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GSDME-dependent pyroptosis drives
abdominal aortic aneurysm via promoting
vascular senescence
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% Check for updates Senescence contributes to the pathology of abdominal aortic aneurysm (AAA);

however, the regulation of senescence in AAA remains unclear. Here, we
sought to determine the role of gasdermin-E (GSDME)-dependent non-
canonical pyroptosis in AAA. GSDME-dependent non-canonical pyroptosis is
activated in the lesioned vascular walls of mouse models and patients with
AAA. GSDME deficiency inhibits vascular senescence and AAA progression.
Combined analyses of single-cell RNA sequencing (scRNA-seq), bulk RNA-seq,
and multiplex flow cytometry demonstrate that GSDME is essential for the
reprogramming of vascular smooth muscle cells (VSMCs) and the shift in
immune statuses of macrophages, monocytes, and neutrophils in AAA. Rein-
troduction of GSDME in VSMCs, but not in myeloid cells, in mice with a GSDME
deletion background, recapitulates the induced vascular senescence and AAA,
which is abolished by senolytic therapy with dasatinib plus quercetin. These
results indicate that GSDME-dependent non-canonical pyroptosis in VSMCs
may be a ‘master switch’ in AAA and a potential therapeutic target for mana-
ging AAA.

Senescence, characterized by the irreversible arrest of the cell cycle in
response to various stresses, is emerging as a cellular hallmark of aging

aging-related vascular diseases'. Conversely, protecting VSMCs from
senescence is effective in slowing the development of vascular

both in vitro and in vivo. Senescent cells actively secrete harmful
substances known as the senescence-associated secretory phenotype
(SASP), which can damage neighboring cells through chronic activa-
tion of the immune system and inflammation’. Vascular smooth muscle
cells (VSMCs) critically contribute to vascular morphology, structure,
and function due to their secretory plasticity. The prolonged presence
of senescent VSMCs contributes to a decline in aortic function, and
inadequate clearance of senescent VSMCs is closely associated with

disorders™™*.

Pyroptosis, a recently identified type of regulated cell death
(RCD), was first detected in macrophages upon bacterial infection®. In
early times, NOD-like receptor protein 3 (NLRP3) inflammasome
emerged as a key mediator of pyroptosis. Until recently, it has been
revealed that pyroptosis relies on the cleavage of N-terminal segments
of gasdermin family members, from gasdermin A (GSDMA) to gas-
dermin E (GSDME), thereby causing pore formation in the cell
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membrane and membrane rupture. During the cell lytic process, pro-
inflammatory molecules like interleukin-1 (IL-1) and IL-18 are released®.
While GSDMD is the first reported gasdermin family member mediat-
ing canonical pyroptosis after cleavage by caspase-1 or caspase-11"%,
GSDME holds a unique position by mediating a non-canonical pyr-
optosis within the gasdermin family: GSDME undergoes cleavage by
caspase-3, previously associated with apoptosis, a non-lytic and non-

mRNA in aorta

mRNA in aorta mRNA in aorta

inflammatory form of RCD'°. Thus, GSDME controls the balance
between apoptosis and pyroptosis within normal tissue’’°. Our pre-
vious findings, suggest that GSDME might be involved in liver
diseases™". In cardiovascular systems, recent evidence has demon-
strated that GSDME promotes atherosclerosis and pulmonary arterial
hypertension by inducing pyroptosis and inflammation***. Although
recent results from us™' and other groups” ™™ have documented the
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Fig. 1| GSDME is activated in the vascular wall of patients and mice with AAA.
A Cleavage of GSDME was evaluated in human AAA tissues via immunoblotting
analysis. Both the full-length GSDME (GSDME-FL) and the cleaved N-terminal
GSDME (GSDME-N, cleaved form) were detected. Diagnosis of all AAA patients
relied on clinical examination, including contrast-enhanced MRI. Lesion AAA tissue
was obtained during aneurysm resection. N =10 biological replicates. B The tran-
scriptional level of GSDME in AAA tissues was assessed using qPCR analysis. N =10
biological replicates. C Comparison of mRNA expression levels of five gasdermin
family members (GSDMA, GSDMB, GSDMC, GSDMD, and GSDME) between the
vasculatures of patients with AAA (N =14) and control aortic specimens from organ
donors (N =8) was conducted using a public Gene Expression Dataset (GEO
accession number GSE47472). D Morphological changes in the mouse aorta tree
with P-AAA were observed. P-AAA was induced by porcine pancreatic elastase (PPE)
surgery along with B-aminopropionitrile (BAPN) intake via water. Aorta weight and
maximal abdominal aortic diameter in Sham-operated mice and P-AAA mice were

calculated. N =9 biological replicates. P-AAA, PPE + BAPN-induced AAA.

