doi.org/10.1074/jbc.M117.804005
https://doi.org/10.1038/nature24050
https://doi.org/10.1016/S0140-6736(10)60834-3
https://doi.org/10.1161/STR.0000000000000158
https://doi.org/10.1016/j.autneu.2018.01.002
https://doi.org/10.1016/j.redox.2019.101295
https://doi.org/10.1186/s12974-019-1673-3
https://doi.org/10.1152/ajpheart.00097.2020
https://doi.org/10.1016/j.cell.2023.05.039
https://doi.org/10.1016/j.biopha.2020.110022
https://doi.org/10.2337/dc12-1577
https://doi.org/10.1007/s00134-019-05705-y
https://doi.org/10.1007/s00134-019-05705-y
https://doi.org/10.4103/1673-5374.317959
https://doi.org/10.1038/nature12640
https://doi.org/10.1096/fj.202101988R
https://doi.org/10.2337/db14-0182
https://doi.org/10.1161/ATVBAHA.117.309017
https://doi.org/10.1161/ATVBAHA.117.309017
https://doi.org/10.3389/fncel.2023.1167688
https://doi.org/10.1074/jbc.M117.804005
https://doi.org/10.1056/NEJM199901143400207
https://doi.org/10.3389/fcvm.2021.734550
https://doi.org/10.3389/fcvm.2021.734550
https://doi.org/10.1055/a-1772-1192
https://doi.org/10.1055/a-1772-1192
https://doi.org/10.1016/j.autrev.2017.11.028
https://doi.org/10.1016/j.autrev.2017.11.028
https://doi.org/10.1038/nri.2017.21
https://doi.org/10.3389/fimmu.2023.1275408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

96. Jylhavi J, Lehtimaki T, Jula A, Moilanen L, Kesaniemi YA, Nieminen MS, et al.
Circulating cell-free DNA is associated with cardiometabolic risk factors: the Health 2000
Survey. Atherosclerosis (2014) 233:268-71. doi: 10.1016/j.atherosclerosis.2013.12.022

97. Yu E, Calvert Pa, Harrison J, Baker L, Figg NI, Kumar S, et al. Mitochondrial
DNA damage can promote atherosclerosis independently of reactive oxygen
species through effects on smooth muscle cells and monocytes and correlates
with higher-risk plaques in humans. Circulation (2013) 128:702-12. doi: 10.1161/
CIRCULATIONAHA.113.002271

98. Ishida M, Ueda K, Sakai C, Ishida T, Morita K, Kobayashi Y, et al. Cigarette
smoke induces mitochondrial DNA damage and activates cGAS-STING pathway
-Application to a biomarker for atherosclerosis. Clin Sci (Lond) (2023) 137(2):163-
80. doi: 10.1042/CS20220525

99. An C, Sun F, Liu C, Huang S, Xu T, Zhang C, et al. IQGAP1 promotes
mitochondrial damage and activation of the mtDNA sensor cGAS-STING pathway
to induce endothelial cell pyroptosis leading to atherosclerosis. Int Immunopharmacol
(2023) 123:110795. doi: 10.1016/j.intimp.2023.110795

100. Srikanth S, Woo JS, Wu B, El-Sherbiny YM, Leung J, Chupradit K, et al. The
Ca2+ sensor STIMI regulates type I interferon response by retaining the signaling
adaptor STING at the endoplasmic reticulum. Nat Immunol (2019) 20:152-62.
doi: 10.1038/s41590-018-0287-8

101. Son A, de Jesus AA, Schwartz DM. STIM1 holds a STING in its (N-terminal)
tail. Cell Calcium (2019) 80:192-3. doi: 10.1016/j.ceca.2019.03.003

102. Daskoulidou N, Zeng B, Berglund LM, Jiang H, Chen G-L, Kotova O, et al.
High glucose enhances store-operated calcium entry by upregulating ORAI/STIM via
calcineurin-NFAT signalling. ] Mol Med (Berl) (2015) 93:511-21. doi: 10.1007/s00109-
014-1234-2

103. Wan X, Tian J, Hao P, Zhou K, Zhang ], Zhou Y, et al. cGAS-STING pathway
performance in the vulnerable atherosclerotic plaque. Aging Dis (2022) 13:1606-14.
doi: 10.14336/AD.2022.0417

104. Cai D, Liu H, Wang J, Hou Y, Pang T, Lin H, et al. Balasubramide derivative 3C
attenuates atherosclerosis in apolipoprotein E-deficient mice: role of AMPK-STAT1-
STING signaling pathway. Aging (Albany NY) (2021) 13:12160-78. doi: 10.18632/
aging.202929

105. Fukuda D, Tran Pham P, Sata M. Emerging roles of the innate immune system
regulated by DNA sensors in the development of vascular and metabolic diseases.
J Atheroscler Thromb (2022) 29:297-307. doi: 10.5551/jat.RV17059

106. Pham PT, Fukuda D, Nishimoto S, Kim-Kaneyama J-R, Lei X-F, Takahashi Y,
et al. STING, a cytosolic DNA sensor, plays a critical role in atherogenesis: a link
between innate immunity and chronic inflammation caused by lifestyle-related
diseases. Eur Heart ] (2021) 42:4336-48. doi: 10.1093/eurheartj/ehab249

107. Liu Q, Cheng Z, Huang B, Luo S, Guo Y. Palmitic acid promotes endothelial-
to-mesenchymal transition via activation of the cytosolic DNA-sensing cGAS-
STING pathway. Arch Biochem Biophys (2022) 727:109321. doi: 10.1016/
j.abb.2022.109321

108. Buford TW. Hypertension and aging. Ageing Res Rev (2016) 26:96-111.
doi: 10.1016/j.arr.2016.01.007

109. Rothwell PM, Coull AJ, Silver LE, Fairhead JF, Giles MF, Lovelock CE, et al.
Population-based study of event-rate, incidence, case fatality, and mortality for all acute
vascular events in all arterial territories (Oxford Vascular Study). Lancet (2005)
366:1773-83. doi: 10.1016/S0140-6736(05)67702-1

110. Ma C, Liu Y, Li S, Ma C, Huang J, Wen S, et al. Microglial cGAS drives
neuroinflammation in the MPTP mouse models of Parkinson’s disease. CNS Neurosci
Ther (2023) 29(7):2018-2035. doi: 10.1111/cns.14157

111. Jauhari A, Baranov SV, Suofu Y, Kim J, Singh T, Yablonska S, et al. Melatonin
inhibits cytosolic mitochondrial DNA-induced neuroinflammatory signaling in
accelerated aging and neurodegeneration. J Clin Invest (2020) 130:3124-36.
doi: 10.1172/JCI135026

112. Paul BD, Snyder SH, Bohr VA. Signaling by cGAS-STING in
neurodegeneration, neuroinflammation, and aging. Trends Neurosci (2021) 44:83-96.
doi: 10.1016/j.tins.2020.10.008

