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Adverse aortic remodeling increases the risk of aorta-related adverse events
(AAEs) after thoracic endovascular aortic repair (TEVAR) and affects the overall
prognosis of aortic dissection (AD). It is imperative to delve into the explora-
tion of prognostic indicators to streamline the identification of individuals at
elevated risk for postoperative AAEs, and therapeutic targets to optimize the
efficacy of TEVAR for patients with AD. Here, we perform proteomic and
single-cell transcriptomic analyses of peripheral blood and aortic lesions,
respectively, from patients with AD and healthy subjects. The integrated multi-
omics profiling identifies that highly phenotype-associated macrophages
orchestrate neutrophil extracellular traps (NETs) through CXCL3/CXCR2 axis,
thereby promoting the development of AD. Increased NETs formation is a
defining feature of systemic immunity and aortic microenvironment of AD.
Inhibiting NETs formation through the blockade of citrullinated histone H3 or
CXCL3/CXCR2 axis ameliorates the progression and rupture of aortic dissec-
tion in male mice. The plasma level of citrullinated histone H3 predicts AAEs
following endovascular therapy, facilitating the risk stratification and prog-
nostic evaluation for patients with AD.

M Check for updates

Over the past few decades, significant progress has been made in
the treatment of aortic dissection (AD), a life-threatening condition
caused by a tear in the intimal layer of the aorta that allows blood to
surge into the wall of the tissue, leading to the formation of true and
false lumens. Minimally invasive thoracic endovascular aortic repair
(TEVAR) has proven effective in stabilizing the dissected aorta with
benefit for patients in the early stages of AD"2. However, TEVAR
adeptly seals the proximal tear and leaves distal entries open,
resulting in an imbalanced blood flow distribution to the distal
aorta. In certain patients, persistent blood flow from the true lumen

into the false lumen via distal entries contributes to suboptimal or
adverse aortic remodeling, thereby increases the risk of aorta-
related adverse events (AAEs), and subsequently diminishes overall
prognosis of AD*°. Thus, predicting the risk factors for future AAEs
in patients with AD is crucial to determine a therapeutic strategy. A
comprehensive understanding of the onset and progression of AD
is necessary to facilitate the exploration of risk factors that can
predict the prognosis of patients with AD and identify those at high
risk of postoperative AAEs, ultimately optimizing the efficacy
of TEVAR.
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To monitor the aortic remodeling, recent studies mainly focus on
the clinical manifestation and anatomical and morphological changes
of aorta based on imaging methods. Several clinical and imaging-
related risk factors have been shown to be associated with early dis-
ease progression’ ™ Established risk factors such as the thrombus in
the false lumen® and the angle of aortic arch' are closely associated
with postoperative aortic remodeling. The evaluation of morphologi-
cal change of aorta often relies on computed tomography angiography
or magnetic resonance angiography, while can be applied only under
certain circumstances due to large radiation dose, high cost of exam-
ination, contrast agent-induced nephropathy, and failing to provide
functional or dynamic assessment. Serum biomarkers could accurately
reflect the pathophysiological changes in the process of disease
occurrence and development. In recent years, some progress has been
made concerning the diagnosis and prognosis of AD, including D-
dimer, inflammation and lipid metabolism associated markers, smooth
muscle cell and extracellular matrix related markers, microRNA, and
cell-free DNA, which may act synergistically with established clinical
risk factors to identify individuals at high risk for poor aortic
remodeling” ™. Due to the limited sensitivity and specificity, incon-
sistent results between different studies, and the lack of case of sub-
acute and chronic acute dissection, quite a part of the existing
candidate biomarkers are still in the preclinical stage.

Single-cell sequencing enables the comprehensive characteriza-
tion of cells in a complex and heterogeneous tissue ecosystem, which
is of indispensable importance to facilitate prognostic biomarker dis-
covery and cell type targeted therapy'®*. However, most expression-
based assays that are clinically used rely on bulk transcriptional ana-
lysis. Bulk RNA sequencing measures the averaged properties of whole
tissue from large samples and provides comprehensive clinical and
pathologic phenotype information®?. Therefore, leveraging valuable
and widely available phenotype information in bulk data to guide cell
subpopulation identification from single-cell data is a promising
approach to exploring and interpreting single-cell data from a new
perspective.

