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Abstract

BACKGROUND: Sporadic aortic aneurysm and dissection (AAD), caused by progressive aortic
smooth muscle cell (SMC) loss and extracellular matrix degradation, is a highly lethal condition.
Identifying mechanisms that drive aortic degeneration is a crucial step in developing an effective
pharmacologic treatment to prevent disease progression. Recent evidence has indicated that
cytosolic DNA and abnormal activation of the cytosolic DNA sensing adaptor STING (stimulator
of interferon genes) play a critical role in vascular inflammation and destruction. Here, we
examined the involvement of this mechanism in aortic degeneration and sporadic AAD formation.

METHODS: The presence of cytosolic DNA in aortic cells and activation of the STING pathway
were examined in aortic tissues from patients with sporadic ascending thoracic AAD. The role of
STING in AAD development was evaluated in Sting-deficient (Stingd?9") mice in a sporadic AAD
model induced by challenging mice with a combination of a high-fat diet and angiotensin 1. We
also examined the direct effects of STING on SMC death and macrophage activation in vitro.

RESULTS: In human sporadic AAD tissues, we observed the presence of cytosolic DNA in
SMCs and macrophages and significant activation of the STING pathway. In the sporadic AAD
model, Stingd”9 mice showed significant reductions in challenge-induced aortic enlargement,
dissection, and rupture in both the thoracic and abdominal aortic regions. Single-cell transcriptome
analysis revealed that aortic challenge in wild-type mice induced the DNA damage response, the
inflammatory response, dedifferentiation and cell death in SMCs, and matrix metalloproteinase
(MMP) expression in macrophages. These changes were attenuated in challenged Sting9?9' mice.
Mechanistically, nuclear and mitochondrial DNA damage in SMCs and the subsequent leak of
DNA to the cytosol activated STING signaling, which induced cell death through apoptosis and
necroptosis. Interestingly, DNA from damaged SMCs was engulfed by macrophages in which it
activated STING and its target IRF3, which directly induced MMP-9 expression. Importantly,
pharmacologically inhibiting STING activation partially prevented AAD development.

CONCLUSIONS: Our findings indicate that the presence of cytosolic DNA and subsequent
activation of cytosolic DNA sensing adaptor STING signaling is a key mechanism in aortic
degeneration and that targeting STING may prevent sporadic AAD development.

Keywords
aortic aneurysm and dissection; cytosolic DNA; STING; cell death; MMP production

INTRODUCTION

Aortic aneurysm and dissection (AAD) are common interrelated cardiovascular disorders
that carry a high risk of morbidity and mortality.! To date, no medications have been
clinically proven to be effective in preventing aortic degeneration and disease progression.
AAD occur either spontaneously (sporadic) or in association with a genetic condition. The
key features of sporadic AAD are progressive smooth muscle cell (SMC) loss and
extracellular matrix (ECM) fragmentation and depletion? that result in aortic aneurysm,
dissection, and rupture.? Identifying molecules and pathways that drive SMC injury and
ECM destruction is a crucial step toward developing theurapeutic targets to prevent AAD
progression.

Circulation. Author manuscript; available in PMC 2021 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luo et al.

Page 3

A growing body of evidence has suggested that stimulator of interferon genes (STING), a
pro-inflammatory molecule in the cyclic GMP-AMP synthase (cCGAS)-STING cytosolic
DNA sensor signaling pathway,34 plays a critical role in tissue inflammation and
destruction. DNA in the cytosol binds and activates the cytosolic DNA sensor cGAS that
produces cyclic GMP-AMP (cGAMP). cGAMP acts as a secondary messenger that binds
and activates the adaptor STING.3# Once activated, STING serves as a scaffold that recruits
kinases such as tank-binding kinase 1 (TBK1) and its target proteins (e.g. interferon
regulatory factor 3 [IRF3]%8 and nuclear factor-kappa B [NF-xB]®) and facilitates the
phosphorylation and activation of IRF3 and NF-xB by TBK1. IRF3 and NF-xB then
translocate into the nucleus and promote the expression of genes that facilitate immunity.®

STING was originally discovered as an important molecule in immunity that detects DNA
from infected pathogens and triggers the immune response.>8 Recently, increasing evidence
has indicated that abnormal STING activation plays a key role in tissue inflammation and
degeneration.”1! Gain-of-function mutations in ST/NG have been identified in patients with
early onset vasculopathy and systemic inflammatory syndromes such as STING-associated
vasculopathy with onset in infancy (SAVI1)%10 and familial inflammatory syndrome with
lupus-like manifestations. STING can also be activated by self-DNA released from
damaged nuclei or mitochondria and is implicated in tissue inflammation and damage.’-11

Given STING’s critical role in vascular inflammation and destruction, we hypothesized that
STING activation in the aortic wall induces aortic degeneration and AAD development.
Here, we provide evidence showing the presence of cytosolic DNA and STING activation in
aortic tissues from patients with sporadic thoracic AAD (TAAD). STING contributes to
AAD development by promoting SMC apoptosis and necroptosis and by inducing matrix
metalloproteinase (MMP)-9 production and ECM degradation. Importantly, we found that
the pharmacologic inhibition of STING activation can reduce AAD development in mice.
Our study findings suggest that the cytosolic DNA-mediated activation of cytosolic DNA
sensing adaptor STING plays a critical role in aortic degeneration and is a potential
therapeutic target for treating sporadic AAD.

METHODS

All data, analytic methods, and study materials will be made available to other researchers
for purposes of reproducing our results or replicating the procedures. Detailed methods are
provided in the online-only Data Supplement.

Human Tissue Study

The protocol for collecting human tissue samples was approved by the institutional review
board at Baylor College of Medicine. Written informed consent was provided by all
participants before enrollment. All experiments conducted with human tissue samples were
performed in accordance with the relevant guidelines and regulations. Aortic tissue samples
from patients with sporadic ascending thoracic AAD (ATAAD) and control aortic tissue
samples were obtained from our existing aortic tissue bank. For detailed procedures, please
refer to the online-only Data Supplement.
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Animal Studies

All animal experiments were approved by the Institutional Animal Care and Use Committee
at Baylor College of Medicine in accordance with the guidelines of the National Institutes of
Health. To generate a mouse model of sporadic AAD, we purchased male and female WT
mice (C57BL/6J) and Sting-deficient mice (C57BL/6J-Tmem173gt/J, or Sting®¥9%) from The
Jackson Laboratory (Bar Harbor, ME). For detailed procedures, please refer to the online-
only Data Supplement.

Statistical Analysis

All quantitative data are presented as the mean + standard deviation. Data were analyzed by
using SPSS software, version 23.0 (SPSS Inc., Chicago, IL). For details regarding the
statistical analyses, please refer to the online-only Data Supplement.

RESULTS

Presence of Cytosolic DNA and Activation of the STING Signaling Pathway in Human
Sporadic ATAAD Tissues

We first examined the presence of cytosolic DNA and the activation of the STING pathway
in human sporadic ATAAD tissues. Aortic tissues were collected from patients with sporadic
ascending thoracic aortic aneurysm (ATAA) (n=10), patients with sporadic acute ascending
thoracic aortic dissection (ATAD) (n=10), and age-matched organ donors (controls) (n=8)
(Supplemental Table 1).