113. Kennedy BK, Berger SL, Brunet A, Campisi ], Cuervo AM, Epel ES, et al.
Geroscience: linking aging to chronic disease. Cell (2014) 159:709-13. doi: 10.1016/
j.cell2014.10.039

114. Sladitschek-Martens HL, Guarnieri A, Brumana G, Zanconato F, Battilana G,
Xiccato RL, et al. YAP/TAZ activity in stromal cells prevents ageing by controlling
c¢GAS-STING. Nature (2022) 607:790-8. doi: 10.1038/s41586-022-04924-6

115. Shimi T, Butin-Israeli V, Adam SA, Hamanaka RB, Goldman AE, Lucas CA,
et al. The role of nuclear lamin Bl in cell proliferation and senescence. Genes Dev
(2011) 25:2579-93. doi: 10.1101/gad.179515.111

116. Dang I, Gorelik R, Sousa-Blin C, Derivery E, Guérin C, Linkner J, et al.
Inhibitory signalling to the Arp2/3 complex steers cell migration. Nature (2013)
503:281-4. doi: 10.1038/naturel2611

117. Fulop GA, Kiss T, Tarantini S, Balasubramanian P, Yabluchanskiy A, Farkas E,
et al. Nrf2 deficiency in aged mice exacerbates cellular senescence promoting
cerebrovascular inflammation. GeroScience (2018) 40:513-21. doi: 10.1007/s11357-
018-0047-6

118. Li T, Chen Z]. The cGAS-cGAMP-STING pathway connects DNA damage to
inflammation, senescence, and cancer. J Exp Med (2018) 215:1287-99. doi: 10.1084/
jem.20180139

Frontiers in Immunology

10.3389/fimmu.2023.1275408

119. Yang H, Wang H, Ren ], Chen Q, Chen ZJ]. cGAS is essential for cellular
senescence. Proc Natl Acad Sci USA (2017) 114:E4612-20. doi: 10.1073/
pnas.1705499114

120. Cecco MD, Ito T, Petrashen AP, Elias AE, Skvir NJ, Criscione SW, et al. LINE-1
derepression in senescent cells triggers interferon and inflammaging. Nature (2019)
566:73-8. doi: 10.1038/s41586-018-0784-9

121. Nakayama H, Nishida K, Otsu K. Macromolecular degradation systems and
cardiovascular aging. Circ Res (2016) 118:1577-92. doi: 10.1161/CIRCRESAHA.
115.307495

122. Wan D, Jiang W, Hao J. Research advances in how the cGAS-STING pathway
controls the cellular inflammatory response. Front Immunol (2020) 11:615.
doi: 10.3389/fimmu.2020.00615

123. Gehrke N, Mertens C, Zillinger T, Wenzel J, Bald T, Zahn S, et al. Oxidative
damage of DNA confers resistance to cytosolic nuclease TREX1 degradation and
potentiates STING-dependent immune sensing. Immunity (2013) 39:482-95.
doi: 10.1016/j.immuni.2013.08.004

124. Osuga H, Osuga S, Wang F, Fetni R, Hogan M]J, Slack RS, et al. Cyclin-
dependent kinases as a therapeutic target for stroke. Proc Natl Acad Sci USA (2000)
97:10254-9. doi: 10.1073/pnas.170144197

125. ZhiL, Zhang F, Liu H, Jiang X, Zhang Y, Yang Q, et al. CRS induces depression-
like behavior after MCAO in rats possibly by activating p38 MAPK. Behav Brain Res
(2023) 437:114104. doi: 10.1016/j.bbr.2022.114104

126. Almeida A, Sanchez-Moran I, Rodriguez C. Mitochondrial-nuclear p53
trafficking controls neuronal susceptibility in stroke. [IUBMB Life (2021) 73:582-91.
doi: 10.1002/iub.2453

127. Torres-Querol C, Torres P, Vidal N, Portero-Otin M, Arque G, Purroy F. Acute
ischemic stroke triggers a cellular senescence-associated secretory phenotype. Sci Rep
(2021) 11:15752. doi: 10.1038/s41598-021-95344-5

128. Andrade B, Jara-Gutiérrez C, Paz-Araos M, Vazquez MC, Diaz P, Murgas P.
The relationship between reactive oxygen species and the cGAS/STING signaling
pathway in the inflammaging process. Int | Mol Sci (2022) 23:15182. doi: 10.3390/
ijms232315182

129. Li C, Sun G, Chen B, Xu L, Ye Y, He J, et al. Nuclear receptor coactivator 4-
mediated ferritinophagy contributes to cerebral ischemia-induced ferroptosis in
ischemic stroke. Pharmacol Res (2021) 174:105933. doi: 10.1016/j.phrs.2021.105933

130. Li B, Wang W, Li Y, Wang S, Liu H, Xia Z, et al. cGAS-STING pathway
aggravates early cerebral ischemia-reperfusion injury in mice by activating NCOA4-
mediated ferritinophagy. Exp Neurol (2023) 359:114269. doi: 10.1016/
j.expneurol.2022.114269

131. Tao L, Lemoft A, Wang G, Zarek C, Lowe A, Yan N, et al. Reactive oxygen
species oxidize STING and suppress interferon production. eLife (2020) 9:e57837.
doi: 10.7554/eLife.57837

132. Jia M, Qin D, Zhao C, Chai L, Yu Z, Wang W, et al. Redox homeostasis
maintained by GPX4 facilitates STING activation. Nat Immunol (2020) 21:727-35.
doi: 10.1038/s41590-020-0699-0

133. Huang R, Shi Q, Zhang S, Lin H, Han C, Qian X, et al. Inhibition of the cGAS-
STING Pathway Attenuates Lung Ischemia/Reperfusion Injury via Regulating
Endoplasmic Reticulum Stress in Alveolar Epithelial Type II Cells of Rats. J
Inflamma Res (2022) 15:5103-19. doi: 10.2147/JIR.S365970

134. Lei Z, Deng M, Yi Z, Sun Q, Shapiro RA, Xu H, et al. cGAS-mediated autophagy
protects the liver from ischemia-reperfusion injury independently of STING. Am |
Physiol Gastrointest Liver Physiol (2018) 314:G655-67. doi: 10.1152/ajpgi.00326.2017

135. Koopman M, Hetz C, Nollen EAA. Saved by the matrix: UPR independent
survival under ER stress. Cell (2019) 179:1246-8. doi: 10.1016/j.cell.2019.11.012

136. Moretti ], Roy S, Bozec D, Martinez J, Chapman JR, Ueberheide B, et al. STING
senses microbial viability to orchestrate stress-mediated autophagy of the endoplasmic
reticulum. Cell (2017) 171:809-823.e13. doi: 10.1016/j.cell.2017.09.034