Here, we perform the integrated multi-omics profiling to identify
highly phenotype-associated macrophages orchestrate neutrophil
extracellular traps (NETs) through CXCL3/CXCR2 axis in fueling the
development of AD. Inhibiting NETs formation through the blockade
of CitH3 formation or CXCL3/CXCR2 axis could ameliorate the pro-
gression and rupture of AD in mice. The plasma level of citrullinated
histone H3 predicts aorta-related adverse events following endovas-
cular therapy, and thereby, facilitate the risk stratification and prog-
nostic evaluation for patients with AD.

Results

AD is marked by systemic inflammation and neutrophil activa-
tion in peripheral blood

We conducted a proteomic analysis comparing the plasma samples of
30 patients with acute AD and 30 matched healthy individuals, which
were screened from a total of 128 subjects, with the data-independent
acquisition quantitative proteomic approach using mass spectro-
metry. The age at onset and gender did not differ between patients
with AD and matched controls after an exact matching, indicating a
proper matching quality. (Supplementary Table 1). Other baseline
characteristics including AD etiologically related history of hyperten-
sion, inflammatory indicators, and D-dimer were statistically sig-
nificant between two groups (Supplementary Table 1). The resulting
differential expression protein profile revealed a marked increase in
serum amyloid protein (SAA), C-reactive protein (CRP) and other
common inflammatory cytokines in the peripheral blood of AD
patients (Fig. 1B). Through gene set enrichment analysis (GSEA), we
identified the altered hallmark pathways in patients with AD. These
pathways include systemic inflammation, immune response, leukocyte
chemotaxis, and neutrophil recruitment and migration, which may

indicate the dynamic changes and imbalance of peripheral immunity
(Fig. 1C and Supplementary Fig. 1A-F). Additionally, gene ontology
(GO) enrichment analysis revealed a significant enrichment of path-
ways related to protein-DNA subunit organization, complex assembly,
nucleosome organization, and assembly in the peripheral blood
(Fig. 1D). Furthermore, Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis showed a significant enrichment of pathways asso-
ciated with neutrophil extracellular traps (NETs) formation (NETosis),
platelet activation and actin regulation (Fig. 1E).

The above findings revealed evidence of intricate systemic
inflammation activation and the occurrence of immune responses in
peripheral blood during AD. Consequently, we could extrapolate that
the formation of NETs might play a pivotal role in the pathogen-
esis of AD.

A phenotype-associated macrophage subset orchestrates neu-
trophil within aortic microenvironment

We next proceeded to investigate the immune microenvironment
within aortas from three healthy individuals and three patients with
acute AD. Following the exclusion of damaged or dead cells and
putative cell doublets, a total of 47,303 qualified cells were obtained
for subsequent single-cell RNA-sequencing analysis. Among these,
28,428 cells were derived from healthy aortas, while 18,875 cells ori-
ginated from diseased aortas. Utilizing an integrative unsupervised cell
clustering analysis (refer to Methods section), the cells were then
visualized on a two-dimensional Uniform Manifold Approximation and
Projection (UMAP) plot (Fig. 2A).

The 20 distinct cell clusters observed in this study encompassed
various clusters of cells grouped into myeloid cells, lymphocytes, and
stromal cells (Fig. 2A). Each cluster was carefully annotated using its
corresponding markers (Supplementary Figs. 2A, 2B, and 3A). Myeloid
cells contained five clusters of macrophages, dendritic cells (DCs), and
neutrophils. Lymphocytes encompassed two clusters of T lympho-
cytes, B lymphocytes, as well as two clusters of plasma cells. Stromal
cells included endothelial cells (ECs), smooth muscle cells (SMCs),
fibroblasts, myofibroblasts, and macrophage-like fibroblasts.

The macrophages observed in the dissected aorta displayed sig-
nificant heterogeneity, manifesting various phenotypes. Despite their
prevalence as the largest cell population within the aorta, the com-
prehensive clustering analysis revealed overlapping gene expression
patterns among different macrophage populations (Supplementary
Fig. 2A), making it difficult to definitively identify distinct subsets of
macrophages within the aortas. The subsequent Gene Ontology (GO)
analysis showed only moderate differences in their functions among
the five macrophage populations (Supplementary Fig. 3B-F).