Western blot analyses showed that the expression and phosphorylation of STING, TBK1,
and IRF3 were significantly upregulated in aortic tissues from patients with ATAA or ATAD
compared with those from controls (Fig. 1A, Supplemental Figure 1A), indicating that the
STING-TBK1-IRF3 pathway is activated in ATAAD tissues. Immunostaining showed that
STING, TBK1, and IRF3 were highly expressed in the aortic media and adventitia of
diseased aortas, particularly in SMCs in the media, CD68-positive macrophages in the
adventitia (Fig. 1B), and CD68-positive cells in the media-adventitia boundary area
(Supplemental Figure 1B) that may be macrophages or SMCs that underwent a pro-
inflammatory phenotype switch.

Furthermore, reactive oxygen species (ROS) levels were increased in aortic tissues from
patients with ATAA or ATAD compared with those from controls (Fig. 1C). Co-
immunostaining of aortic tissues for double-stranded DNA (dsDNA) and the mitochondrial
marker Tomm20 was used to determine the presence of cytosolic DNA that did not
colocalize with nuclei or mitochondria. Compared with control tissues, patient ATAD
tissues, particularly dissected tissues, had a markedly increased amount of cytosolic DNA in
cells in the aortic media and adventitia (Fig. 1D), suggesting profound DNA damage and the
leak of DNA to the cytosol in diseased tissues. Together, these data suggest that human
sporadic ATAAD tissues are characterized by significant DNA damage, the presence of
cytosolic DNA, and activation of the cytosolic DNA sensing adaptor STING pathway.
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Reduction of Challenge-induced AAD Development, Aortic Degeneration, and
Biomechanical Dysfunction in Sting-deficient Mice

We next evaluated the role of STING in aortic degeneration and AAD development by
comparing disease development in WT and Sting-deficient (Stingd?9!) mice in a model of
sporadic AAD. The Stingd?9f mice used in our study have a point mutation (T596A) in the
Sting gene that causes STING dysfunction and degradation.? In our modified3 sporadic
AAD model, mice were challenged with a combination of a high-fat diet (HFD) for 8 weeks
and high-dose angiotensin Il (Angll) infusion (2000 ng/min/kg) during the last 4 weeks. The
use of a HFD and Angll to induce sporadic AAD represents important clinical risk factors
for sporadic AAD—nhypertension and dyslipidemial4—and reproducibly induces a spectrum
of aortic pathology including dilatation, aneurysm, dissection, and rupture in different
thoracic and abdominal aortic segments.1518 No atherosclerosis was observed in this mouse
model. Angll infusion increased blood pressure similarly in WT and Stingd?9" mice
(Supplemental Figure 2A).

In WT mice challenged with a HFD and Angll, we observed marked aortic degeneration
(Fig. 2A, 2B), diameter enlargement (Fig. 2C), dilatation (98%), AAD (including aortic
aneurysm, dissection, and rupture; 82%), severe AAD (including dissection and rupture;
58%), and rupture (24%) (Fig. 2D). In sharp contrast to these mice, Stingd?9 mice
challenged with a HFD and Ang Il showed less affected overall aortic structure (Fig. 2B),
reduced aortic enlargement (Fig. 2C), and a lower incidence of AAD (33%, A<0.001), severe
AAD (21%, P <0.001), and rupture (0%, £=0.001) (Fig. 2D). All these mice survived for the
duration of the experiments (Fig. 2E); no vessel rupture occurred (Fig. 2F). Furthermore,
AAD and severe AAD incidences in challenged Sting9?9! mice were reduced in different
aortic segments, particularly in the ascending aorta and suprarenal aorta (Fig. 2F). The
reduced AAD incidence observed in Stingd?9' mice was similar in males and females (Fig.
2G). To further confirm the role of STING in AAD development, we compared aortic
diameter between WT and Stingf?9' mice in a CaCl,-induced abdominal aortic aneurysm
(AAA) model in which calcium ion precipitates bind and disrupt elastic fibers,1? leading to
aortic destruction and AAA formation. We found that applying CaCl, to the infrarenal aorta
induced aortic enlargement in WT mice (Supplemental Figure 2B and 2C), which was
partially prevented in Sting9?9! mice.

Histologic analysis showed that, compared with aortas from challenged WT mice, aortas
from challenged Sting9”9" mice had a protected aortic architecture, a preserved SMC layer,
and reduced elastic fiber fragmentation (Fig. 2H). We also examined the contractile ability
of the aorta in these mice. To exclude the effects of aortic fibrotic remodeling and stiffness
from advanced aortic disease, we studied the biomechanical function of ascending thoracic
aortas without significant gross degeneration. Wire myograph analysis showed that
phenylephrine-induced aortic contraction was compromised in challenged WT mice (Fig. 2I)
but preserved in challenged Stingd?9 mice, indicating the involvement of STING in aortic
contractile dysfunction. Together, these findings suggest a critical role for STING in aortic
degeneration, biomechanical dysfunction, and AAD formation.
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Reduction of the Challenge-induced SMC Stress Response and Macrophage Activation in
Sting-deficient Mice

To further investigate the potential mechanisms underlying STING-mediated aortic
degeneration, we examined the role of STING in challenged-induced gene expression in the
aortic wall. We performed the bulk RNA-sequencing analysis of aortas isolated from
unchallenged and challenged WT and Sting?9 mice one week after Angll challenge to
capture the early stages of the aortic stress response. Analysis of differentially expressed
genes (DEGS) revealed different gene expression patterns in aortas from unchallenged and
challenged WT mice and Sting9”9 mice (Fig. 3A). GO analysis showed that aortic challenge
in WT mice upregulated the expression of genes involved in several biologic processes
including the ROS response, DNA damage response, inflammatory response, and cell death
(Fig. 3B, left panel). However, this challenge-induced gene upregulation was prevented in
aortas of Sting-deficient mice (Fig. 3B, right panel). Furthermore, analysis of DEGs in the
aortas of challenged WT mice showed the upregulation of key molecules in the STING
pathway, cell death pathways (apoptosis, necroptosis, and pyroptosis), and the inflammatory
response, but this challenge-induced activation was prevented in Sting-deficient mouse
aortas (Fig. 3C).

To further examine the role of STING in challenge-induced gene expression in different
aortic cell populations, we performed single-cell transcriptome analysis of aortas from
unchallenged and challenged WT mice and Stingf?9' mice 1 week after Angll challenge.
This analysis revealed that the aortic wall was composed of 12 cell clusters (Fig. 3D),
including 6 clusters of SMCs (Acta2*, Myh11*, Mylk®) and 2 clusters of macrophages
(Cd68*, Adgerl1*, F13a1™). Sting expression was particularly high in 2 clusters of SMCs
(clusters 5 and 6), 3 clusters of fibroblasts (clusters 2, 4, and 8), and one cluster of
macrophages (cluster 11) (Fig. 3E, left panel). Sting expression in SMC clusters was
induced by aortic challenge (Fig. 3E, right panel). GO enrichment analysis of one SMC
cluster (cluster 5) revealed that aortic challenge in WT mice upregulated the expression of
genes with roles in the ROS response, DNA damage response, inflammatory response, and
cell death (Fig. 3F, upper panel). However, those challenge-induced stress responses were
reduced in Stingd?9' mice when compared with WT mice (Fig. 3F, lower panel). Further
analysis of DEGs in this SMC cluster showed that aortic challenge also upregulated the
expression of key genes in inflammation and cell death (apoptosis, necroptosis, and
pyroptosis), but these challenge-induced changes were prevented in Sting-deficient mice
(Fig. 3G). Together, our findings indicate a critical role for STING in various stress
responses of aortic SMCs, including the ROS response, DNA damage response,
inflammation, and cell death.