E Immunoblotting analyses were performed to assess the cleavage of GSDME and
its upstream caspase-3 (CASP3) in lesion tissues of P-AAA mice. N = 6 biological
replicates. F Double-immunofluorescent staining revealed the degradation of
elastin and induction of GSDME-NT in AAA lesion tissue of mice. N=6 biological
replicates. G Changes in Gsdme mRNA levels during the entire course of AAA were
examined. N = 6 biological replicates. H The protein levels of interleukin-18 (lI-18)
and II-1B, two downstream pro-inflammatory factors of GSDME-dependent pyr-
optosis, were quantified by ELISA in AAA lesion tissue. N = 6 biological replicates.
1 The association between Gsdme mRNA levels and aneurysm dilatation (abdominal
aortic diameter), extracellular matrix degradation (Mmp9 mRNA expression),
inflammation (/-1 mRNA expression), fibrosis (Collal mRNA expression), and
VSMC content (Acta2 mRNA expression) was investigated. Data were presented as
mean = SEM. Unpaired Student’s t-tests (A-H) or linear regression (I) were per-
formed. P-AAA, PPE + BAPN-induced AAA.

detrimental role of pyroptosis in AAA, the intricate importance and
regulatory patterns of GSDME in AAA, are still largely unknown.

Abdominal aortic aneurysms (AAAs) are severe CVDs character-
ized by progressive dilation of the aorta. Rupture following AAA is
lethal, with mortality rates about 90%%°. AAA is accompanied by
chronic inflammation within the vasculature, VSMC remodeling and
death, and extravascular matrix degradation®. Currently, surgical
repair is still the only available therapeutic approach for patients with
AAA. Although many endeavors have been carried out to assess the
efficacy of antihypertensive agents, statins, doxycycline, or antiplatelet
drugs, none of them has convincingly limited AAA?. Thus, a deeper
understanding of AAA pathogenesis at the molecular level is necessary
to explore potential medications for AAA patients.

In this study, we reveal that GSDME-dependent non-canonical
pyroptosis is activated in the vasculature of patients and mouse
models with AAA. Deletion of GSDME inhibits the SASP secretome and
immune cell infiltration in AAA vasculature. Using combined bulk RNA-
sequencing (RNA-seq) and single-cell RNA-sequencing (scRNA-seq)
analyses, we demonstrate that GSDME is a critical driver of senescent
phenotype in VSMCs and immune cells in AAA lesion vasculature.

Results

GSDME-dependent non-canonical pyroptosis is activated in AAA
To assess changes in GSDME expression in human AAA lesions, we
compared normal aortic tissue with AAA tissue (n=10 biological
replicates, clinical information in Supplementary Table 1). While full-
length GSDME (GSDME-FL) moderately increased in human AAA tis-
sue, the cleaved N-terminal fragment (GSDME-N) was exclusively
detected in AAA tissue, not in controls (Fig. 1A). Similar changes were
observed in GSDME mRNA expression (Fig. 1B). In a gene expression
profile of biopsies from human AAA tissue (No. GSE47472), only
GSDME transcriptional level increased, while other gasdermin family
members (GSDMA, GSDMB, GSDMC and GSDMD) remained unchanged
(Fig. 1C). Accordingly, Caspase-3 was the most abundant caspase in
AAA lesions (Fig. S1A). Notably, CASPASE-3, but not CASPASE-1 or
CASPASE-4/5, was significantly upregulated in AAA lesion tissues
compared to normal arteries (Fig. S1B).

To validate these findings, we developed a murine AAA model
(termed P-AAA) by infusing porcine pancreatic elastase (PPE) into the
abdominal aorta alongside continuous administration of [-
aminopropionitrile monofumarate (BAPN), a lysyl-oxidase inhibitor
that enhances elastin degradation?. AAA pathologies were confirmed
through morphological changes, increased whole aorta weight, and
abdominal aortic dilation (Fig. 1D). Significant cleavage of GSDME and
caspase-3 was detected in AAA lesions (Fig. 1E), further validated by
immunohistochemistry (Fig. 1F). During AAA progression, Gsdme
mRNA expression increased progressively (Fig. 1G). Pro-inflammatory
factors IL-13 and IL-18, released via GSDME-dependent pyroptosis,
were upregulated in AAA lesions (Fig. 1H). Notably, Gsdme expression

correlated positively with maximal aortic diameter, Mmp9 (extra-
cellular matrix degradation), /l-13 (inflammation), and Collal (fibrosis),
while inversely correlating with Acta2 (SMC marker) (Fig. 11). Caspase-
3, but not Caspase-1 or Caspase-6, was specifically significantly upre-
gulated in AAA lesion tissue from the mouse model (Fig. SIC-E). To
further investigate the potential role of the GSDME-caspase-3 axis in
AAA, we established another AAA mouse model (A-AAA) by infusing
angiotensin Il (Ang II) via osmotic pump into ApoE ™" mice?*?*. Caspase-
3, but not caspase-1 or caspase-6, was significantly upregulated in AAA
tissues of this model (Fig. SIF-G), suggesting possible activation of
GSDME-dependent cell death rather than canonical pyroptosis. Ana-
lysis of a public scRNA-seq dataset of mouse AAA tissues (GSE239620)
revealed that GSDMD was predominantly expressed in immune cells—
particularly monocytes and macrophages—whereas GSDME was
abundantly expressed in VSMCs and significantly upregulated in AAA
(Fig. S2A, B). Flow cytometry confirmed that GSDME, rather than
GSDMD, was markedly upregulated in a-SMA* VSMCs (Fig. S2C, D).
Although VSMCs produced small amounts of IL-18 and IL-1B, these
cytokines were mainly secreted by immune cells (Fig. S2E, F), implying
that GSDME-mediated VSMC pyroptosis may contribute to AAA
pathogenesis through mechanisms beyond direct cytokine release.
Collectively, these findings support a potential role for GSDME-
dependent pyroptosis in AAA.