Three distinct macrophage clusters were found to accumulate
significantly in dissected aortas. Cluster 1, the most enriched cluster,
exhibited particularly high expression levels of FCGR3A, as well as
various pro-inflammatory chemokines and cytokines. These findings
suggest that the cells in this cluster are pro-inflammatory lesioned
macrophages and will henceforth be referred to as inflammatory
macrophages or FCGR3A" macrophages. Cluster 5, on the other hand,
displayed upregulated genes that are characteristic of myeloid-derived
suppressor cells (MDSCs), including S100A8/9/12 and FCNI1 (refs.
23,24). As a result, we classify this cluster as MSDCs-like macrophages.
Lastly, cluster 3 showed significant enrichment of OLR1 (ref. 25) and
PLIN2, which are markers associated with cholesterol metabolism and
lipid accumulation. This subset of macrophages resembles the
TREM2" foamy macrophages previously identified in mouse
atherosclerosis®, and thus referred to as OLR1" macrophages. Macro-
phage cluster 7 predominantly localized in normal aortas and exhib-
ited gene expression patterns consistent with the known tissue-
resident macrophages”%. While cluster 13 showed almost exclusive
expression of CD3D, CD3E, GNLY, and SPI1 among the myeloid cell
clusters, reminiscent of a previously identified T-cell receptor (TCR)
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Fig. 1| AD is marked by systemic inflammation and neutrophil activation in
peripheral blood. A Flow chart of sample collection and study design. B Volcano
plot depicting the differentially expressed proteins between patients with AD
(n=30) and matched healthy counterparts (n = 30). C Gene set enrichment analysis
illustrating the hallmark pathways enriched in the patients with AD, including
leukocyte activation and chemotaxis, neutrophil migration, and inflammatory
process. D GO enrichment analysis showing enrichment of protein-DNA subunit
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GeneRatio

organization and complex assembly, nucleosome organization and assembly in
peripheral blood from patients with AD. E KEGG analysis showcasing enrichment
pathways related to neutrophil extracellular traps (NETs) formation, platelet acti-
vation and actin regulation in peripheral blood from patients with AD. A two-sided
statistical significance was set at adjusted p < 0.05. AD: aortic dissection; GO: Gene
ontology; KEGG: Kyoto encyclopedia of genes and genomes.

Nature Communications | (2024)15:10736


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-024-55038-8

Macrophage_FCGR3A
©® Macrophage_S100A9 1.00 -
Macrophage_OLR1
® Macrophage_C1Q
® Macrophage_TCR
bc 075 -
® Neutrophil
SMC
® Fibroblast
® Myofibroblast
® Macrophage_like_fibroblast 0.50 1
Endothelial ;
® CD8_T_cell
® CD4_T_cell
Proliferating_T 0.25
® B_cell
® Plasma_cell_1
©® Plasma_cell_2
[ ]
L]

Ratio
NN .
[ N

Erythrocyte
Mast_cell

o

:

NI |
| |

UMAP 2
LY

UMAP 1

%,
%,
%,
o
by

>

_FCGR3A

Macrophage_S1000A9 { mm

phage_OLR1

® Scissor+ cell Macrophage_C1Q/{ I
® Scissor- cell Macrophage_TCR |

© Background cell Dendritic_cell { !
Neutrophil

Smooth_muscle_cell { mmm
Fibroblast
Myofibroblast | IEEE———

Macrophage_like_Fibroblast
Endothelial_cell { mumm——

T_cell_CD8

T_cell_CD4

T_cell_proliferating {
B_cell

Plasma_cell_c1
Plasma_cell_c2
Erythrocyte { =
Mast_cell

UMAP 2

UMAP 1 0.00 025 0.50 0.75 1.00

Ratio

0 10 20 30
. Neutrophil degranulation I
Expression [ __ | Neutrophil activation N
2 1 0 4 2 Leukocyte chemotaxis EI——
Cell chemotaxis II—
" — Granulocyte chemotaxis EI——
© Scissor cell © Scissor- cell Myeloid leukocyte migration [
— Granulocyte migration [
EREG & 1 Neutrophil chemotaxis [
”' I 1 VHHW ”' W" ‘i}l"u” "N ’“ Mhr( ‘H'IM "“! W | Positive regulation of cytokine production
CXCLB | »Il iyl J I El HM{ Response to lipopolysaccharide [
M'E'ECBE ‘\ HWI m”mm 'I 1 I[HIHHIw |‘ \hl ‘HH \ ” ‘l l | [ Endothelial cell migration
i 1 Y I I Ameboidal-type cell migration
i3 HMIWI i H]II\ LT HH\Hi H‘\H i