Because Sting was highly expressed in macrophages (cluster 11) in the aortic wall of
challenged WT mice (Fig. 3E), we performed single-cell transcriptome analysis of this
cluster to examine the potential role of STING in the aortic challenge—induced inflammatory
response and in MMP production in macrophages. Because few macrophages were detected
in the aortas of unchallenged mice, GO analysis was performed only for challenged WT and
Sting9”9 mice. GO analysis of this macrophage cluster revealed that the expression of genes
involved in the immune response, migration, endocytosis, cytokine production, and ECM
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regulation was significantly lower in the aortas of challenged Stingf?9" mice than in those of
challenge WT mice (Fig. 3H). Furthermore, the analysis of DEGs in this macrophage cluster
showed that the challenge-induced expression of genes associated with ECM degradation
(e.9. MmpZ, Mmp8, and Mmp9) and the inflammatory responses observed in WT mice was
prevented in Sting-deficient mice (Fig. 3I).

Prevention of Challenge-induced SMC Death and Macrophage MMP Production in Aortas
of Sting-deficient Mice

We performed further analyses of mouse aortas to confirm the findings of our transcriptome
analyses and to determine the association between DNA damage and STING activation, as
well as the role of STING in SMC death and macrophage activation/MMP production. In
WT mice, aortic challenge markedly increased ROS production (Fig. 4A), cytosolic DNA
levels (Fig. 4B and 4C), and STING activation (Fig. 4D) in the ascending aortic wall.

Furthermore, aortic challenge in WT mice also increased caspase-3 and PARP-1 cleavage
(Fig. 4E), as well as the number of TUNEL-positive SMCs (Fig. 4F) in the ascending aorta.
However, these apoptotic events were downregulated in Stingd?9 mice (Fig. 4E and 4F),
confirming the involvement of STING in inducing apoptosis. We also examined the effect of
STING on the induction of necroptosis, which plays a critical role in the development of
abdominall8 and thoracic (data not shown) AAD. We found that aortic challenge in WT
mice activated the necroptosis pathway,1920 as indicated by the elevated phosphorylation of
receptor-interacting protein kinase 3 (RIP3)2! and mixed lineage kinase domain-like
(MLKL)?2-24 in the aortic wall (Fig. 4G), particularly in SMCs (Fig. 4H) in the ascending
aorta. Importantly, the challenge-induced activation of the necroptosis pathway was reduced
in Stingd”9 mice, indicating the involvement of STING in necroptosis.

Consistent with the results of our transcriptome studies, aortic challenge in WT mice
signficantly increased MMP-9 production (Fig. 41), MMP-9 expression in macrophages
(Fig. 4J), and MMP activity (Fig. 4K) in the ascending aortic wall. The challenge-induced
upregulation of MMP-9 observed in the aortas of WT mice was downregulated in Stingd?9t
mice, suggesting that STING is involved in promoting MMP production and the aortic
inflammatory response.

In the suprarenal aorta of WT mice challenged with a HFD and Angll, we also observed
increased cytosolic DNA levels and STING activation (Supplemental Figure 3A and 3B). In
addition, the suppressive effect of Sting deficiency on SMC apoptosis, necroptosis, and
macrophage MMP-9 production was observed in the suprarenal aorta (Supplemental Figures
3B-3D).

Together, these findings suggest that STING may contribute to aortic degeneration and AAD
formation in part by promoting SMC death and macrophage MMP-9 production.

Activation of the STING-TBK1-IRF3 Pathway in Aortic SMCs by ROS-induced DNA Damage
and the Release of DNA into the Cytosol

To further determine whether cytosolic DNA and STING signaling play a direct role in
promoting SMC death, we performed a series of experiments using cultured aortic SMCs.

Circulation. Author manuscript; available in PMC 2021 January 07.
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We used H,05, a potent inducer of cell dysfunction and death, to trigger DNA damage and
STING activation. Treating SMCs with H,O» induced a marked increase in the
accumulation of small dsDNA particles outside nuclei, mitochondria, and lysosomes (Fig.
5A), which is indicative of the presence of cytosolic DNA. The additional quantification of
DNA in the cytosolic fraction showed a significant increase in the amount of cytosolic
dsDNA in H,O,-treated SMCs (Fig. 5B). Moreover, H,O, consistently and dose-
dependently increased the phosphorylation of STING, TBK1, and IRF3 (Fig. 5C,
Supplemental Figure 4A) in cultured SMCs, indicating activation of this DNA sensing
pathway. Furthermore, transfecting SMCs with exogenous DNAZ? isolated from HyOo-
treated SMCs directly increased the phosphorylation of STING, TBK1, and IRF3 (Fig. 5D,
Supplemental Figure 4B). Together, these data support the possibility that ROS cause DNA
damage and the release of DNA fragments into the cytosol, subsequently activating the
STING-TBKZ1-IRF3 signaling pathway.

Critical Role of the STING-TBK1-IRF3 Pathway in Aortic SMC Death

We examined whether the STING-TBK1-IRF3 pathway is involved in SMC death. Flow
cytometry analyses showed that treating SMCs with H,0,18:26.27 for 24 hours or
transfecting SMCs with exogenous SMC DNA28:29 induced cell death (Fig. 5E), which was
partially reduced by knocking down ST/ING, TBK1, or /RF3with siRNA, indicating the
involvement of this pathway in H,O,_ or exogenous DNA—-induced SMC death.

We then examined the role of the STING-TBK1-IRF3 pathway in SMC necroptosis and
apoptosis. To focus on necroptosis, we blocked apoptosis with zZVAD.21:2224 Adding H,0,
or exogenous SMC DNA to zVAD-pretreated SMCs induced cell death (Fig. 5F), which was
reduced by knocking down ST/ING, TBK1, or IRF3, suggesting the involvement of this
pathway in apoptosis-independent SMC death. H,0, or exogenous SMC DNA also dose-
dependently increased the phosphorylation of RIP3 and MLKL (Fig. 5G, Supplemental
Figure 4C), indicating that these treatments activate the necroptosis pathway. Importantly,
knocking down STING, TBK1, or /RF3reduced RIP3 and MLKL phosphorylation (Fig. 5H,
Supplemental Figure 4D), whereas overexpressing STING and TBK1 increased RIP3 and
MLKL phosphorylation (Fig. 51, Supplemental Figure 4E).

We also examined the role of STING in SMC apoptosis. Treating SMCs with H,O, or
transfecting them with exogenous SMC DNA induced caspase-3 and PARP-1 cleavage
(Supplemental Figure 4F) and increased apoptotic SMC death (Supplemental Figure 4G),
which was partially prevented by knocking down ST/ING, TBK1, or IRF3.

Together, these findings indicate that the STING-TBK1-IRF3 signaling pathway plays a
critical role in SMC necroptosis and apoptosis induced by ROS and cytosolic DNA.

Activation of the STING-IRF3 Signaling Pathway in Macrophages by DNA from Damaged

SMCs

Aortic injury triggers inflammatory responses, which in turn cause further aortic injury and
ECM destruction. Although the effects of this vicious cycle on AAD progression have been
well established, the molecular process of its initiation remains poorly understood. During
tissue damage, injured cells release a large amount of danger molecules that induce a
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profound inflammatory response.3° Because free DNA is a proinflammatory molecule, we
asked whether damaged aortic SMCs release DNA, which then activates inflammatory cells.

To test this scenario /n vitro, we developed a SMC-macrophage co-culture system. Aortic
SMCs were labeled with the DNA dye EdU (5-ethynyl-2’-deoxyuridine), washed, and
treated with H,O, before being co-cultured with macrophages in a transwell with SMCs on
the insert membrane and macrophages on the well surface (Fig. 6A). As depicted in Figure
6A, the assay detects labeled DNA (green) released from SMCs.