Global knockout of GSDME alleviates AAA pathologies

Based on our observations that GSDME is expressed in VSMCs and
upregulated in AAA lesions, we next investigated whether GSDME
contributes causally to AAA pathogenesis in vivo. We induced the
P-AAA model in both male GSDME global knockout (KO) and wild-type
(WT) mice. In this model, KO mice exhibited a higher survival rate than
their WT counterparts (Fig. 2A), and postmortem examination con-
firmed that death was attributable to aortic rupture secondary to AAA
(Fig. S3A). Ultrasound analysis revealed that GSDME deletion atte-
nuated the progressive enlargement of the maximal aortic diameter
(Fig. 2B). Consistently, KO mice had significantly lower aortic weight
compared with WT mice (Fig. 2C). Notably, this protective effect of
GSDME deficiency against AAA was also observed in female mice
(Fig. S3B). Haematoxylin and eosin (H&E) and elastin-Van Gieson (EVG)
staining revealed that KO mice exhibited attenuated medial structural
disruption (Fig. 2D) and preserved elastin integrity (Fig. 2E). Immu-
nofluorescence analysis further showed that GSDME deletion
decreased matrix metalloproteinase-9 (MMP9) expression without
affecting tissue inhibitor of metalloproteinases-1 (TIMP1) levels
(Fig. 2F). Flow cytometry using the SYTOX fluorescence probe, which
labels dying cells, on single-cell suspensions from AAA lesion walls
demonstrated that cell death occurred predominantly in VSMCs rather
than immune cells, and was significantly reduced in VSMCs of KO mice
(Fig. 2G), consistent with reduced pyroptotic and other lytic cell death
in VSMCs.
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To determine whether this protective effect also applies to a H&E staining revealed that KO-ApoE”" mice exhibited attenuated
hyperlipidemia-associated AAA setting, we further evaluated the role  medial structural disruption (Fig. 2I). They also showed reduced aortic
of GSDME in AAA using the A-AAA model. GSDME knockout (KO) mice  weight and abdominal aortic diameter (Fig. 2J), as well as attenuated
were crossed with ApoE™" mice to generate KO-ApoE”™ mice, which, increases in both systolic and diastolic blood pressure (Fig. 2K).
along with WT-ApoE”" controls, were infused with a high dose of Although reduced blood pressure may partially contribute to the
angiotensin Il via osmotic pump for 4 weeks. In this model, KO-ApoE”~  phenotype, the magnitude of AAA suppression suggests additional
mice exhibited a lower AAA incidence than WT-ApoE ™ mice (Fig. 2H).  vascular wall-specific protective mechanisms. Consistent with these
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Fig. 2 | Global knockout of GSDME alleviates AAA pathologies in mouse
models. A Survival curve of wild-type (WT) and Gsdme knockout (KO) mice after
P-AAA formation. B Representative images and quantification of the maximal
diameter of the abdominal aorta visualized by ultrasound in WT and KO mice with
the P-AAA model. C Representative morphology and quantitative analysis of aortic
weight in WT and KO mice with the P-AAA model. D Representative H&E staining in
P-AAA vasculature of WT and KO mice. E Representative elastin-Van-Gieson (EVG)
staining and elastin degradation score in P-AAA vasculature of WT and KO mice.
F Representative immunofluorescence staining and quantitative analysis of MMP9
and TIMP1 in lesion vasculature of WT and KO mice with the P-AAA model. G Flow
cytometry analysis of dying cells (SYTOX dye-positive) in a-SMA" cells or a-SMA
cells from P-AAA vasculature of WT and KO mice. H Incidence rate of A-AAA in
angiotensin Il (Ang I1)-infused WT-ApoE”~ mice and KO-ApoE”" mice. A-AAA refers

to Ang Il-induced AAA. The reported numbers (36 WT-ApoE”~ and 24 KO-ApoE™")
represent the cumulative use across multiple experimental procedures (molecular
assays, flow cytometry, histopathology, and survival analyses). I Representative
H&E staining in A-AAA vasculature of WT-ApoE”" mice and KO-ApoE™~ mice.

J Analysis of aortic weight and maximal abdominal aortic diameter in WT-ApoE™"
mice and KO-ApoE”~ mice with A-AAA. K Systolic and diastolic blood pressure in
WT-ApoE " mice and KO-ApoE /"~ mice with A-AAA. L Survival curve of WT-ApoE™
mice and KO-ApoE™™ mice after A-AAA formation. Data are presented as mean +
SEM. N =6 biological replicates unless otherwise indicated. The Chi-squared test
was performed in (H), the Log-Rank test was performed in (A) and (L), and
unpaired Student’s t-tests were performed in the remaining panels. P-AAA refers to
PPE + BAPN-induced AAA, and A-AAA refers to Ang Il-induced AAA.

protective effects, KO-ApoE”~ mice displayed improved survival
compared with WT-ApoE™”" mice (Fig. 2L). Collectively, these results
indicate that global GSDME deficiency mitigates AAA progression
across distinct experimental models.