10ss10g ul pajejnBaidn

o il J I Extracellular matrix organization
CDE&? W it "l"n Wl WH\H |\Mi'|ﬂ“\ud\‘u ke ”‘\“1 Sl I

,ﬁcu \I\ ‘ | s\ \‘) l\ |} W‘\l HH IiHHH [ Wl\lll \l\Hl \‘l ‘] | ‘l
|

I Extracellular structure organization
I Endothelial cell differentiation
I Epithelial cell migration
I Epithelium migration
I Tissue migration
I Platelet degranulation
- Endothelium development

-30 -20 -10 0

AFB A1 ‘ ’

SERZIS:Z\ il \”H"l"\” ‘”HHI[IW Mt u" M\Mh 1A

Amse W
i
KCTD12“ 1[HI\I\,IH LR LR EI R 1l IW”IHIII dr‘hlﬂ\‘\\ il i ‘l‘

e T
VEGFA I"‘:M‘”I H’ J e Hll‘ ’ll 10000 A !!I\ T G 0 4 8 12

Downregulated in Scissor*

C&Dg'ggg\m Iﬂllw Ll i e ‘I‘ it it il \‘H\h”m L) S it ‘ U Phagosome _
AORTS] [ \ il ‘MW A wl Stah ILipid and atheroscier?sis ——
| | ! | phylococcus aureus infection EII—
o L ! g JII': O e e
7 i H fﬁn ' i
I QUi

| Legionellosis [
I Hematopoietic cell lineage I
1 Neutrophil extracellular trap formation NN
w Antigen processing and presentation (I
I

JossIog ul paje|nbaidn

NF-kappa B signaling pathway [
Lysosome [
I Fluid shear stress and atherosclerosis
I Signaling pathways regulating pluripotency of stem cells
I Vascular smooth muscle contraction
I TGF-beta signaling pathway
[ Cell adhesion molecules
I Cytokine-cytokine receptor interaction
I Tight junction
I Adherens junction
Regulation of actin cytoskeleton
I Hippo signaling pathway
12 -8 -4 0

=—_=
Downregulated in Scissor*
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ofB-based immune receptor found in subsets of macrophages within
the hotspot regions of atherosclerotic lesions®', and hereafter
referred to as TCR* macrophages.

To identify cell subsets from single-cell data, we leveraged AD and
healthy phenotypes obtained from widely used and publicly accessible
bulk samples of 12 participants (GSE52093), the differently expression
genes (DEGs) of which showed inflammatory signature in AD (Sup-
plementary Fig. 3G). We employed Scissor to guide the identification
process. Our expectation was that Scissor would extract cells that
demonstrated the highest association with either the AD or normal
phenotype in this heterogeneous single-cell dataset. Cells marked as
Scissor-positive (Scissor’) were anticipated to be related to the AD
phenotype, whereas Scissor-negative (Scissor”) cells were expected to
be associated with the normal phenotype. Among the 47,303 cells
across different cell types, Scissor identified 7319 Scissor* cells and
1207 Scissor™ cells with high confidence (Fig. 2C). Notably, of the 7319
Scissor” cells, 6382 (87.2%) originated from patients with AD, while 1181
of the 1207 Scissor™ cells (97.8%) came from normal samples (Sup-
plementary Fig. 3H). These results indicate that Scissor can identify
phenotype-associated subsets with a high degree of specificity in AD.
Furthermore, among the selected Scissor cells, FCGR3A™ macrophages
and OLRI" macrophages constituted the two primary cell types,
accounting for 40.6% (3464/8526) and 24.6% (2101/8526) of the total
Scissor cells, respectively (Fig. 2D). SMCs and endothelial cells, on the
other hand, comprised the main Scissor™ cell types (Fig. 2D).