Indeed, we observed small SMC-derived DNA particles in the cytosol of macrophages (Fig.
6B), indicating that macrophages had phagocytosed DNA from injured SMCs. We also
observed significantly increased STING activation and MMP-9 production in macrophages
that were co-cultured with H,O, -treated SMCs compared with macrophages that were co-
cultured with untreated SMCs (Fig. 6C, Supplemental Figure 5A). Because DNA from
injured cells2”:29 can be transferred to macrophages in free form or in exosomes,3! we
determined the contribution of free SMC DNA in macrophage activation by digesting free
DNA with DNase I in the coculture system. DNase | partially reduced the induction of
STING activation and MMP-9 production in macrophages (Supplemental Figure 5B),
suggesting that macrophage activation is partly mediated by free DNA, most likely from
damaged and dead SMCs.

Further studies showed that treating macrophages with DNAZ2? isolated from H,O,-treated
SMCs induced STING and IRF3 phosphorylation (Fig. 6D, Supplemental Figure 5C), as
well as STING perinuclear translocation and IRF3 nuclear translocation (Supplemental
Figure 5D), indicating STING-IRF3 pathway activation in macrophages by DNA derived
from injured aortic SMCs. Treating macrophages with SMC-derived DNA also increased the
expression of MMP-9 protein (Fig. 6E, Supplemental Figure 5E) and MMPImRNA (Fig.
6F) and increased MMP activity (Fig. 6G).

Critical Role of the STING-IRF3 Pathway in Macrophage MMP-9 Production Induced by
SMC-derived DNA

We examined whether STING and IRF3 are involved in macrophage MMP-9 production
induced by DNA from injured aortic SMCs. Knocking down ST/NG or /RF3 prevented the
SMC DNA-induced increase in the levels of MMP-9 protein (Fig. 6H, Supplemental Figure
5F), MMPImMRNA (Fig. 61), and MMP activity (Fig. 6J). Conversely, overexpressing
STING or IRF3 increased the levels of MMP-9 protein (Fig. 6H, Supplemental Figure 5G),
MMPImMRNA (Fig. 61), and MMP activity (Fig. 6J). These results show that the STING-
IRF3 pathway plays a critical role in macrophage MMP-9 production.

To investigate whether IRF3 has a direct role in MMPItranscription, we studied the
structure of the MMP9I gene and found that the 5" untranslated region contains several
putative IRF3 binding sites32 (Supplemental Figure 5H). Chromatin immunoprecipitation
analyses showed that IRF3 directly bound the MMPI promoter and that this binding was
triggered by treating macrophages with SMC-derived DNA (Fig. 6K) and was prevented by
silencing STING expression (Fig. 6K, Supplemental Figure 51). Collectively, our findings
suggest that the STING-IRF3 signaling pathway in macrophages may sense engulfed DNA
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from injured SMCs and subsequently trigger MMP-9 production, thereby contributing to
ECM degradation.

Association of STING Activation with SMC Injury and MMP-9 Production in Human
Sporadic ATAAD Tissues

In aortas from ATAAD patients, we often observed profound SMC death by necrosis
(characterized by disrupted cell membranes with swelling of nuclei, mitochondria, and
endoplasmic reticulum) and by apoptosis (characterized by the blebbing of cell membranes
with cell shrinkage, nuclear fragmentation, and chromatin condensation) (Fig. 7A).
Consistent with this, we detected significant necroptosis pathway activation1920 in these
areas, as indicated by elevated expression and phosphorylation of RIP321 and MLKL22-24
(Fig. 7B, Supplemental Figure 6A) and elevated levels of phosphorylated RIP3 and MLKL
in SMCs (Fig. 7C, Supplemental Figure 6B). Similarly, compared with normal aortas,
diseased aortic tissues showed increased TUNEL-positive apoptotic SMCs (Supplemental
Figure 6C) and cleaved caspase-3 and PARP-1 (Supplemental Figure 6D and 6E),
particularly in areas with significant tissue degeneration. Importantly, activation of the
STING-TBK1-IRF3 signaling pathway was correlated with activation of the necroptosis
(Fig. 7B vs. Fig. 1A) and apoptosis (Supplemental Figure 6D vs. Fig. 1A) pathways in the
same set of patient tissues (Supplemental Figure 6F and 6G). Furthermore, STING
colocalized with the phosphorylated form of RIP3 and MLKL in SMCs of diseased aortic
tissues (Fig. 7D), showing a correlation between STING-TBK1 activation and necroptosis in
SMCs in human ATAAD.

Diseased aortic tissues also contained significantly elevated levels of MMP-9 (Fig. 7E,
Supplemental Figure 6H) compared with control tissues. Again, STING signaling pathway
activation (Fig. 7E vs. Fig. 1A) was correlated with MMP-9 production in the same set of
diseased aortic tissues (Supplemental Figure 61). Immunostaining results showed increased
MMP-9 levels in macrophages of diseased aortic tissues (Fig. 7F). STING and IRF3
colocalized with MMP-9 in macrophages of the diseased area of aortic tissues (Fig. 7G),
indicating an association between STING-IRF3 activation and MMP-9 production in the
macrophages of ATAAD tissues.

Prevention of Aortic Degeneration and AAD Development in HFD-Ang II-Challenged WT
Mice Treated with TBK1 Inhibitor Amlexanox

Having established the importance of STING in AAD development, we investigated whether
aortic degeneration and AAD progression could be prevented by pharmacologically
inhibiting STING activation in mice. Because the full activation of STING requires its
phosphorylation at serine 366 by kinase TBK1,33 blocking TBK1 with an inhibitor is an
effective approach to preventing STING activation. Amlexanox, a clinically proven small
anti-inflammatory molecule,34:3% is the most well-studied TBK1 inhibitor and has a high
affinity and specificity for TBK136 and inhibitor-xB kinase e (IKK-g)/nuclear factor kappa-
light-chain-enhancer of activated B cells (NFxB).

When we treated SMCs with amlexanox, it partially prevented the effects of H,O, and
exogenous SMC DNA, including STING and IRF3 phosphorylation (Supplemental Figure
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7A), SMC necroptosis, RIP3 and MLKL phosphorylation, and caspase-3 cleavage
(Supplemental Figure 7B-7D). In macrophages, amlexanox partially prevented SMC DNA-
induced increases in MMP-9 protein level, MMPI mRNA level, and MMP activity
(Supplemental Figure 7E-7G). These findings support that amlexanox prevents STING
pathway activation, SMC death, and macrophage activation.

We examined the effects of amlexanox on reducing AAD development and progression in
our mouse model of sporadic AAD. WT mice were challenged with a HFD and Angll
infusion and also received either amlexanox (100 mg per kg) or sunflower oil (control)
during Angll infusion. Compared with the control-treated mice, mice treated with
amlexanox showed better preserved aortic structure (Fig. 8A); less aortic enlargement (Fig.
8B); significantly reduced incidences of AAD (45%, p<0.001), severe AAD (22%, p<0.001),
and rupture (0%, £=0.02) (Fig. 8C); and an improved survival rate (Fig. 8D). Reduced
AAD incidence was observed in different aortic regions in the HFD-Angll-challenged mice
treated with amlexanox, particularly in the ascending and suprarenal segments (Fig. 8E).
The disease reduction by amlexanox was similar in male and female mice (Fig. 8F).
Consistent with our studies of gross aortic structure (Fig. 8A), we observed better preserved
elastic fiber architecture in the aortas of the HFD-Ang Il1-challenged mice treated with
amlexanox than in those of the challenged mice without amlexanox treatment (Fig. 8G).
Additionally, the challenge-induced increases in STING and IRF3 phosphorylation
(Supplemental Figure 7H), RIP3 and MLKL phosphorylation (Fig. 8H), the number of
TUNEL-positive cells (Fig. 81), and the production of MMP-9 (Fig. 8J) were reduced in the
aortic wall of mice treated with amlexanox. These data clearly indicate a protective effect of
amlexanox against aortic degeneration and AAD formation.