GSDME controls the infiltration and inflammatory status of Mg/
Mo in AAA

The prominent immune cell infiltration, especially myeloid cells com-
posed of M@/Mo and neutrophils, in the damaged aortic wall and
subsequent phenotypic modulation based on microenvironmental
cues play key roles in the progression of AAA?°. Next, we investigated
the potential influence of GSDME deletion on vascular myeloid cell
populations. CD45" single leukocytes were isolated from AAA lesion
tissue of WT and KO mice using magnetic-activated cell sorting and
analyzed with multiplex flow cytometry. Antibodies against CD11b,
Ly6G, F4/80, TIM4, MHCII, and Ly6C were used for staining, and an
unbiased nonlinear high-dimensional analysis was employed (Fig. 3A).
Among these markers, TIM4 emerges as a well-established marker of
inflammation-resolving tissue-resident M@ (TRM) across organs®,
while MHCII is a signature of activated M with antigen-presentation
activity?. Using t-distributed stochastic neighbor embedding (t-SNE)-
guided gating, several myeloid cell clusters, including Ly6C™ Mo,
Ly6C™ Mo, Ly6C* Mo, MHCII' M, TIM4* Mg, MHCII'TIM4~ Mg
(double-negative M@, DN M), and Ly6G" neutrophils, were identified
(Fig. 3B). Differences in the distributions of M@/Mo and neutrophils
were observed between the AAA lesion tissue from WT and KO mice
(Fig. 3C). In the heatmap, decreased frequencies of Ly6C" Mo and
MHCII'* M, as well as increased distribution of Ly6C" Mo and TIM4"
Me, were significantly noted in AAA tissue of KO mice compared with
WT mice (Fig. 3D).

The impact of GSDME on M@/Mo populations was further asses-
sed using flow cytometry with manual gating (gating strategy in
Fig. S4). The AAA tissue of KO mice showed reduced frequencies of M@
and Mo compared to that of WT mice (Fig. 3E). The number of
inflammation-resolving TIM4" M in AAA tissue of KO mice was sig-
nificantly higher than that of WT mice, while the number of MHCII* M@
in AAA tissue of KO mice was lower than that of WT mice (Fig. 3F). The
number of Ly6C" Mo, which are classical pro-inflammatory Mo, was
lower in AAA tissue of KO mice, while the number of inflammation-
resolving Ly6C' Mo was higher in AAA tissue of KO mice (Fig. 3G).
Consistent with the flow cytometry findings, immunofluorescence
analysis further confirmed that GSDME knockout markedly reduced
macrophage infiltration in AAA lesions (Fig. 3H). These results
emphasize that GSDME regulates the infiltration and inflammatory
status of M@/Mo in the vascular wall of AAA.

Global knockout of GSDME inhibits VSMCs' senescence in AAA
Recently, we discovered that cell death activation triggers vascular
senescence and dysfunction”. Thus, we next investigated GSDME's
role in AAA-related senescence regulation. Senescence-associated [3-
galactosidase (SA-B-gal) staining revealed massive senescent cells in

the AAA lesion vasculature of WT mice compared to KO mice (Fig. 4A).
Senescence molecular markers such as p21?, p53, p16*?, and phospho-
H2A.X3™ (yH2A.X)** were significantly upregulated in WT-AAA mice
but less pronounced in KO-AAA mice (Fig. 4B). Flow cytometry analysis
revealed that GSDME knockout preferentially alleviated senescence in
VSMCs, with no significant effect on immune cells or endothelial cells
(Fig. 4C, Fig. S5A-C). Immunofluorescence staining for p16 revealed
higher expression in WT-AAA mice compared to KO-AAA mice, parti-
cularly in the vascular tunica media (Fig. 4D). Analysis of the SASP
secretome revealed significantly lower mRNA levels of pro-
inflammatory factors (Fig. S5D) and chemokines (Fig. SSE) in lesion
vasculature of KO-AAA mice compared to WT-AAA mice. Consistently,
SASP-related damage-associated molecular patterns (DAMPs) like
Icami1, Vcaml, Gdfi5, and Igfbp2 exhibited consistent changes in both
WT and KO-AAA mice (Fig. S5F). Moreover, mRNA levels of matrix
metalloproteinases (Mmp2 and Mmp9), as well as protein levels of high
mobility group box-1 (HMGBI), were induced in WT-AAA mice to a
lesser extent in KO-AAA mice (Fig. S5G, H). The mRNA levels of iNOS
and H2-DMa showed similar results (Fig. S3I, J).

In vitro studies using primary mouse VSMCs treated with Ang Il
demonstrated GSDME cleavage at 3 h post-treatment (Fig. 4E). Notably,
GSDME cleavage was more pronounced when cells were treated with
Ang Il plus bleomycin (BLM), an agent with potent DNA-attacking
activity for inducing vascular senescence” (Fig. 4E). II-1B was released
in the Ang Il+BLM-treated VSMCs in a time-dependent manner
(Fig. 4F). Senescence induction, as indicated by SA-B-gal staining, was
observed in Ang Il+BLM-treated VSMCs at day 2 post-treatment
(Fig. 4G). Treatment with Ang Il + BLM also induced the expression of
senescence-related molecules (p53, p16, and p21) in human VSMCs, but
not in myeloid cells, suggesting a VSMC-specific senescence response
(Fig. S5K, L). As GSDME'’s cleavage seems to occur earlier than senes-
cence induction, we compared senescence between VSMCs isolated
from WT and KO mice to ascertain GSDME’s essential role in vascular
senescence. Comparative analysis revealed attenuated proportion of
SA-B-gal-positive senescent cells (Fig. 4H), accompanied by decreased
proportion of pl16* senescent cells and p21" senescent cells (Fig. 41),
expression of senescence markers (Fig. 4J) and SASP factors (Fig. 4K) in
GSDME knockout VSMCs. These findings underscore the essential role
of GSDME in AAA-associated vascular senescence.