We conducted a direct comparison of the gene expression pro-
files between Scissor” cells and Scissor™ cells to elucidate the under-
lying transcriptional patterns of these identified cell populations. The
analysis revealed that in Scissor® cells, 148 genes were upregulated
while 178 genes were downregulated when compared to Scissor cells
(llog2FC|> 0.5, p<0.05) (Fig. 2E). Among the upregulated genes
observed in Scissor cells, we noted their involvement in various pro-
cesses such as inflammatory and immune responses, neutrophil che-
motaxis (i.e.,, CXCL3, CXCL2, and CCL3), cytokine production (i.e.,
TYROBP and IL1B), monocyte-macrophage system activation (i.e., LYZ,
CD14, CSFIR, CD68, and CD163), blood vessel formation (i.e., VEGFA),
and extracellular matrix remodeling (i.e., VCAN and TGFBI) (Fig. 2E).
On the other hand, the downregulated genes in Scissor* cells included
those related to platelet adhesion and hemostasis (i.e., VWF), com-
plement system activation (i.e., CFD), smooth muscle differentiation
and contraction (i.e., TAGLN, MYL9 and CALDI), actin binding (i.e.,
DSTN), as well as cell-cell and cell-matrix adhesion (i.e., MGP, IGFBP4,
and IGFBP7?) (Fig. 2E).

To investigate the potential functional heterogeneity of the
Scissor® phenotype-associated cells identified in dissected aortas, we
conducted Gene Ontology (GO) term analyses. The results revealed that
Scissor® cells exhibit distinct characteristics, including leukocyte che-
motaxis and migration, with a particular emphasis on neutrophil acti-
vation, chemotaxis, and degranulation. Additionally, positive regulation
of cytokine production, extracellular matrix structure degradation,
endothelial cell differentiation, and migration were also observed
(Fig. 2F). These findings are consistent with the previously identified
molecular hallmarks of AD. In addition, by functional enrichment ana-
lysis using the Kyoto Encyclopaedia of Genes and Genomes (KEGG) we
found that Scissor cells may be involved in processes such as NETosis,
lipid and atherosclerosis regulation, antigen processing and presenta-
tion, NF-kappa B signaling pathway, inhibition of complement and
coagulation cascade, TGF-f3 signaling pathway inhibition and impaired
vascular smooth muscle contraction in AD (Fig. 2G).

Collectively, the above results indicated that patients with AD
exhibited a disordered aortic immune microenvironment, marked by
the presence of phenotype-associated macrophages. These macro-
phages appeared to contribute to the recruitment of neutrophils
through the CXCL3/CXCR2 neutrophilic chemotactic axis, possibly
leading to NETosis within the dissected aorta.

Neutrophil heterogeneity and differentiation trajectories

The functional enrichment of neutrophils within AD and their close
association with phenotype-associated macrophages led us to further
examine neutrophils. A total of 4668 neutrophils were divided into
5 subsets that exhibited moderate tissue separation (Supplementary
Fig. 4A). We proceeded to investigate the expression of CXCR1/2 in
neutrophils. We found two subsets of neutrophils highly expressed
CXCR1/2, CXCR4" neutrophil, and S100A12" neutrophil (Supplemen-
tary Figs. 4A, 5I1), and are also positively correlated to inflammation
activation (i.e., interleukin 1 receptor activity, inflammasome com-
plex, and neutrophil degranulation), innate immune response (i.e.,
toll-like receptor signaling and complement activation), smooth
muscle cell apoptosis (i.e., reactive oxygen species response), and
angiogenesis (i.e., VEGF signaling) (Supplementary Fig. 4B). While the
functions of inflammation regression and tissue repair enrich in
NABPI" neutrophil and MGP* neutrophil, suggesting the two subsets
might play a role in dampening excessive inflammation and protect-
ing aorta from further severe inflammatory cascade and damage.
While ANXAI" neutrophil exhibited quiescent phenotype that pro-
mote T cell proliferation, and inhibit mast cell chemotaxis and acti-
vation, playing a potential role in inducing chronic inflammation
(Supplementary Fig. 4B).