DISCUSSION

AAD is a highly lethal condition; thus, identifying therapeutic targets to prevent disease
progression is critical. Recently, a growing body of evidence has suggested that STING
signaling plays a central role in tissue destruction and inflammation in numerous diseases
such as autoimmune diseases,”:8 alcoholic liver injury,1! and vascular inflammation and
degeneration.”-2-2 In this study, we observed the presence of cytosolic DNA and activation
of the STING signaling pathway in aortic tissues from patients with sporadic ATAAD,
particularly in SMCs and macrophages. Using a previously developed mouse model of
sporadic AAD in which mice were challenged with a HFD and AnglI,1%:16 we showed that
aortic challenge in WT mice induced aortic degeneration, biomechanical dysfunction,
aneurysm and dissection formation, and rupture and that these effects were significantly
reduced in the aortas of Sting?”9' mice. This was observed in different thoracic and
abdominal aortic segments in both male and female mice. Furthermore, aortic tissues from
challenged Sting9?9 mice showed reduced levels of SMC apoptosis and necroptosis, a
diminished inflammatory response, and reduced MMP-9 production and activity. In cultured
SMCs, cellular injury and the subsequent release of DNA into the cytosol activated the
STING-TBK1-IRF3 pathway, which promoted SMC apoptosis and necroptosis. In cultured
macrophages, DNA released from damaged SMCs activated STING and its target IRF3,
which bound to the MMPI promoter and stimulated MMP-9 production. Finally, we showed
that pharmacologically inhibiting STING activation with amlexanox partially alleviated
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aortic degeneration and AAD development in mice. These findings suggest that STING is a
novel, critical molecule involved in aortic degeneration and sporadic AAD formation.
However, further studies are needed to establish STING’s role in the progression of
genetically triggered TAADs.

STING may induce aortic degeneration through several mechanisms. Our transcriptome
analyses of mouse aortas suggest that STING is involved in inducing multiple stress
responses in SMCs including the oxidative stress response, the DNA damage response, the
inflammatory response, and activation of cell death pathways. We provide supporting
evidence that SMC apoptosis and necroptosis represent important mechanisms by which the
STING pathway promotes aortic degeneration. STING and IRF3 have previously been
shown to promote apoptosis! and necroptosis®’ partially through type | IFN and tumor
necrosis factor receptor signaling.37+38 In addition, our unpublished findings suggest that
TBK1 may directly phosphorylate RIP3 to activate the necroptosis pathway. Thus, the
STING pathway may induce different types of cell death through multiple direct or indirect
mechanisms. Our findings also reveal that macrophage MMP-9 production and ECM
degradation represent another potential mechanism for STING-mediated AAD formation.
Moreover, we observed profound cytosolic DNA in SMCs of aortic tissues from patients
with sporadic ATAAD. The cytosolic DNA in AAD is most likely self-DNA leaked from
damaged nuclei3® or mitochondria®®41 in aortic cells.2 The question remains, what are the
triggers in AAD that cause nuclear and mitochondrial DNA damage and leakage? We
observed significantly increased intracellular ROS levels in aortic tissues from ATAAD
patients, which could be one cause of DNA damage and leakage. Further studies are
required to identify other triggers so that we can develop ways to prevent cytosolic DNA
generation and accumulation.

During AAD development, damaged aortic cells release a large amount of danger molecules
that activate inflammatory cells, which in turn secrete enzymes (e.g. MMPs) that digest
ECM and trigger further aortic damage.3? Our study findings indicate that cytosolic DNA
and the cytosolic DNA sensor mechanism are a link between SMC injury and macrophage
activation in the aortic wall. We found that macrophages engulfed DNA released from
injured SMCs. Furthermore, the SMC-derived DNA in macrophages activated STING and
subsequently its target IRF3, which entered the nucleus, bound to the MAMPI promoter, and
induced MMP-9 expression. In challenged Sting9”9t mice, MMP-9 production and elastic
fiber degradation were significantly reduced. Our findings are consistent with those of recent
reports supporting the role of DNA from damaged tissues in macrophage activation.27-2°
However, understanding the process that occurs from DNA uptake to STING activation
requires further investigation.

It is important to note that the mechanism of inflammatory cell activation by SMC-derived
DNA is best applied to AAD with significant inflammation, including inflammatory
sporadic TAAD and AAA. This DNA-mediated SMC-macrophage crosstalk most likely
occurs locally in areas with inflammatory cell infiltration (e.g. the media and media-
adventitia boundary area). One intriguing question that remains is how DNA released from
SMCs in the aortic media becomes accessible to macrophages in the adventitia and activates
them. Interestingly, recent studies have shown evidence of neo-angiogenesis in human
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TAAD tissues in which newly formed vessels in the adventitia cross the full thickness of the
media.#243 Because DNA from dead cells can enter the circulation, particularly when there
is significant tissue damage and increased permeability of small vessels,*4-46 DNA released
from SMCs in the media may conceivably travel through the pathologic vasa vasorum and
reach macrophages in the adventitia. Further studies are warranted to examine this
possibility.

Finally, we assessed the therapeutic potential of targeting STING with amlexanox to treat
AAD. Amlexanox is a high-affinity TBK1 inhibitor36, which directly phosphorylates STING
and facilitates its activation. Amlexanox has been used to treat aphthous ulcers (as a topical
paste)34:35 and asthma,*’ and its anti-inflammatory effects have recently generated interest
in repurposing this drug for other diseases. Amlexanox has also been shown to reduce
inflammation and tissue degeneration in mouse models of disease including diabetes,36:48
neuroinflammation,*® hepatic steatosis.?? Using our mouse model of sporadic AAD, we
found that amlexanox treatment partially prevented AAD development, supporting that the
targeting of STING may be a novel strategy for preventing tissue degeneration,
inflammation, and disease progression in patients with AAD. Further studies are warranted
to develop direct and specific STING inhibitors. Given the crucial role of STING in fighting
against pathogens and infections, STING levels must be delicately balanced in patients with
careful timing and dosing of STING inhibitor treatment.

In conclusion, our findings indicate that DNA damage, cytosolic DNA, and the cytosolic
DNA sensing adaptor STING play a critical role in aortic degeneration and AAD formation
by promoting SMC injury, macrophage MMP production, and ECM degeneration (Fig. 8K).
STING may represent a novel potential therapeutic target for treating aortic diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is New?

. DNA damage and activation of cytosolic DNA sensing adaptor STING
signaling are significantly increased in aortic tissues from patients with
sporadic thoracic aortic aneurysm and dissection.

. By promoting smooth muscle cell (SMC) death and mediating SMC death-
induced macrophage activation and MMP production, cytosolic DNA and
cytosolic DNA sensing adaptor STING signaling play a critical role in aortic
destruction and aortic disease development.

. Single-cell transcriptome analysis of aortic tissues from wild-type and Sting-
deficient mice comprehensively reveals dynamic SMC and macrophage
populations and differentially expressed gene profiles after aortic challenge.

What are the Clinical Implications?