137. Liu Y-P, Zeng L, Tian A, Bomkamp A, Rivera D, Gutman D, et al. Endoplasmic
reticulum stress regulates the innate immunity critical transcription factor interferon
regulatory factor 3. J Immunol (2012) 189:4630-9. doi: 10.4049/jimmunol.1102737

138. Sen T, Saha P, Gupta R, Foley LM, Jiang T, Abakumova OS, et al. Aberrant ER
stress induced neuronal-IFNP Elicits white matter injury due to microglial activation and
T-cell infiltration after TBL ] Neurosci (2020) 40:424-46. doi: 10.1523/JNEUROSCI.0718-
19.2019

139. Wu J, Chen Y-J, Dobbs N, Sakai T, Liou J, Miner JJ, et al. STING-mediated
disruption of calcium homeostasis chronically activates ER stress and primes T cell
death. ] Exp Med (2019) 216:867-83. doi: 10.1084/jem.20182192

140. Wimberley C, Lavisse S, Hillmer A, Hinz R, Turkheimer F, Zanotti-Fregonara P.
Kinetic modeling and parameter estimation of TSPO PET imaging in the human brain.
Eur ] Nucl Med Mol Imaging (2021) 49:246-56. doi: 10.1007/s00259-021-05248-9

141. Lambertsen KL, Finsen B, Clausen BH. Post-stroke inflammation—target or tool
for therapy? Acta Neuropathol (2019) 137:693-714. doi: 10.1007/s00401-018-1930-z

142. Androvic P, Kirdajova D, Tureckova J, Zucha D, Rohlova E, Abaffy P, et al.
Decoding the transcriptional response to ischemic stroke in young and aged mouse
brain. Cell Rep (2020) 31:107777. doi: 10.1016/j.celrep.2020.107777

143. TangZ, GanY, Liu Q, Yin J-X, Liu Q, Shi J, et al. CX3CR1 deficiency suppresses
activation and neurotoxicity of microglia/macrophage in experimental ischemic stroke.
J Neuroinflamm (2014) 11:26. doi: 10.1186/1742-2094-11-26

frontiersin.org


https://doi.org/10.1016/j.atherosclerosis.2013.12.022
https://doi.org/10.1161/CIRCULATIONAHA.113.002271
https://doi.org/10.1161/CIRCULATIONAHA.113.002271
https://doi.org/10.1042/CS20220525
https://doi.org/10.1016/j.intimp.2023.110795
https://doi.org/10.1038/s41590-018-0287-8
https://doi.org/10.1016/j.ceca.2019.03.003
https://doi.org/10.1007/s00109-014-1234-2
https://doi.org/10.1007/s00109-014-1234-2
https://doi.org/10.14336/AD.2022.0417
https://doi.org/10.18632/aging.202929
https://doi.org/10.18632/aging.202929
https://doi.org/10.5551/jat.RV17059
https://doi.org/10.1093/eurheartj/ehab249
https://doi.org/10.1016/j.abb.2022.109321
https://doi.org/10.1016/j.abb.2022.109321
https://doi.org/10.1016/j.arr.2016.01.007
https://doi.org/10.1016/S0140-6736(05)67702-1
https://doi.org/10.1111/cns.14157
https://doi.org/10.1172/JCI135026
https://doi.org/10.1016/j.tins.2020.10.008
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1038/s41586-022-04924-6
https://doi.org/10.1101/gad.179515.111
https://doi.org/10.1038/nature12611
https://doi.org/10.1007/s11357-018-0047-6
https://doi.org/10.1007/s11357-018-0047-6
https://doi.org/10.1084/jem.20180139
https://doi.org/10.1084/jem.20180139
https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1073/pnas.1705499114
https://doi.org/10.1038/s41586-018-0784-9
https://doi.org/10.1161/CIRCRESAHA.115.307495
https://doi.org/10.1161/CIRCRESAHA.115.307495
https://doi.org/10.3389/fimmu.2020.00615
https://doi.org/10.1016/j.immuni.2013.08.004
https://doi.org/10.1073/pnas.170144197
https://doi.org/10.1016/j.bbr.2022.114104
https://doi.org/10.1002/iub.2453
https://doi.org/10.1038/s41598-021-95344-5
https://doi.org/10.3390/ijms232315182
https://doi.org/10.3390/ijms232315182
https://doi.org/10.1016/j.phrs.2021.105933
https://doi.org/10.1016/j.expneurol.2022.114269
https://doi.org/10.1016/j.expneurol.2022.114269
https://doi.org/10.7554/eLife.57837
https://doi.org/10.1038/s41590-020-0699-0
https://doi.org/10.2147/JIR.S365970
https://doi.org/10.1152/ajpgi.00326.2017
https://doi.org/10.1016/j.cell.2019.11.012
https://doi.org/10.1016/j.cell.2017.09.034
https://doi.org/10.4049/jimmunol.1102737
https://doi.org/10.1523/JNEUROSCI.0718-19.2019
https://doi.org/10.1523/JNEUROSCI.0718-19.2019
https://doi.org/10.1084/jem.20182192
https://doi.org/10.1007/s00259-021-05248-9
https://doi.org/10.1007/s00401-018-1930-z
https://doi.org/10.1016/j.celrep.2020.107777
https://doi.org/10.1186/1742-2094-11-26
https://doi.org/10.3389/fimmu.2023.1275408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

144. Li L, Zhou J, Han L, Wu X, Shi Y, Cui W, et al. The specific role of reactive
astrocytes in stroke. Front Cell Neurosci (2022) 16:850866. doi: 10.3389/
fncel.2022.850866

145. Liao Y, Cheng J, Kong X, Li S, Li X, Zhang M, et al. HDAC3 inhibition
ameliorates ischemia/reperfusion-induced brain injury by regulating the microglial
cGAS-STING pathway. Theranostics (2020) 10:9644-62. doi: 10.7150/thno.47651

146. Peng Y, Zhuang ], Ying G, Zeng H, Zhou H, Cao Y, et al. Stimulator of IFN
genes mediates neuroinflammatory injury by suppressing AMPK signal in
experimental subarachnoid hemorrhage. J Neuroinflamm (2020) 17:165.
doi: 10.1186/s12974-020-01830-4

147. Liu M, Xu Z, Wang L, Zhang L, Liu Y, Cao J, et al. Cottonseed oil alleviates
ischemic stroke injury by inhibiting the inflammatory activation of microglia and
astrocyte. ] Neuroinflamm (2020) 17:270. doi: 10.1186/s12974-020-01946-7

148. LiuY, Li C, Wang J, Fang Y, Sun H, Tao X, et al. Nafamostat mesilate improves
neurological outcome and axonal regeneration after stroke in rats. Mol Neurobiol
(2017) 54:4217-31. doi: 10.1007/512035-016-9999-7