Combined bulk RNA-seq and scRNA-seq transcriptional profil-

ing reveals that GSDME deficiency alleviates senescence in AAA
Lesion AAA tissues from WT and KO mice were subjected to combined
RNA-seq and scRNA-seq (Fig. 5A). Compared to WT-AAA tissue, KO-AAA
tissue exhibited differential gene expression, with 78 upregulated and
309 downregulated genes (fold change >2 or <0.5, p<0.05, Fig. 5B
and Supplementary Data 1). Integrative functional analysis revealed
enhanced extracellular matrix organization but reduced immune system
activity and p53 pathway in KO-AAA tissue (Fig. 5C). Additionally, a
chord plot indicated decreased neutrophil aggregation, cell adhesion,
inflammation, and secretory vesicle activity (Fig. 5D). Several well-known
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senescence-associated molecules, including CxclS (ligand of Cxcr2)®,
Mmp12, ll6, llla, and S100 family, were highlighted in the chord plot
(Fig. 5D). KEGG analysis showed that the processes of immune system,
cell senescence and cell adhesion molecules were inhibited, while
Mmpi2, ll6, ll1a, Cxcl5, and Cxcr2 were enriched in the cell senescence
process (Fig. SE). These findings suggest that GSDME deletion inhibits
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In scRNA-seq analysis, transcriptomes from 14,393 single intra-
vascular cells were obtained from WT-AAA and KO-AAA tissues post-
quality control and filtering. Major cell types, including VSMCs (CcnlI’),
Mo (Cd68'), Mo (Ly6C'), endothelial cells (Pecaml’), granulocyte
(Ly6G"), B cells (Cd79a"), dendritic cells (Cd209a"), and T cells (Cd3e"),
were identified (Fig. 5F, G). Compared to WT-AAA tissue, KO-AAA tis-
sue showed increased proportions of SMCs and reduced proportions
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Fig. 3 | Multiplexed flow cytometry reveals the regulatory action of GSDME on
infiltration and status of macrophages/monocytes in the vascular wall of AAA.
A Representative experimental design of multiplexed flow cytometry in CD45*
immune cells isolated from AAA lesion vasculature. B High-dimensional analysis of
multiplexed flow cytometry using an unbiased nonlinear dimensionality reduction
algorithm (t-distributed stochastic neighbor embedding, t-SNE) to identify clus-
tering of subpopulations in CD45+ cells isolated from AAA lesion vasculature. Live
CD45" leukocyte cells were gated with macrophages/monocytes-related markers
(CD11b, Ly6G, F4/80, TIM4, MHCII, and Ly6C). The multiplexed flow cytometry
results were concatenated, transformed, and plotted in 2D t-SNE plots using R
software. The subgroups of macrophages/monocytes are indicated in the image.
C Comparison of t-SNE dimensionality reduction and embedding of CD45" cells
pooled from vasculatures of WT (red) and KO (blue) mice with AAA. D Heatmap
showing the differences in t-SNE dimensionality reduction and embedding of
CD45" cells from vasculatures of WT and KO mice with AAA. Four different regions

(R1 to R4) are indicated by dotted lines. Their properties are indicated in (B).

E Representative flow cytometry plots and quantification analyses with manual
gating on the proportions of neutrophils, macrophages, and monocytes within
CD45" cells from vasculatures of WT and KO mice with AAA. F Representative flow
cytometry plots and quantification analyses on the subclusters of macrophages by
markers of TIM4 and MHCII. The TIM4* macrophages, MHCII* macrophages, and
double-negative macrophages (DN-macrophages) were gated and calculated.

G Representative flow cytometry plots and quantification analyses on the sub-
clusters of monocytes by markers of Ly6C. The Ly6C™ monocytes, Ly6C™ mono-
cytes, and Ly6C"* monocytes were gated and calculated. H Representative
immunofluorescence staining and quantitative analysis of CD68 and F4/80 in lesion
vasculature of WT and KO mice with the P-AAA model. Data are presented as
mean + SEM. N = 6 biological replicates. Unpaired Student’s t-tests were used.
P-AAA refers to PPE + BAPN-induced AAA.

of myeloid cells (M, Mo, and neutrophils) (Fig. 5H). Gene set variation
analysis (GSVA) revealed significant pathway alterations in VSMCs and
myeloid cells: in VSMCs and myeloid cells, immune/inflammation-
related pathways, including the toll-like receptor pathway, JAK-STAT
signaling pathway, MAPK signaling pathway, etc., as well as the
senescence-related pathways such as chemokine signaling and
p53 signaling, were inhibited, while oxidative phosphorylation and
muscle contraction were enhanced (Fig. 5I).