. Cytosolic DNA and abnormal activation of cytosolic DNA sensing signaling
play critical roles in sporadic aortic destruction, dilatation, dissection, and
rupture.

. Targeting the cytosolic DNA sensing adaptor STING pathway may block the
vicious cycle of aortic cell injury and inflammation and prevent aortic
aneurysm and dissection formation and progression.
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Figure 1. Presence of cytosolic DNA and activation of the STING signaling pathway in human
sporadic ascending thoracic aortic aneurysm and dissection (ATAAD) tissues.

Aortic tissues from patients with ascending thoracic aortic aneurysm (ATAA) (n=10),
patients with acute ascending thoracic aortic dissection (ATAD) (n=10), and organ donors
(control) (n=8) were analyzed. A, Representative western blot data showing that the STING
pathway was activated in the aortic wall of ATAAD patients. B, Immunostaining showing
that the levels of STING, TBK1, and IRF3 were increased in diseased aortas, particularly in
smooth muscle cells (SM22-a.) and macrophages (CD68). Insets show a higher

Circulation. Author manuscript; available in PMC 2021 January 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Luo et al.

Page 21

magnification view. C, Representative images of dihydroethidium (DHE) staining showing
increased reactive oxygen species production in the aortic wall of ATAAD patients. D,
Representative immunostaining of DNA and mitochondria (Tomm20) showing cytosolic
DNA (not located in nuclei or mitochondria) in smooth muscle cells of the aortic media and
in macrophages of the adventitia in ATAD tissues. Insets show a higher magnification view.
Asterisk indicates nuclear DNA (nDNA). Arrowhead indicates mitochondrial DNA
(mtDNA). Arrow indicates cytosolic DNA (ctDNA).

Circulation. Author manuscript; available in PMC 2021 January 07.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luo et al.

WT unchallenged

MPR vigw

Axial view

WT unchallenged

WT challenged

Cc * WT unchallenged (n=10)
* WT challenged (n=20)

45 * Sting?”9" unchallenged (n=9)
- * Sting?”9 challenged (n=20)
€ 4.0
%’ 3:5
2 30 P=0.02 P<0.001
g 7Y P<0.001 o
8 251 . *

% 20 : P=0.4 !

S15 v ¢ é ¥ L § =g
< . e ole

PIPIL A R * v %,., ¥ v
© 1.0 . Y.z - a & ‘
=05 LA

0.0

Asc Arch Desc SR IR

WT challenged

MPR view i

Challenged

Page 22

Axial view

Sting9vat

¢ WT unchallenged (n=10)
* WT challenged (n=30)
* Sting”? unchallenged (n=10)

45 * Sting" challenged (n=19)
E 40
E % P<0.001
5 3.5 :
230 .
o 25 P=0.005 H
o 4. L P=0.001
.% 2.0 i é A P=0.2
Q o &
<15 : o
2 193,32, * R A P=0.01
g 1.0 CreTVesptg . $
w O.

0.0

Asc Arch Desc SR IR

Circulation. Author manuscript; available in PMC 2021 January 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Luo et al.

Page 23
Overall AAD incidence in all aortic segments E
P=0.9 @ M+F WT challenged (n=50) 100
_ 98 o7 m M+F Sting?# challenged (n=39) - _LLL
100 P<0.001 T 80
82 =
80 - [ =
< P<0.001 S 60 P =0.001
e 2
g 60 | 58 5 40
£ ”n — M+F WT challenged (n=50)
o ,
g 40 201 — M+F Sting®'challenged (n=39)
20 A 0
0 4 8 12 16 20 24 28
ol Angll infusion time (days)
Dilatation AAD Severe AAD  Rupture
AAD incidence in ascending aorta AAD incidence in aortic arch
@ M+F WT challenged (n=50) B M+F WT challenged (n=50)
= ingovat = ® M+F Sting?/# challenged (n=39
100 ; P=0.007 B M+F Sting?"s' challenged (n=39) 100 1 P<0.001 g ged (n=39)
88 —
- 8 P<0.001 _
8 2
3 e
£ 2
Dilatation AAD Severe AAD Rupture Dilatation AAD Severe AAD  Rupture
AAD incidence in descending aorta AAD incidence in suprarenal aorta
@ M+F WTchallenged (n=50) @ M+F WTchallenged (n=50)
100 m M+F Sting?#' challenged (n=39) 100 - B M+F Sting?¥' challenged (n=39)
P=0.3
82 P=0.007
80 - 72
q 9 P<0.001
Py o g 56
3 g o0 P=0.002
c 5 44 =
3 S 40
S S 40 A
2 £ P=0.009
Dilatation AAD Severe AAD  Rupture Dilatation AAD Severe AAD  Rupture
AAD incidence in infrarenal aorta
@ M+F WT challenged (n=50)
20 P=0.5 ® M+F Sting?" challenged (n=39)
18
15
< 13
8
= J
s 10 P=0.1 P=0.1
2 6 6
5 4
0l 0 0 00
Dilatation AAD Severe AAD  Rupture

Circulation. Author manuscript; available in PMC 2021 January 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Luo et al.

G

H&E

Elastin

Contraction (mN)

100 1 95 95

80

Incidence (%)

20

60

40

Overall AAD incidence in male mice
@ Male WT challenged (n=20)

P<0.001 ®Male Sting?é" challenged (n=20)
90

Dilatation AAD Severe AAD Rupture

Page 24

Overall AAD incidence in female mice
mFemale WT challenged (n=30)

Unchallenged Challenged

WT

**xx p<0.001 (WT challenged vs Sting9/et challenged)

P ke
B
w

8 7 6 5
Phenylephrin Log (M)

100 100 100 mFemale Sting?”t challenged (n=19)
P=0.005
80 77
9
o 60
(]
=
S
S 40
£
20
0
Dilatation AAD Severe AAD Rupture
o P<0.001 P=0.001
g 3.0
]
§ 2% o0
= <0.00
£ 2.0 L ——
9]
£
8 1.51
-
o 1.04
2 T R
ic
o 0.51
g
o 0.0
Challenged WT WT Sting®st  Sting??st
unchallenged challenged unchallenged challenged

H t/gt
Stings”s n=5 n=5 n=5 n=5

Sting9?st unchallenged (n=5)
WT unchallenged (n=5)
Stingg?et challenged (n=5)

—a" WT challenged (n=5)

Figure 2. Reduced incidence of aortic aneurysm and dissection (AAD) and preserved aortic
structure and contractile ability in challenged Sting-deficient (Sting g’t) mice.