149. Wu L, Wang H-M, Li J-L, Feng H-X, Zhao W-M, Zhang H-Y. Dual anti-
ischemic effects of rosmarinic acid n-butyl ester via alleviation of DAPK-p53-mediated
neuronal damage and microglial inflammation. Acta Pharmacol Sin (2017) 38:459-68.
doi: 10.1038/aps.2016.156

150. Malhotra K, Chang JJ, Khunger A, Blacker D, Switzer JA, Goyal N, et al.
Minocycline for acute stroke treatment: a systematic review and meta-analysis of
randomized clinical trials. ] Neurol (2018) 265:1871-9. doi: 10.1007/s00415-018-8935-3

151. Green JP, El-Sharkawy LY, Roth S, Zhu J, Cao J, Leach AG, et al. Discovery of
an inhibitor of DNA-driven inflammation that preferentially targets the AIM2
inflammasome. iScience (2023) 26:106758. doi: 10.1016/j.is¢i.2023.106758

152. Vincent J, Adura C, Gao P, Luz A, Lama L, Asano Y, et al. Small molecule
inhibition of cGAS reduces interferon expression in primary macrophages from
autoimmune mice. Nat Commun (2017) 8:750. doi: 10.1038/s41467-017-00833-9

153. Haag SM, Gulen MF, Reymond L, Gibelin A, Abrami L, Decout A, et al.
Targeting STING with covalent small-molecule inhibitors. Nature (2018) 559:269-73.
doi: 10.1038/s41586-018-0287-8

154. Kong L, Li W, Chang E, Wang W, Shen N, Xu X, et al. DsbA-L prevents
obesity-induced inflammation and insulin resistance by suppressing the mtDNA
release-activated c. Front Immunol (2022) 13:860977. doi: 10.3389/fimmu.2022.860977

155. Chang H, Yang J, Wang Q, Zhao J, Zhu R. Role of N6-methyladenosine
modification in pathogenesis of ischemic stroke. Expert Rev Mol Diagn (2022) 22:295-
303. doi: 10.1080/14737159.2022.2049246

156. Yu Z, Zheng L, Geng Y, Zhang Y, Wang Y, You G, et al. FTO alleviates cerebral
ischemia/reperfusion-induced neuroinflammation by decreasing cGAS mRNA stability
in an mé6A-dependent manner. Cell Signal (2023) 109:110751. doi: 10.1016/
j.cellsig.2023.110751

157. Bloise E, Ciarmela P, Dela Cruz C, Luisi S, Petraglia F, Reis FM. Activin
A in mammalian physiology. Physiol Rev (2019) 99:739-80. doi: 10.1152/
physrev.00002.2018

158. Liu M, Li Y, Han S, Wang H, Li J. Activin A alleviates neuronal injury through
inhibiting cGAS-STING-mediated autophagy in mice with ischemic stroke. J Cereb
Blood Flow Metab (2023) 43:736-48. doi: 10.1177/0271678X221147056

159. Bartel DP. MicroRNA target recognition and regulatory functions. Cell (2009)
136:215-33. doi: 10.1016/j.cell.2009.01.002

160. Song N, Song R, Ma P. MiR-340-5p alleviates neuroinflammation and neuronal
injury via suppressing STING in subarachnoid hemorrhage. Brain Behav (2022) 12:
€2687. doi: 10.1002/brb3.2687

161. Lima-Junior DS, Krishnamurthy SR, Bouladoux N, Collins N, Han S-J, Chen
EY, et al. Endogenous retroviruses promote homeostatic and inflammatory responses
to the microbiota. Cell (2021) 184:3794-811.e19. doi: 10.1016/j.cell.2021.05.020

162. Xiong Y, Tang Y-D, Zheng C. The crosstalk between the caspase family and the
cGAS-STING signaling pathway. J Mol Cell Biol (2021) 13:739-47. doi: 10.1093/jmcb/
mjab071

163. Zhang K, Wang S, Gou H, Zhang J, Li C. Crosstalk between autophagy and the

cGAS-STING signaling pathway in type I interferon production. Front Cell Dev Biol
(2021) 9:748485. doi: 10.3389/fcell.2021.748485

164. Jin Y, Zhuang Y, Liu M, Che J, Dong X. Inhibiting ferroptosis: A novel
approach for stroke therapeutics. Drug Discov Today (2021) 26:916-30. doi: 10.1016/
j.drudis.2020.12.020

165. Roemhild K, von Maltzahn F, Weiskirchen R, Kniichel R, von Stillfried S,
Lammers T. Iron metabolism: pathophysiology and pharmacology. Trends Pharmacol
Sci (2021) 42:640-56. doi: 10.1016/j.tips.2021.05.001

166. Ahmad S, Elsherbiny NM, Haque R, Khan MB, Ishrat T, Shah ZA, et al.
Sesamin attenuates neurotoxicity in mouse model of ischemic brain stroke.
Neurotoxicology (2014) 45:100-10. doi: 10.1016/j.neuro.2014.10.002

167. Guan X, Li X, Yang X, Yan J, Shi P, Ba L, et al. The neuroprotective effects of
carvacrol on ischemia/reperfusion-induced hippocampal neuronal impairment by
ferroptosis mitigation. Life Sci (2019) 235:116795. doi: 10.1016/;.1fs.2019.116795

168. Alim I, Caulfield JT, Chen Y, Swarup V, Geschwind DH, Ivanova E, et al.
Selenium drives a transcriptional adaptive program to block ferroptosis and treat
stroke. Cell (2019) 177:1262-1279.€25. doi: 10.1016/j.cell.2019.03.032

Frontiers in Immunology

21

10.3389/fimmu.2023.1275408

169. Vila IK, Chamma H, Steer A, Saccas M, Taffoni C, Turtoi E, et al. STING
orchestrates the crosstalk between polyunsaturated fatty acid metabolism and
inflammatory responses. Cell Metab (2022) 34:125-39.e8. doi: 10.1016/
j.cmet.2021.12.007

170. Li H, Hu L, Wang L, Wang Y, Shao M, Chen Y, et al. Iron activates cGAS-
STING signaling and promotes hepatic inflammation. J Agric Food Chem (2022)
70:2211-20. doi: 10.1021/acs.jafc.1c06681

171. WuJ, Liu Q, Zhang X, Tan M, Li X, Liu P, et al. The interaction between STING
and NCOA4 exacerbates lethal sepsis by orchestrating ferroptosis and inflammatory
responses in macrophages. Cell Death Dis (2022) 13:653. doi: 10.1038/s41419-022-
05115-x

172. Tian Y, Lu J, Hao X, Li H, Zhang G, Liu X, et al. FTH1 inhibits ferroptosis
through ferritinophagy in the 6-OHDA model of Parkinson’s disease.
Neurotherapeutics (2020) 17:1796-812. doi: 10.1007/s13311-020-00929-z