Combined with differentiation hierarchies that SI00A12* neu-
trophil showed less differentiation level (Supplementary Fig. 4C, D),
differentiation trajectory analysis revealed a highly overlapping at the
starting point while bifurcating at the endpoint differentiation path
from S100A12" neutrophil to CXCR4" neutrophil and ultimately two
subsets of MGP* pro-inflammatory and ANXAI" anti-inflammatory
neutrophil, respectively (Supplementary Fig. 4E). We then proceeded
to find genes that change their expression over the course of neu-
trophil development with a general additive model using a negative
binomial noise distribution to model the relationship between gene
expression and pseudotime. The SI00A12 was the most dynamically
expressed gene (Supplementary fig. 4F), suggesting its possible value
in evaluating heterogeneous differential states. Along the trajectory by
Monocle, we also identified that the pathways activated in neutrophil
(i.e., CXCL8, CXCR4, CCL3, SPP1, and S100A11) were enriched at the
starting point while improved resistance to stress (i.e., HSP9OAB1,
HSP90AAI1 and CYP4F3) were enriched at the late stage resolution
phase of inflammation (Supplementary Fig. 4G, H).

The results illustrated divergent neutrophil phenotypes and
bifurcating differentiation trajectories in this acute inflammatory
condition, wherein neutrophils demonstrated a dual nature and
bipotent function, encompassing both naive pro-inflammatory and
anti-inflammatory profiles. Focusing on pro-inflammatory subsets
might facilitate targeted therapeutic interventions that can either
bolster the host’'s immune response or restore immune homeostasis,
thus presenting promising avenues for ameliorating the pathological
burden of AD.

Elevated NETosis occurs in aortic lesion and peripheral blood
from patients with AD
We then further investigated the role of NETosis in the development of
AD. Initially, we examined the expression levels and variations of NETs
in aortic tissue samples obtained from individuals with AD and healthy
controls. To investigate the association between NETs and different
cell subgroups, we calculated the NETs-associated gene module
scores® for both dissected and normal aortas using single-cell data.
Notably, we observed a significant increase in NETs scores within the
dissected aorta compared to the normal aorta. Furthermore, among
the 20 cell subgroups analyzed, the highest NETs scores in neutrophils
were observed (Fig. 3A).

We proceeded to determine the presence of NETs formation in
human AD tissue samples. We collected a total of 4 dissected aortic
tissues from patients who underwent open surgery, as well as 4 healthy
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Fig. 3 | Elevated NETosis occurs in aortic lesions and peripheral blood from
patients with AD. A Single-cell sequencing data of NETs-associated gene module
score of dissected aortas (left) and NETs-associated gene module score of each cell
cluster (right). B Representative immunofluorescence images of NETs identified by
co-localization of MPO (red) and CitH3 (green). Scale bars = 1 mm. C Zoom-in
immunofluorescence images of NETs determined by co-staining of MPO (red) and
CitH3 (green). Scale bars = 100 pm. M indicated media, A indicated adventitia, and
the white dotted line indicated the boundary between media and adventitia. D NETs

associated markers as detected by ELISA in the plasma from patients with AD
(n=187) and healthy individuals (n=59) (p <0.001L; p=0.0069; p <0.001;
p<0.001; p=0.2177; p= 0.0140, respectively). Source data are provided as a
Source Data file. Values are expressed as means + SD. A two-sided statistical sig-
nificance was set at *p <0.05, *p <0.01, **p < 0.001, ***p < 0.0001 by
Mann-Whitney U test. NETs: neutrophil extracellular traps; CitH3: citrullinated
histone H3; cf-DNA: cell-free DNA; MPO: myeloperoxidase; NE: neutrophil elastase;
IL-1B: interleukin-1p; IL-6: interleukin-6.
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aortic tissues from multi-organ donors. We adopted a combination of
citrullinated histone H3 (CitH3) and myeloperoxidase (MPO) to detect
NETs in aortic samples. High-magnification images obtained through
hematoxylin and eosin (H&E) staining displayed longitudinal sections
of both dissected and normal aortas (Supplementary Fig. 6D). Repre-
sentative multiplex immunohistochemical staining of a dissected aorta
revealed the presence of abundant NET formations, marked by areas
positive for CitH3, which largely overlapped with MPO-positive
regions, specifically found in the adventitial layer of the aortic wall
(referred to as “A”), rather than the medial layer of the aorta (referred
to as “M”). In contrast, limited areas positive for CitH3 were observed
in tissues obtained from the healthy aorta (Fig. 3B).