Wild-type (WT) mice and Sting®?9t mice

were unchallenged or challenged with a high-fat

diet for 8 weeks and angiotensin Il infusion (2000 ng/min/kg) during the last 4 weeks. A,
Representative computed tomography angiography (CTA) images of aortas from challenged
WT mice showing the presence of AAD in the thoracic and suprarenal aortic segments. B,
Representative images of excised aortas showing less aortic damage in challenged Stingd?9!
mice than in challenged WT mice. C, Mean aortic diameters of various aortic segments were
smaller in challenged Sting?”9' mice than in challenged WT mice. The measurements were
based on the excised aortas (as shown in B). Asc, ascending; Desc, descending; SR,
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suprarenal; IR, infrarenal. D, The overall incidences of AAD, severe AAD, and rupture were
significantly lower in challenged Stingd”9" mice than in challenged WT mice. E, Kaplan-
Meier survival analysis showing improved survival in challenged Sting9?9t mice compared
with challenged WT mice during the 4 weeks of angiotensin Il infusion. F, The incidence of
AAD in different aortic segments was significantly lower in challenged Sting9”9! mice than
in challenged WT mice. G, The lower overall AAD incidence in challenged Sting9?9! mice
was similar in male and female mice. H, Representative hematoxylin and eosin (H&E)
staining and Verhoeff-van Gieson elastin staining (elastin) of ascending aortic sections
showing preserved aortic structure in Sting8?9t mice compared with challenged WT mice.
The quantification of aortic elastic fiber fragmentation showing less aortic destruction in
challenged Sting89t mice than in challenged WT mice. I, Wire myograph analysis of
ascending thoracic aortic rings showing a significantly reduced contractile response to
phenylephrine in challenged WT mice compared with unchallenged WT mice. Challenged
Sting9?9! mice exhibited partial preservation of contractile ability. Two-way ANOVA with
the Bonferroni post-hoc test was used for pairwise comparisons in (C) and (H). The Fisher
exact test was used for (D), (F), and (G). Multi-way analysis of variance with the Holm-
Sidak test was used for pairwise comparisons in (1). ***/<0.001. Data are presented as the
mean + standard error of the mean.
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Figure 3. Prevention of the aortic challenge-induced expression of genes involved in smooth

muscle cell (SMC) death and inflammation in Sting9/9t mice.

A-C, Bulk RNA-sequencing (RNA-seq) analysis was performed in ascending aortas from
wild-type (WT) mice and Stingg?9' mice that were unchallenged or challenged with a high-
fat diet (HFD) for 5 weeks and angiotensin 11 (Angll; 2000 ng/min/kg) infusion during the
last week. For each group, 5 aortas were pooled as 1 sample, and duplicate samples were
tested. A, Heatmap showing different gene expression patterns among groups. B, Gene
ontology (GO) analysis showing that aortic challenge induced the expression of genes
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involved in several biologic processes (left) and that this induction was prevented in
Sting9?9t mice (right). C, Heatmap showing that Sting deficiency prevented the challenge-
induced upregulation of genes involved in the STING pathway, cell death pathways
(apoptosis, necroptosis, and pyroptosis), and the inflammatory response D-1, Single-cell
transcriptome analysis was performed in ascending aortas from WT mice and Stingd9t mice
that were unchallenged or challenged with a HFD for 5 weeks Angll (2000 ng/min/kg)
infusion during the last week. For each group, single cell suspensions from 3 aortas were
pooled as one sample. VSMC, vascular smooth muscle cell. D, t-Stochastic neighbor
embedding (t-SNE) plots from the ascending aortas of WT mice showing 12 different cell
clusters, including 6 clusters of SMCs and 2 clusters of macrophages. E, Sting expression
was projected onto t-SNE plots of challenged WT mice showing the high expression of
Sting in SMCs, macrophages, and fibroblasts (left). Quantification showing that aortic
challenge increased Sting gene expression in SMC cluster 5 and SMC cluster 6 (right). F,
GO enrichment analysis of Sting-positive SMCs (cluster 5) showing that aortic challenge
induced the expression of several genes with roles in different biologic processes (up) but
that this was prevented in challenged Sting- deficient mice (down). G, Heatmap of Sting-
positive SMCs (cluster 5) showing that St/ng deficiency prevented the challenge-induced
expression of genes in inflammation and cell death (apoptosis, necroptosis, and pyroptosis).
H, GO enrichment analysis of Sting-positive macrophages (cluster 11) showing that Sting
deficiency prevented the aortic challenge-induced expression of several genes. 1, Heatmap of
Sting-positive macrophages (cluster 11) showing that Sting deficiency prevented the
challenge-induced upregulation of genes involved in inflammation.
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Figure 4. Prevention of challenge-induced smooth muscle cell (SMC) death and macrophage
MMP-9 production in Sting-deficient (Stinggt/gt) mice.

Analyses were performed by using ascending aortas from wild-type (WT) mice and
Stingf”9* mice that were unchallenged or challenged with a high-fat diet for 8 weeks and
angiotensin Il infusion (2000 ng/min/kg) during the last 4 weeks. A, Representative images
of dihydroethidium (DHE) staining showing increased reactive oxygen species production in
the aortic wall (M, media; A, adventitia) of challenged wild-type (WT) mice. B,
Representative immunostaining of DNA and mitochondria (Tomm20) showing cytosolic
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DNA in SMCs of the aortic media and in macrophages of the adventitia in challenged WT
mice (M: media; A: adventitia). Insets show a higher-magnification view. Asterisk indicates
nuclear DNA. Arrowhead indicates mitochondrial DNA. Arrow indicates cytosolic DNA. C,
Bar graph showing that the quantity of cytosolic double-stranded DNA (dsDNA) was
increased in aortic cells of the ascending aorta of challenged WT mice compared with
unchallenged WT mice (n=5 per group). D, Western blot analysis showing that aortic
challenge in WT mice induced a marked increase in the levels of phosphorylated STING in
the ascending aorta (n=3 per group). E, Western blot analysis and quantification data
showing that the cleavage of caspase-3 and PARP-1 was reduced in ascending aortas from
challenged Sting9”9! mice compared with those from challenged WT mice (n=6 per group).
F, Representative terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-
stained images and quantification data showing that the number of apoptotic aortic SMCs
was reduced in challenged Sting9?9' mice compared with challenged WT mice (n=4 per
group) (M: media; A: adventitia). G, Western blot analysis and quantification data showing
that the phosphorylation of RIP3 (p-RIP3) and MLKL (p-MLKL) in the ascending aorta was
reduced in challenged Stingd”9' mice compared with challenged WT mice (n=6 per group).
H, Representative immunofluorescence staining and quantification data showing that the
levels of p-RIP3 and p-MLKL in aortic SMCs (SM22-a) were reduced in challenged
Sting9?9 mice compared with challenged WT mice (n=4 per group) (M: media; A:
adventitia). I, Western blot analysis and quantification showing that MMP-9 expression in
the ascending aorta was reduced in challenged Stingd?9' mice compared with challenged WT
mice (n=6 per group). J, Representative immunofluorescence staining showing that MMP-9
expression in macrophages (CD68) was decreased in aortas from challenged Stingg?9' mice
compared with those from challenged WT mice (M: media; A: adventitia). K, /n situ
zymography results showing that MMP activity in the aorta was decreased in challenged
Sting9?9t mice compared with challenged WT mice. Insets show a higher magnification
view. An unpaired two-tailed #test was used in (C). Two-way ANOVA with the Bonferroni
post-hoc test was used for pairwise comparisons in (E) through (1). */<0.05, **/<0.01,
***<0.001. Data are presented as the mean + standard error of the mean.
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!:i_gure 5. Critical role of the STING-TBK1-IRF3 pathway in aortic smooth muscle cell (SMC)
injury.