173. Tang M, Chen Z, Wu D, Chen L. Ferritinophagy/ferroptosis: Iron-related
newcomers in human diseases. J Cell Physiol (2018) 233:9179-90. doi: 10.1002/
jcp.26954

174. Shi K, Tian D-C, Li Z-G, Ducruet AF, Lawton MT, Shi F-D. Global brain
inflammation in stroke. Lancet Neurol (2019) 18:1058-66. doi: 10.1016/S1474-4422(19)
30078-X

175. Cui P, Lu W, Wang ], Wang F, Zhang X, Hou X, et al. Microglia/macrophages
require vitamin D signaling to restrain neuroinflammation and brain injury in a murine
ischemic stroke model. ] Neuroinflamm (2023) 20:63. doi: 10.1186/s12974-023-02705-0

176. Selvaraj UM, Ujas TA, Kong X, Kumar A, Plautz EJ, Zhang S, et al. Delayed
diapedesis of CD8 T cells contributes to long-term pathology after ischemic stroke in
male mice. Brain Behav Immun (2021) 95:502-13. doi: 10.1016/j.bbi.2021.05.001

177. Miro-Mur F, Urra X, Ruiz-Jaén F, Pedragosa J, Chamorro A, Planas AM.
Antigen-dependent T cell response to neural peptides after human ischemic stroke.
Front Cell Neurosci (2020) 14:206. doi: 10.3389/fncel.2020.00206

178. Wang W, Green M, Choi JE, Gijon M, Kennedy PD, Johnson JK, et al. CD8+ T
cells regulate tumour ferroptosis during cancer immunotherapy. Nature (2019)
569:270-4. doi: 10.1038/541586-019-1170-y

179. Yang WS, Stockwell BR. Ferroptosis: death by lipid peroxidation. Trends Cell
Biol (2016) 26:165-76. doi: 10.1016/j.tcb.2015.10.014

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

181. Xiaofeng G, You W, Qi J, Hongwei M, Zhongmin F, Shiquan W, et al. PERK-
STING-RIPK3 pathway facilitates cognitive impairment by inducing neuronal
necroptosis in sepsis-associated encephalopathy. CNS Neurosci Ther (2023) 29
(4):1178-91. doi: 10.1111/cns.14095

182. Murthy AMV, Robinson N, Kumar S. Crosstalk between cGAS-STING
signaling and cell death. Cell Death Differ (2020) 27:2989-3003. doi: 10.1038/s41418-
020-00624-8

183. Yan W-T, Yang Y-D, Hu X-M, Ning W-Y, Liao L-S, Lu S, et al. Do pyroptosis,
apoptosis, and necroptosis (PANoptosis) exist in cerebral ischemia? Evidence from cell
and rodent studies. Neural Regener Res (2022) 17:1761-8. doi: 10.4103/1673-5374.331539

184. Barrington J, Lemarchand E, Allan SM. A brain in flame; do inflammasomes
and pyroptosis influence stroke pathology? Brain Pathol (2017) 27:205-12.
doi: 10.1111/bpa.12476

185. Tto M, Shichita T, Okada M, Komine R, Noguchi Y, Yoshimura A, et al. Bruton’s
tyrosine kinase is essential for NLRP3 inflammasome activation and contributes to
ischaemic brain injury. Nat Commun (2015) 6:7360. doi: 10.1038/ncomms8360

186. Abulafia DP, de Rivero Vaccari JP, Lozano JD, Lotocki G, Keane RW, Dietrich
WD. Inhibition of the inflammasome complex reduces the inflammatory response after
thromboembolic stroke in mice. J Cereb Blood Flow Metab (2009) 29:534-44.
doi: 10.1038/jcbfm.2008.143

187. Zhang L-M, Xin Y, Wu Z-Y, Song R-X, Miao H-T, Zheng W-C, et al. STING
mediates neuroinflammatory response by activating NLRP3-related pyroptosis in
severe traumatic brain injury. ] Neurochem (2022) 162:444-62. doi: 10.1111/jnc.15678

188. Wu X-Y, Chen Y-J, Liu C-A, Gong J-H, Xu X-S. STING induces liver ischemia-
reperfusion injury by promoting calcium-dependent caspase 1-GSDMD processing in
macrophages. Oxid Med Cell Longev (2022) 2022:8123157. doi: 10.1155/2022/8123157

189. Yang M, Ma Y-X, Zhi Y, Wang H-B, Zhao L, Wang P-S, et al. Inhibitors of IFN
gene stimulators (STING) improve intestinal ischemia-reperfusion-induced acute lung
injury by activating AMPK signaling. Eur ] Med Res (2022) 27:79. doi: 10.1186/s40001-
022-00703-1

190. Dec K, Lukomska A, Maciejewska D, Jakubczyk K, Baranowska-Bosiacka I,
Chlubek D, et al. The influence of fluorine on the disturbances of homeostasis in the
central nervous system. Biol Trace Elem Res (2017) 177:224-34. doi: 10.1007/s12011-
016-0871-4

191. Cui Y, Zhao D, Sreevatsan S, Liu C, Yang W, Song Z, et al. Mycobacterium
bovis induces endoplasmic reticulum stress mediated-apoptosis by activating IRF3 in a
murine macrophage cell line. Front Cell Infect Microbiol (2016) 6:182. doi: 10.3389/
fcimb.2016.00182

192. Ning X, Wang Y, Jing M, Sha M, Lv M, Gao P, et al. Apoptotic Caspases
Suppress Type I Interferon Production via the Cleavage of cGAS, MAVS, and IRF3.
Mol Cell (2019) 74:19-31.e7. doi: 10.1016/j.molcel.2019.02.013