Cell-cell communication network was generated using the SCRNA-
seq analysis package CellChat. It highlighted VSMCs and myeloid cells
as major contributors to intercellular interactions in AAA lesion vas-
culature (Fig. 5)). In the AAA lesion vasculature of KO mice, commu-
nication between VSMCs and Mo or Mg increased, while
communication between Mo and M, and Mg and neutrophils,
decreased (Fig. 5K). Numerous secreting and targeting cells, including
well-established SASP secretome factors, were identified, with VSMCs
appearing as major targets (Fig. 5L). These SASP secretome factors
included Tnf, secreted phosphoprotein 1 (Sppl), visfatin, Il-6, etc. On the
contrary, the fibroblast growth factor (FGF) pathway with potent anti-
senescent activity”, was induced. Further analysis revealed reduced
outgoing signals in VSMCs, Mg, and neutrophils, but not Mo, and
reduced incoming signals in M@ and neutrophils, but not VSMCs and
Mo, in AAA tissue of KO MICE (Fig. S6A, B). These findings elucidate
that GSDME knockout suppresses the senescence-associated tran-
scriptional signature and cell status in AAA lesion vasculature.

GSDME facilitates reprogramming of VSMCs into a pro-
senescent phenotype in AAA

In pathological aortic aneurysms, VSMCs exhibit a high degree of plas-
ticity, transitioning from a contractile state to several intermediate cell
types, including macrophage-like, osteogenic-like, mesenchymal-like,
fibroblast-like, and adipose-like phenotypes®. A total of five VSMC
subgroups were identified using unbiased UMAP clustering (Fig. 6A-C):
contractile VSMCs (VSMCs-1, MyhlI'Acta2*Tagin*ActnI*), mesenchymal-
like VSMCs (VSMCs-2, Fstll*Scal'Pil6'TimpI®), osteogenic-like VSMCs
(VSMCs-3, Sox5'Finb*Bmper'Meg3'), Mg-like VSMCs (VSMCs-4,
Lyz2'Cd84'Laptm5'llib*), and fibroblast-like VSMCs (VSMCs-5,
Gsn*Ogn*Gdf10*Col6as’). Functional analysis revealed activated signal-
ing pathways or biological processes in each VSMC subgroup, notably
cytokine production and cell senescence enrichment in macrophage-
like VSMCs (Fig. 6D). While the proportion of contractile VSMCs
(VSMCs-1) was relatively low in AAA tissues of both WT and KO mice,
more contractile VSMCs were retained in AAA tissues of KO mice
(Fig. 6E). In KO-AAA tissue, the proportions of macrophage-like and
fibroblast-like VSMCs decreased, while the proportions of
mesenchymal-like and osteogenic-like VSMCs increased (Fig. 6E). Pseu-
dotime trajectory analysis revealed dynamic differentiation of VSMC
subtypes during AAA (Fig. 6F). Contractile VSMCs (VSMCs-1) were
identified as original-state VSMCs, branching into two different

trajectories, forming macrophage-like VSMCs (VSMCs-4) and mesench-
ymal-/fibroblast-like VSMCs (VSMCs-2/5) (Fig. 6F). Compared to AAA
tissues of WT mice, AAA tissues of KO mice exhibited enhanced extra-
cellular matrix and elastic fiber formation, along with reduced signaling
pathways in interleukins, collagen formation, IL-18, IL-1, and pro-
grammed cell death (Fig. 6G). These findings suggest that GSDME
deletion inhibits the progression toward a pro-senescent status of
VSMCs in the AAA lesion.

GSDME contributes to the switch of the immune and inflam-
mation status of myeloid cell subsets in AAA

Next, we investigated the impact of GSDME deletion on subsets of
myeloid cells (M@/Mo and neutrophils) in AAA lesions. M@/Mo were
further classified into four subgroups each (Mol-4 and Ml-4, Fig. S7A).
As illustrated in Fig. S7B, Mol appeared to be non-classical monocytes
(Ace' Treml4'Il1r2')*, while Mo2 exhibited characteristics of classical
monocytes with early leukocyte markers (Sell'Cd177'NrgI'). Mo3 were
identified as infiltrating monocytes (Ccr2'Ciita*Clec4bI’), and
Mo4 represented a group of dendritic cell-like monocytes
(CD226'Aldh1a2'Kirk1"). Ml displayed features of immunostimulatory
macrophages (Tnf'Nlrp3'Cxcli6’), whereas M2 exhibited character-
istics of immunosuppressive  tissue-repairing  macrophages
(ArgI'Spp1'Cavl’). M@3 were identified as TRM (Lyvel'Fcna‘Folr2")”,
while M4 represented a highly polarized IFN-responsive subgroup
(lfieT'lfie2' Ifie3"). Among monocytes, Mo2 and Mo3 showed increased
activities in cytokine and chemokine production, while Mo4 displayed
higher antigen processing/presentation activity (Fig. S7C). Among
macrophages, M@l demonstrated high activities in acute/chronic
inflammatory response, while M@2 and M3 exhibited potent activities
in phagocytosis, apoptotic cell clearance, and tissue remodeling. M4
exhibited the strongest response to cytokine and interferon (Fig. S7C).
Radar plot analysis revealed distinct contributions of Mol-4 and M1-4
to various cellular functions (Fig. S7D). Pseudotime trajectory analysis
indicated that Mo2, as primary-state monocytes, branched into two
trajectories, leading to the formation of Ml and M@3/M@4 (Fig. S7E).
The AAA tissue from KO mice showed a decreased proportion of Mgl
and an increased proportion of M@p3/Mo4 compared to WT-AAA tissue
(Fig. S7F), suggesting that GSDME deletion inhibits the reprogramming
of M@/Mo subsets toward the pro-inflammatory status.