A{ Rt}elpresentative immunostaining of DNA, mitochondria (MitoTracker), and lysosomes
(LAMP1) showing mitochondrial DNA (mtDNA,; double-stranded DNA [dsSDNA] that
colocalized with MitoTracker), nuclear DNA (dsDNA in the nuclei), and cytosolic DNA
(dsDNA that did not colocalize with either mitochondria, nuclei, or lysosomes) in cultured
SMCs (n=5 biologic repeats). H,0, treatment increased the amount of cytosolic DNA in
SMCs. Insets show a higher magnification view. B, Bar graph showing that the
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concentration of cytosolic dSDNA was increased in H,O,-treated SMCs compared with
control SMCs (n=4 biologic repeats). C, Western blot analysis showing that H,O, increased
the phosphorylation of STING, TBK1, and IRF3 in SMCs in a dose-dependent manner. D,
Western blot results showing that transfection with exogenous SMC DNA from H,0,-
treated SMCs activated the STING pathway in SMCs. E, Flow cytometry analyses showing
that silencing STING, TBK1, or IRF3 with siRNA partially prevented cell death induced by
H»0, or exogenous SMC DNA (n=4 biologic repeats). F, Flow cytometry analysis showing
that silencing STING, TBK1, or IRF3 with siRNA prevented necroptotic cell death induced
by H,0, or exogenous SMC DNA (n=4 or 5 biologic repeats). P, propidium iodide. G,
Western blot analysis showing that H,O, or exogenous SMC DNA induced the expression
and phosphorylation of RIP3 and MLKL in a dose-dependent manner in SMCs pretreated
with zZVAD. H, Western blot results showing that silencing STING, TBK1, or IRF3 with
SiRNA prevented the H,O,_ or exogenous SMC DNA-induced activation and
phosphorylation of RIP3 and MLKL in SMCs pretreated with zZVAD. I, Western blot results
showing that the overexpression of STING or TBK1 increased the activation and
phosphorylation of RIP3 and MLKL in SMCs pretreated with zZVAD. An unpaired two-
tailed £test was used in (B). Two-way ANOVA with Bonferroni’s post-hoc test for pairwise
comparisons was used in (E) and (F). ns indicates not significant. **/<0.01, ***/<0.001.
Data are presented as the mean + standard error of the mean.
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Figure 6. DNA from aortic smooth muscle cells (SMCs) induced MMP-9 production in
macrophages through the STING pathway.

A, llustration of the transwell co-culture system. The upper schematic shows that the
transwell comprised a 24-well culture insert with a 0.4-um pore size in the upper part and a
24-well plate in the lower part. The lower schematic shows the experimental procedure.
PMA, phorbol 12-myristate 13-acetate. B, Immunofluorescence staining showing the
presence of DNA from Edu-labeled H,O5-treated SMCs in the cytosol of macrophages
(CD68) after using a transwell co-culture system. Cells are outlined with white dots. Nuclei
are outlined with yellow dots. C, Western blot showing that MMP-9 expression and the
phosphorylation of STING and IRF3 were increased in macrophages that were co-cultured
with H,0,-treated SMCs. D-G, Macrophages were transfected with DNA isolated from
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H,0,-treated SMCs. SMC-derived DNA increased the expression and phosphorylation of
STING and IRF3. (D), SMC-derived DNA also increased levels of MMP-9 protein (E),
MMPImMRNA (F), and MMP-9 activity (G) (n=5 biologic repeats). H-K, Macrophages
were transfected with STING or IRF3 plasmid DNA or transfected with STING or IRF3
SiRNA, followed by stimulation with SMC DNA. MMP-9 protein levels (n=4 biologic
repeats) (H), MMPImMRNA levels (n=3 biologic repeats) (1), and MMP-9 activity (J) were
enhanced by the overexpression of STING or IRF3 or reduced by the knockdown of STING
or /RF3. K, The results of a chromatin immunoprecipitation assay showing that IRF3 bound
to the MMPI promoter in unstressed macrophages. This binding was increased in cells
treated with SMC DNA and was abolished by inhibiting STING expression with STING
siRNA (n=4 biologic repeats). An unpaired, two-tailed #test was used in (F) and (). Two-
way ANOVA with the Bonferroni post-hoc test for pairwise comparisons was used in (1).
**p<0.01, ***/<0.001. Data are presented as the mean + standard error of the mean.
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Figure 7. Association of STING activation with smooth muscle cell (SMC) injury and MMP-9
production in human sporadic ascending thoracic aortic aneurysm and dissection (ATAAD)
tissues.

A, Electron microscopy images of ascending thoracic aortic aneurysm (ATAA) patient tissue
showing apoptotic SMC death with nuclear fragmentation, chromatin condensation, and
blebbing of the cell membrane and necrotic SMC death with swollen nuclei, mitochondria,
and endoplasmic reticulum. B, Western blot analysis showing increased phosphorylation of
RIP3 (p-RIP3) and MLKL (p-MLKL) in the aortic wall of ATAAD patients. C,
Immunostaining showing increased p-RIP3 and p-MLKL levels in SMCs (SM22-a.) of

Control ATAD
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ascending thoracic aortic dissection (ATAD) tissues. Insets show a higher-magnification
view. D, Immunostaining showing the colocalization of STING with p-RIP3 and p-MLKL in
the SMCs (SM22-a) of ATAD tissues. E, Western blot analysis showing increased MMP-9
levels in ATAAD patient tissues. F, Immunostaining showing increased MMP-9 expression
in macrophages (CD68) of diseased tissues from patients with ATAD and G, the
colocalization of MMP-9 with STING and IRF3 in macrophages (CD68) of diseased tissues
from patients with ATAD. Insets show a higher-magnification view.
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Figure 8. Attenuation of challenge-induced aortic destruction and aortic aneurysm and
dissection (AAD) development in wild-type (WT) mice treated with the STING inhibitor

amlexanox.

Male and female WT mice were challenged with a high-fat diet and angiotensin 11 (Angll;
2000 ng/min/kg) infusion and were given either amlexanox (100 mg/kg dissolved in
sunflower oil) or sunflower oil (control) daily by oral gavage during the Angll infusion
period. A, Excised aortas showing that amlexanox attenuated challenged-induced AAD
formation. B, Aortic diameters in various segments in both male and female challenged WT
mice were reduced with amlexanox treatment. Asc, ascending; Desc, descending; SR,
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suprarenal; IR, infrarenal. C, The overall incidence of AAD in challenged mice was reduced
with amlexanox treatment. D, Kaplan-Meier survival analysis showing improved survival at
4 weeks of angiotensin 1l infusion in challenged mice that received amlexanox. E, The
incidence of AAD in different aortic segments was significantly lower in mice treated with
amlexanox. F, The overall reduction of AAD incidence was similar in male and female mice
treated with amlexanox. G, Hematoxylin and eosin (H&E) staining and Verhoeff-van
Gieson elastin staining showing the preservation of aortic structure and elastic lamellar
architecture in mice treated with amlexanox. H, Representative immunofluorescence
staining and quantification showing lower levels of phosphorylated (p)-RIP3 and p-MLKL
in aortas from the challenged mice treated with amlexanox (n=4 per group) (M: media; A:
adventitia). I, Representative terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining and quantification showing that SMC apoptosis was decreased with
amlexanox treatment (n=4 per group) (M: media; A: adventitia). J, Representative
immunofluorescence staining showing decreased MMP-9 levels in macrophages (CD68) of
aortas from challenged mice treated with amlexanox (M: media; A: adventitia). K, A
schematic illustration showing that STING activation promotes AAD formation. Stress in
SMCs causes DNA damage and the release of DNA from the nucleus and mitochondria into
the cytosol. DNA in the cytosol binds to and activates cGAS, which produces cGAMP from
ATP and GTP. cGAMP binds and activates STING and subsequently TBK1, leading to
necroptotic cell death. The DNA fragments from damaged SMCs are engulfed by
macrophages and are converted to cGAMP. cGAMP activates STING and subsequently
IRF3, which enters the nucleus, binds to the MMPI promoter, and induces MMP-9
expression, leading to extracellular matrix destruction. An unpaired, two-tailed #test was
used in (B). One-way ANOVA with the Tukey post-hoc test was used for pairwise
comparisons in (H) and (I). The Fisher exact test was used for (C), (E), and (F).
***<0.001. Data are presented as the mean + standard error of the mean.
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