frontiersin.org


https://doi.org/10.3389/fncel.2022.850866
https://doi.org/10.3389/fncel.2022.850866
https://doi.org/10.7150/thno.47651
https://doi.org/10.1186/s12974-020-01830-4
https://doi.org/10.1186/s12974-020-01946-7
https://doi.org/10.1007/s12035-016-9999-7
https://doi.org/10.1038/aps.2016.156
https://doi.org/10.1007/s00415-018-8935-3
https://doi.org/10.1016/j.isci.2023.106758
https://doi.org/10.1038/s41467-017-00833-9
https://doi.org/10.1038/s41586-018-0287-8
https://doi.org/10.3389/fimmu.2022.860977
https://doi.org/10.1080/14737159.2022.2049246
https://doi.org/10.1016/j.cellsig.2023.110751
https://doi.org/10.1016/j.cellsig.2023.110751
https://doi.org/10.1152/physrev.00002.2018
https://doi.org/10.1152/physrev.00002.2018
https://doi.org/10.1177/0271678X221147056
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.1002/brb3.2687
https://doi.org/10.1016/j.cell.2021.05.020
https://doi.org/10.1093/jmcb/mjab071
https://doi.org/10.1093/jmcb/mjab071
https://doi.org/10.3389/fcell.2021.748485
https://doi.org/10.1016/j.drudis.2020.12.020
https://doi.org/10.1016/j.drudis.2020.12.020
https://doi.org/10.1016/j.tips.2021.05.001
https://doi.org/10.1016/j.neuro.2014.10.002
https://doi.org/10.1016/j.lfs.2019.116795
https://doi.org/10.1016/j.cell.2019.03.032
https://doi.org/10.1016/j.cmet.2021.12.007
https://doi.org/10.1016/j.cmet.2021.12.007
https://doi.org/10.1021/acs.jafc.1c06681
https://doi.org/10.1038/s41419-022-05115-x
https://doi.org/10.1038/s41419-022-05115-x
https://doi.org/10.1007/s13311-020-00929-z
https://doi.org/10.1002/jcp.26954
https://doi.org/10.1002/jcp.26954
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1016/S1474-4422(19)30078-X
https://doi.org/10.1186/s12974-023-02705-0
https://doi.org/10.1016/j.bbi.2021.05.001
https://doi.org/10.3389/fncel.2020.00206
https://doi.org/10.1038/s41586-019-1170-y
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1038/s41586-021-03875-8
https://doi.org/10.1111/cns.14095
https://doi.org/10.1038/s41418-020-00624-8
https://doi.org/10.1038/s41418-020-00624-8
https://doi.org/10.4103/1673-5374.331539
https://doi.org/10.1111/bpa.12476
https://doi.org/10.1038/ncomms8360
https://doi.org/10.1038/jcbfm.2008.143
https://doi.org/10.1111/jnc.15678
https://doi.org/10.1155/2022/8123157
https://doi.org/10.1186/s40001-022-00703-1
https://doi.org/10.1186/s40001-022-00703-1
https://doi.org/10.1007/s12011-016-0871-4
https://doi.org/10.1007/s12011-016-0871-4
https://doi.org/10.3389/fcimb.2016.00182
https://doi.org/10.3389/fcimb.2016.00182
https://doi.org/10.1016/j.molcel.2019.02.013
https://doi.org/10.3389/fimmu.2023.1275408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.

193. Yuan J, Najafov A, Py B. Roles of caspases in necrotic cell death. Cell (2016)
167:1693-704. doi: 10.1016/j.cell.2016.11.047

194. Yu Z, Jiang N, Su W, Zhuo Y. Necroptosis: A novel pathway
in neuroinflammation. Front Pharmacol (2021) 12:701564. doi: 10.3389/
fphar.2021.701564

195. Zhang X, Wu J, Liu Q, Li X, Li S, Chen J, et al. mtDNA-STING pathway
promotes necroptosis-dependent enterocyte injury in intestinal ischemia reperfusion.
Cell Death Dis (2020) 11:1050. doi: 10.1038/s41419-020-03239-6

196. Feng Y, Imam Aliagan A, Tombo N, Draeger D, Bopassa JC. RIP3
Translocation into Mitochondria Promotes Mitofilin Degradation to Increase
Inflammation and Kidney Injury after Renal Ischemia-Reperfusion. Cells (2022)
11:1894. doi: 10.3390/cells11121894

197. Zhou Y, Liao J, Mei Z, Liu X, Ge J. Insight into crosstalk between ferroptosis
and necroptosis: novel therapeutics in ischemic stroke. Oxid Med Cell Longev (2021)
2021:9991001. doi: 10.1155/2021/9991001

198. Liao S, Apaijai N, Chattipakorn N, Chattipakorn SC. The possible roles of
necroptosis during cerebral ischemia and ischemia / reperfusion injury. Arch Biochem
Biophys (2020) 695:108629. doi: 10.1016/j.abb.2020.108629

199. Ryan F, Khodagholi F, Dargahi L, Minai-Tehrani D, Ahmadiani A. Temporal pattern
and crosstalk of necroptosis markers with autophagy and apoptosis associated proteins in
ischemic hippocampus. Neurotox Res (2018) 34:79-92. doi: 10.1007/s12640-017-9861-3

200. Yang ], Zhao Y, Zhang L, Fan H, Qi C, Zhang K, et al. RIPK3/MLKL-mediated
neuronal necroptosis modulates the M1/M2 polarization of microglia/macrophages in
the ischemic cortex. Cereb Cortex (2018) 28:2622-35. doi: 10.1093/cercor/bhy089

201. Shu J, Yang L, Wei W, Zhang L. Identification of programmed cell death-
related gene signature and associated regulatory axis in cerebral ischemia/reperfusion
injury. Front Genet (2022) 13:934154. doi: 10.3389/fgene.2022.934154

202. Karki R, Sundaram B, Sharma BR, Lee S, Malireddi RKS, Nguyen LN, et al.
ADARI restricts ZBP1-mediated immune response and PANoptosis to promote
tumorigenesis. Cell Rep (2021) 37:109858. doi: 10.1016/j.celrep.2021.109858

203. Messaoud-Nacer Y, Culerier E, Rose S, Maillet I, Rouxel N, Briault S, et al. STING
agonist diABZI induces PANoptosis and DNA mediated acute respiratory distress
syndrome (ARDS). Cell Death Dis (2022) 13:269. doi: 10.1038/s41419-022-04664-5

204. ShiK, Zou M, Jia D-M, Shi S, Yang X, Liu Q, et al. tPA mobilizes immune cells
that exacerbate hemorrhagic transformation in stroke. Circ Res (2021) 128:62-75.
doi: 10.1161/CIRCRESAHA.120.317596

205. Zhao Z, Pan Z, Zhang S, Ma G, Zhang W, Song J, et al. Neutrophil extracellular
traps: A novel target for the treatment of stroke. Pharmacol Ther (2023) 241:108328.
doi: 10.1016/j.pharmthera.2022.108328

206. Carbone F, Vuilleumier N, Bertolotto M, Burger F, Galan K, Roversi G, et al.
Treatment with recombinant tissue plasminogen activator (r-TPA) induces neutrophil
degranulation in vitro via defined pathways. Vascul Pharmacol (2015) 64:16-27.
doi: 10.1016/j.vph.2014.11.007

207. Su EJ, Cao C, Fredriksson L, Nilsson I, Stefanitsch C, Stevenson TK, et al.
Microglial-mediated PDGF-CC activation increases cerebrovascular permeability during
ischemic stroke. Acta Neuropathol (2017) 134:585-604. doi: 10.1007/s00401-017-1749-z

208. Sashindranath M, Sales E, Daglas M, Freeman R, Samson AL, Cops EJ, et al.
The tissue-type plasminogen activator-plasminogen activator inhibitor 1 complex
promotes neurovascular injury in brain trauma: evidence from mice and humans.
Brain (2012) 135:3251-64. doi: 10.1093/brain/aws178