Neutrophils ~ within the vasculature of AAA lesions
were further classified into four groups: Neutrophils-1
(Tnf'Dusp2'Nr4al'lcami’), Neutrophils-2 (Cstb'Bnip3'SqstmI‘Egrl’),
Neutrophils-3  (Synel’Arhgapl5°Adgrel’Lrrk2',) and Neutrophils-4
(Cxcr2’Mmp8'Tir2'Arg2', Fig. S8A-C). In KO mice, the proportion of
Neutrophils-1 and 2 was enhanced, while the proportions of
Neutrophils-4 were reduced (Fig. S8D). Pseudotime trajectory analysis
revealed dynamic differentiation of neutrophil subtypes during AAA:
Neutrophils-1 were identified as original-state neutrophils, branching
into two different trajectories, forming Neutrophils-3 and Neutrophils-4,
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while Neutrophils-2 were intermittent-state neutrophils (Fig. S8E).
Neutrophils-4 appeared to be a group of senescent neutrophils due
to their high expression of Cxcr2, a well-established chemokine
that induces neutrophil senescence®. Neutrophils-3 resembled
macrophages due to their high expression of Adgrel (also known as
F4/80) and Lrrk2, two important molecules for macrophage

phagocytosis. Cxcr2, together with its ligand Cxcl2, demonstrated the
lowest expression in neutrophils-1 but the highest expression in
neutrophils-4 (Fig. S8F). Since KO mice had a lower proportion of late-
stage senescent neutrophils (Neutrophils-4), these results suggest
that Gsdme deletion blunted the toward of neutrophils to a
senescence state.
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Fig. 4 | GSDME is essential for the vascular senescence during AAA.

A Representative morphology of aorta trees with P-AAA stained by SA--gal
staining. Aortae were isolated from WT and KO mice with P-AAA. Tissues with
senescence display blue-staining after SA-f-gal staining. B Protein expressions of
senescence markers (p21, p53, p16, and yH2A.X) in P-AAA tissue of WT and KO mice
were evaluated by immunoblotting. C Flow cytometry of pl6-positive senescent
cells and p21-positive senescent cells in a-SMA" cells from AAA lesion vasculatures
of WT and KO mice. D Representative immunofluorescent staining of senescence
marker pl6 in P-AAA lesion from WT and KO mice. Elastin was stained for visuali-
zation of the vascular wall. Nuclei were stained by DAPI. E Cleavage of GSDME
protein in cultured mouse VSMCs treated by Ang Il alone or Ang Il + BLM (bleo-
mycin). F IL-13 concentration in the culture medium of mouse VSMCs treated by

Ang Il + BLM at different timepoints. G Representative SA-B-gal staining and
quantitative analysis of mouse VSMCs treated by Ang Il + BLM at different time-
points. H Representative SA-B-gal staining and quantitative analysis of VSMCs iso-
lated from WT or KO mice treated by Ang Il + BLM for 3 days. I Flow cytometry
analysis of the senescent cells (pl6-positive, p21-positive) in WT and KO VSMCs
treated by Ang Il + BLM for 3 days. J Immunoblotting analysis of senescent markers
(p53, pl6, and p21) in WT and KO VSMCs treated by Ang Il + BLM for 3 days. K Gene
expression of SASP factors (/[-1b, Il-6, Cxcll, Ccl2, Icaml, and Gdf15) in WT and KO
VSMCs treated by Ang Il + BLM for 3 days. Data were presented as mean + SEM.
N=6 biological replicates. An unpaired Student’s ¢-test was used. P-AAA, PPE +
BAPN-induced AAA.

GSDME in VSMCs, but not in myeloid cells, mediates senescence
and promotes AAA development

To identify the specific cell type responsible for GSDME-mediated
pyroptosis in response to AAA, a mouse model was created. This
model carried a transcriptional STOP element (3xSV40-PolyA) flanked
by loxP (loxP-Stop-loxP, LSL) upstream of the ATG start codon of the
Gsdme gene, as previously described (Fig. S9A)*°. The Gsdme®*P/S*o
mice were crossed with either SMMHC-Cre®™®™ or Lysm-Cre mice to
generate Gsdme™*'S°?; SMMHC-Cre™"™ (referred to as Gsdme™) or
Gsdme>™P's°?; Lysm-Cre mice (referred to as Gsdme™®), respectively,
achieving tissue-specific rescue of GSDME in either VSMCs or myeloid
cells (Fig. S9B, C), as confirmed by gqPCR and immunoblotting
(Fig. S9D, E). Subsequently, Gsdme""™7, Gsdme> PP, Gsdme™, and
GsdmeM® mice were subjected to an AAA model.