209. Tan Q, Guo P, Zhou ], Zhang ], Zhang B, Lan C, et al. Targeting neutrophil
extracellular traps enhanced tPA fibrinolysis for experimental intracerebral
hemorrhage. Transl Res (2019) 211:139-46. doi: 10.1016/j.trsl.2019.04.009

210. Li C, Xing Y, Zhang Y, Hua Y, Hu J, Bai Y. Neutrophil extracellular traps
exacerbate ischemic brain damage. Mol Neurobiol (2022) 59:643-56. doi: 10.1007/
$12035-021-02635-z

211. Wang C-L, Wang Y, Jiang Q-L, Zeng Y, Yao Q-P, Liu X, et al. DNase I and
sivelestat ameliorate experimental hindlimb ischemia-reperfusion injury by eliminating
neutrophil extracellular traps. J Inflamm Res (2023) 16:707-21. doi: 10.2147/
JIR.S396049

212. Ge L, Zhou X, Ji W-J, Lu R-Y, Zhang Y, Zhang Y-D, et al. Neutrophil
extracellular traps in ischemia-reperfusion injury-induced myocardial no-reflow:

therapeutic potential of DNase-based reperfusion strategy. Am ] Physiol Heart Circ
Physiol (2015) 308:H500-509. doi: 10.1152/ajpheart.00381.2014

213. Kang L, Yu H, Yang X, Zhu Y, Bai X, Wang R, et al. Neutrophil extracellular
traps released by neutrophils impair revascularization and vascular remodeling after
stroke. Nat Commun (2020) 11:2488. doi: 10.1038/s41467-020-16191-y

Frontiers in Immunology

22

10.3389/fimmu.2023.1275408

214. Rubio-Cosials A, Sidow JF, Jiménez-Menéndez N, Fernandez-Millan P,
Montoya J, Jacobs HT, et al. Human mitochondrial transcription factor A induces a
U-turn structure in the light strand promoter. Nat Struct Mol Biol (2011) 18:1281-9.
doi: 10.1038/nsmb.2160

215. Ngo HB, Kaiser JT, Chan DC. The mitochondrial transcription and packaging
factor Tfam imposes a U-turn on mitochondrial DNA. Nat Struct Mol Biol (2011)
18:1290-6. doi: 10.1038/nsmb.2159

216. Mu S-W, Dang Y, Wang S-S, Gu J-J. The role of high mobility group box 1
protein in acute cerebrovascular diseases. BioMed Rep (2018) 9:191-7. doi: 10.3892/
br.2018.1127

217. Xiong X-X, Gu L-J, Shen J, Kang X-H, Zheng Y-Y, Yue S-B, et al. Probenecid
protects against transient focal cerebral ischemic injury by inhibiting HMGBI release
and attenuating AQP4 expression in mice. Neurochem Res (2014) 39:216-24.
doi: 10.1007/s11064-013-1212-z

218. Li M, Chen S, Shi X, Lyu C, Zhang Y, Tan M, et al. Cell permeable HMGB1-
binding heptamer peptide ameliorates neurovascular complications associated with
thrombolytic therapy in rats with transient ischemic stroke. ] Neuroinflamm (2018)
15:237. doi: 10.1186/512974-018-1267-5

219. Kim S-W, Lee H, Lee H-K, Kim I-D, Lee J-K. Neutrophil extracellular trap
induced by HMGBI1 exacerbates damages in the ischemic brain. Acta Neuropathol
Commun (2019) 7:94. doi: 10.1186/s40478-019-0747-x

220. Ohab JJ, Fleming S, Blesch A, Carmichael ST. A neurovascular niche
for neurogenesis after stroke. J Neurosci (2006) 26:13007-16. doi: 10.1523/
JNEUROSCI.4323-06.2006

221. Senior K. Angiogenesis and functional recovery demonstrated after minor
stroke. Lancet (2001) 358:817. doi: 10.1016/S0140-6736(01)06014-7

222. XuH, CaoY, Yang X, Cai P, Kang L, Zhu X, et al. ADAMTS13 controls vascular
remodeling by modifying VWF reactivity during stroke recovery. Blood (2017) 130:11-
22. doi: 10.1182/blood-2016-10-747089

223. Lu Y, Zhou M, Li Y, Li Y, Hua Y, Fan Y. Minocycline promotes functional
recovery in ischemic stroke by modulating microglia polarization through STAT1/
STAT6 pathways. Biochem Pharmacol (2021) 186:114464. doi: 10.1016/
jbep.2021.114464

224. Smith CJ, Emsley HC, Udeh CT, Vail A, Hoadley ME, Rothwell NJ, et al.
Interleukin-1 receptor antagonist reverses stroke-associated peripheral immune
suppression. Cytokine (2012) 58:384-9. doi: 10.1016/j.cyt0.2012.02.016

225. Elkind MSV, Veltkamp R, Montaner ], Johnston SC, Singhal AB, Becker K,
et al. Natalizumab in acute ischemic stroke (ACTION II): A randomized, placebo-
controlled trial. Neurology (2020) 95:€1091-104. doi: 10.1212/WNL.0000000000010038

226. Zhu Z, Fu Y, Tian D, Sun N, Han W, Chang G, et al. Combination of the
immune modulator fingolimod with alteplase in acute ischemic stroke: A pilot trial.
Circulation (2015) 132:1104-12. doi: 10.1161/CIRCULATIONAHA.115.016371

227. Xu J, Wang A, Meng X, Yalkun G, Xu A, Gao Z, et al. Edaravone dexborneol
versus edaravone alone for the treatment of acute ischemic stroke: A phase III,
randomized, double-blind, comparative trial. Stroke (2021) 52:772-80. doi: 10.1161/
STROKEAHA.120.031197

228. Liu Q, Johnson EM, Lam RK, Wang Q, Bo Ye H, Wilson EN, et al. Peripheral
TREMI responses to brain and intestinal immunogens amplify stroke severity. Nat
Immunol (2019) 20:1023-34. doi: 10.1038/s41590-019-0421-2

229. Hu X, Zhang H, Zhang Q, Yao X, Ni W, Zhou K. Emerging role of STING
signalling in CNS injury: inflammation, autophagy, necroptosis, ferroptosis and
pyroptosis. J Neuroinflamm (2022) 19:242. doi: 10.1186/s12974-022-02602-y

230. ChuL,LiC, Li Y, Yu Q, Yu H, Li G, et al. Perillaldehyde Inhibition of cGAS
Reduces dsDNA-Induced Interferon Response. Front Immunol (2021) 12:655637.
doi: 10.3389/fimmu.2021.655637

231. Wang Y, Wei B, Wang D, Wu J, Gao J, Zhong H, et al. DNA damage repair
promotion in colonic epithelial cells by andrographolide downregulated cGAS-STING
pathway activation and contributed to the relief of CPT-11-induced intestinal
mucositis. Acta Pharm Sin B (2022) 12:262-73. doi: 10.1016/j.apsb.2021.03.043

232. Li Y, Yu P, Fu W, Wang S, Zhao W, Ma Y, et al. Ginsenoside Rd Inhibited
Ferroptosis to Alleviate CCl4-Induced Acute Liver Injury in Mice via cGAS/STING
Pathway. Am ] Chin Med (2023) 51:91-105. doi: 10.1142/50192415X23500064

233. de Oliveira Mann CC, Hopfner K-P. Nuclear cGAS: guard or prisoner? EMBO ]
(2021) 40:€108293. doi: 10.15252/embj.2021108293

234. Ma H, Li H, Zhang Y, Zhou Y, Liu H, Xu H, et al. Microglia Exhibit Distinct
Heterogeneity Rather than M1/M2 Polarization within the Early Stage of Acute
Ischemic Stroke. Aging Dis (2023). doi: 10.14336/AD.2023.0505

frontiersin.org


https://doi.org/10.1016/j.cell.2016.11.047
https://doi.org/10.3389/fphar.2021.701564
https://doi.org/10.3389/fphar.2021.701564
https://doi.org/10.1038/s41419-020-03239-6
https://doi.org/10.3390/cells11121894
https://doi.org/10.1155/2021/9991001
https://doi.org/10.1016/j.abb.2020.108629
https://doi.org/10.1007/s12640-017-9861-3
https://doi.org/10.1093/cercor/bhy089
https://doi.org/10.3389/fgene.2022.934154
https://doi.org/10.1016/j.celrep.2021.109858
https://doi.org/10.1038/s41419-022-04664-5
https://doi.org/10.1161/CIRCRESAHA.120.317596
https://doi.org/10.1016/j.pharmthera.2022.108328
https://doi.org/10.1016/j.vph.2014.11.007
https://doi.org/10.1007/s00401-017-1749-z
https://doi.org/10.1093/brain/aws178
https://doi.org/10.1016/j.trsl.2019.04.009
https://doi.org/10.1007/s12035-021-02635-z
https://doi.org/10.1007/s12035-021-02635-z
https://doi.org/10.2147/JIR.S396049
https://doi.org/10.2147/JIR.S396049
https://doi.org/10.1152/ajpheart.00381.2014
https://doi.org/10.1038/s41467-020-16191-y
https://doi.org/10.1038/nsmb.2160
https://doi.org/10.1038/nsmb.2159
https://doi.org/10.3892/br.2018.1127
https://doi.org/10.3892/br.2018.1127
https://doi.org/10.1007/s11064-013-1212-z
https://doi.org/10.1186/s12974-018-1267-5
https://doi.org/10.1186/s40478-019-0747-x
https://doi.org/10.1523/JNEUROSCI.4323-06.2006
https://doi.org/10.1523/JNEUROSCI.4323-06.2006
https://doi.org/10.1016/S0140-6736(01)06014-7
https://doi.org/10.1182/blood-2016-10-747089
https://doi.org/10.1016/j.bcp.2021.114464
https://doi.org/10.1016/j.bcp.2021.114464
https://doi.org/10.1016/j.cyto.2012.02.016
https://doi.org/10.1212/WNL.0000000000010038
https://doi.org/10.1161/CIRCULATIONAHA.115.016371
https://doi.org/10.1161/STROKEAHA.120.031197
https://doi.org/10.1161/STROKEAHA.120.031197
https://doi.org/10.1038/s41590-019-0421-2
https://doi.org/10.1186/s12974-022-02602-y
https://doi.org/10.3389/fimmu.2021.655637
https://doi.org/10.1016/j.apsb.2021.03.043
https://doi.org/10.1142/S0192415X23500064
https://doi.org/10.15252/embj.2021108293
https://doi.org/10.14336/AD.2023.0505
https://doi.org/10.3389/fimmu.2023.1275408
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ma et al.
Glossary
AMPK AMP-activated protein kinase
Ang II Angiotensin II
ApoE Apolipoprotein E
AS Atherosclerosis
A-T Ataxia-Telangiectasia
ATF6 Activating transcription factor-6
BAF Barrier-to-autointegration factor 1
BBB Blood-brain barrier
BP Blood pressure
CCL-2 Chemokines (C-C motif) ligand-2
CCL-3 Chemokines (C-C motif) ligand-3
cGAMP Cyclic GMP-AMP;cGAS, Cyclic GMP-AMP synthase
CI/RI Cerebral ischemia/reperfusion injury
CVST Cerebral venous sinus thrombosis
DAMPs Damage-associated molecular patterns
DNase Deoxyribonuclease;DsbA-L, Disulfide-bond A oxidoreductase-like
protein
dsDNA Double-stranded DNA
EndMT Endothelial-to-mesenchymal transition
ER Endoplasmic reticulum
FADS2 Fatty acid desaturase 2
FTO fat mass and obesity-associated protein
GPX4 Glutathione peroxidase 4
HBHP HMGBI binding heptapeptide
HDAC3 Histone deacetylase 3
HFD High-fat diet
HMGBI1 High-mobility group box 1
HT Hemorrhagic transformation
ICD Immunogenic cell death
IFN Interferon
IKK Inhibitor of kappa B kinase
iNOS Inducible nitric oxide synthase
IRElo Inositol-requiring enzyme 1o
IRF-3 Interferon regulatory factor 3
ISGs IFN-stimulated genes
LINE-1 Long-interspersed element-1
LIP Labile iron pool
MCAO Middle cerebral artery occlusion
mé6A N6-Methyladenosine
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MLKL Mixed lineage kinase domain-like
MST1 Mammalian Ste20-like kinases 1
mtDNA Mitochondrial DNA
NCOA4 Nuclear receptor coactivator 4
NETs Neutrophil extracellular traps
NF-«B Nuclear factor kappa B
NLRs NOD-like receptors
NO Nitric oxide
NTase Nucleotidyl transferase
nuDNA Nuclear DNA
PA Palmitic acid
PAMPs Pathogen-associated molecular patterns
PERK PKR-like ER-resident kinase
PRRs Pattern recognition receptors
PUFAs Polyunsaturated fatty acids
RAGEs Receptors for advanced glycation end products
RAS Renin-angiotensin system
RCD Regulated cell death
RLHs RIG-I-like helicases
ROS Reactive oxygen species
SASP Senescence-associated secretory phenotype
SLC3A2 Solute carrier family 3 member 2
SLC7A11 | Solute carrier family 31 member 11
STIM1 Stromal interaction molecule 1
STING Stimulator of interferon genes
TBK1 TANK-binding kinase 1
TFAM Mitochondrial transcription factor A
TGF-b Transforming growth factor b
TLRs Toll-like receptors
t-PA Tissue-type plasminogen activator
TREX1 Three prime repair exonuclease 1
UPR Unfolded protein response
YAP Hippo-Yes-associated protein
ZBP1 Z-DNA binding protein 1
A6D Delta-6 desaturase
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