Compared with Gsdme"™ T mice, Gsdme™® mice had a comparable
survival period, while Gsdme® 5" and Gsdme™® mice exhibited sig-
nificantly prolonged survival (Fig. 7A). Ultrasound imaging showed
that during AAA progression, the maximal aortic diameter expanded
significantly more slowly in Gsdme>*P** and Gsdmée*® mice, whereas
Gsdme™ mice exhibited no such attenuation (Fig. 7B). Similar to
GSDME-KO mice, Gsdme®>® and Gsdme'™ mice displayed sig-
nificantly smaller aorta weight, while Gsdme™® mice had comparable
aorta weight to Gsdme"""" mice (Fig. 7C). EVG staining demonstrated
that Gsdme™*? and Gsdme™® mice, but not Gsdme™® mice, retained
more elastin fibers (Fig. 7D). Immunohistochemistry showed that
both CCR2 and MMP2 were inhibited in the lesion vascular wall of
Gsdme®©*P5°P and Gsdmée™® mice but not in Gsdme™ mice (Fig. 7E, F). The
mRNA levels of SASP secretome factors (/l-18, Il-6, Cxcll, Ccl2, Icaml,
and Gdf15) exhibited similar changes (Fig. 7G). These findings suggest
that rescuing GSDME in VSMCs, rather than myeloid cells, reproduces
the induced senescence in AAA, as well as the AAA development.

Senolytic therapy alleviates GSDME-dependent AAA progres-
sion by targeting VSMC senescence

Given the implication of senescence in AAA development in these
mice, we evaluated whether senolytic therapy with dasatinib plus
quercetin (D+Q) could mitigate the accelerated AAA progression
driven by GSDME-mediated pyroptosis. We initially assessed the
effects of D +Q on the lesion vasculature at an early stage (1 week
post P-AAA induction), characterized by molecular changes preced-
ing morphological aneurysm formation. Immunohistochemistry
analysis showed that in Gsdme®® mice, D + Q treatment significantly
reduced vascular senescence, evidenced by decreased protein levels
of pro-senescence molecules and SASP factors in the lesion vascular
wall (Fig. SIOA-F). At the onset of AAA formation (four weeks post
P-AAA induction), D+ Q therapy led to reduced SA-B-gal staining
intensity in AAA lesion vasculature in Gsdme®*® mice (Fig. 8A). Flow
cytometry analysis revealed a remarkable decrease in the proportion
of senescent cells (p16" and p21*) specifically in VSMCs isolated from
AAA lesions following D +Q treatment (Fig. 8B, C). Notably, D +Q
therapy partially inhibited the increase in aneurysm diameter and
aortic weight in Gsdme*® mice, along with a reduction in the

proportion of large aneurysms (>4 mm) (Fig. 8D, E). Importantly,
D +Q treatment did not directly affect GSDME activation, indicating
that its therapeutic effect occurs downstream or independent of
GSDME cleavage (Fig. S11A). Consistently, D+ Q exhibited a com-
parable protective effect in Gsdme"™' mice (Fig. S11B). D+Q
treatment also suppressed the mRNA expression of SASP factors
(Fig. 8F), improved vascular structure, and increased elastin fiber
content in AAA lesion vasculature of Gsdme™® mice (Fig. 8G, H).
Moreover, D + Q inhibited protein levels of CCL2 and MMP2 in the
vascular wall (Fig. 81, J). Interestingly, D + Q treatment did not further
ameliorate AAA pathologies in Gsdme°"5°P mice (Fig. 8A-J). These
findings indicate that the pro-senescence effect of GSDME in VSMCs
is a key driver of AAA development, and that senolytic therapy tar-
geting senescent cells can effectively mitigate AAA progression in the
presence of GSDME-mediated senescence.

Discussion

This study unveils four significant findings. Firstly, we discovered
cleavage of GSDME and activation of GSDME-mediated pyroptosis in
AAA lesion tissue from mouse models or patients. Deletion of GSDME
was found to impede AAA development in mice. Secondly, we revealed
that deletion of GSDME hindered the shift toward a pro-senescent
state in composed cells within AAA vasculature. Thirdly, we demon-
strated that reinstating GSDME expression in VSMCs, rather than
myeloid cells, in mice with a GSDME-deficient background replicated
the pro-senescent state in AAA lesion tissue and promoted AAA
development. Lastly, senolytic therapy relieved AAA pathologies in
mice with VSMC-specific rescue of GSDME. Together, these findings
underscore the importance of GSDME in AAA progression by inducing
VSMC senescence (Fig. 9).

Although pyroptosis has been established as a key contributor to
AAA pathogenesis by our group and others"'*'8, the specific molecular
mechanisms governing pyroptotic execution in AAA remain incom-
pletely characterized. While GSDMD, the canonical pyroptosis execu-
tor, was shown to promote AAA progression through modulation of
serum putrescine levels”, our integrated multi-omics approach -
incorporating single-cell RNA sequencing, experimental models, and
human tissue analyses - reveals GSDME as the predominant gasdermin
family member transcriptionally upregulated in AAA lesions, with
particularly robust expression in VSMCs. This cell-type-specific
expression pattern is remarkable: GSDMD expression is primarily
restricted to immune cell populations (including monocytes/macro-
phages, T cells, and NK cells), while GSDME demonstrates significant
enrichment in VSMCs and fibroblasts. The molecular basis for this
dichotomy is further evidenced by the >10-fold higher expression of
caspase-3 (the primary activator of GSDME) relative to caspase-1 (the
main activator of GSDMD) in AAA lesions, strongly suggesting that the
caspase-3-GSDME axis represents the dominant pyroptotic pathway in
vascular remodeling. These findings align with the established func-
tional specialization of these executors: GSDMD plays a critical role in
immune cell-mediated host defense®**, whereas GSDME serves as a
key regulator of cell death modality transitions in parenchymal
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