We subsequently quantify the presence of CitH3 in plasma sam-
ples obtained from patients with AD. We detected NETs-associated
markers in the plasma from 187 patients with AD and 59 healthy
individuals (Supplementary Table 2). Our findings revealed that the
levels of plasma NETs markers, including CitH3, cell-free DNA (cf-
DNA), MPO, NE, and IL-6, were significantly higher in patients with AD
than those observed in healthy subjects (Fig. 3C and Supplementary
Table 3).

These results show that the expression level of NETs in aortic
lesions and peripheral blood of patients with AD were both evidently
increased compared with that of healthy individuals, suggesting that
NETs are involved in the occurrence and development of AD.

Inhibition of NETosis ameliorates dissection progression in

AD mice

We further investigated the potential of inhibiting NETosis to alleviate
or even reverse aortic lesions and improve survival. The administration
of B-aminopropionitrile (BAPN) in mice was used to mimic facets of AD
in human. The mechanistic basis for BAPN-induced aortopathy was
proposed to be the inhibition of lysyl oxidase (LOX) activity, which
catalyzed crosslinking of lysine residue in elastin and collagens to form
desmosine. Two drugs Cl-amidine (PAD4 inhibitor**) and DNase | were
adopted to inhibit NETs formation and digest NETs after their forma-
tion, respectively. The mice in the experimental group were harvested
after 4-week induction of BAPN to observe the subsequent AD occur-
rence or immediately after death (Fig. 4A). At the end of the 4-week
period, it was observed that 66.7% (8/12) of the mice developed AD in
the BAPN group and 50% (6/12) of them died of aortic rupture, with the
first mouse succumbing on the 9th day. In Cl-amidine group, 50.0%
(6/12) of the mice developed AD and 16.7% (2/12) of them died of aortic
rupture before the end of the experiment, showing Cl-amidine-treated
mice had significantly less AD rupture rate and improved survival rate
(Fig. 4B, C). While in DNase I group, 66.7% (8/12) of the mice developed
AD and 50.0% (6/12) of them died of aortic rupture, which showed a
moderate improvement in survival rate (Fig. 4B, C). Whereas the
combined group of Cl-amidine and DNase I (Combo) group showed an
incidence of 50.0% (6/12) and mortality of 16.7% (2/12) due to aortic
rupture (Fig. 4B).

Baseline aortic diameters of each mouse were measured by vas-
cular ultrasound at day 7 before the administration of NETs inhibitors,
and no significant difference was observed among groups (Supple-
mentary Fig. 6A, B). Of note, we happened to notice two mice with
enlarged section located in proximal descending aorta in BAPN group
and in combination treatment group (Supplementary Fig. 6C).

There was strong evidence of aortic expansion, elastin degrada-
tion and thrombosis in the false lumen, resulting in the compression of
the true lumen, in BAPN-induced AD mice (Fig. 4G, J). Abundant
staining of CitH3 and moderate staining of Ly6G were observed in AD
mice (Supplementary Fig. 6E). Moreover, the average max aortic dia-
meter, overall thickness and media thickness of aortas, and elastic fiber
degradation of mice from Cl-amidine-treated and Combo group were
significantly reversed compared to AD mice, suggesting reduced aortic
expansion and maintained elastin integrity (Fig. 4F-1). The average

max diameter of aortas from DNase I-treated mice showed a slight
reduction, but without statistical significance when compared to AD
mice (Fig. 4F-1).

The expression of CitH3 originating from neutrophils was con-
firmed by double staining for neutrophil-specific protein Ly6G, and
thereby confirmed the occurrence of NETs formation in aorta from AD
mice (Fig. 4K). Both Cl-amidine-treated and DNase I-treated group
(Combo) demonstrated a substantial reduction in CitH3 and Ly6G or
MPO positive areas when compared to BAPN-induced AD
mice (Fig. 4K).

Taken together, our findings suggested that alleviating the pro-
gression and rupture of AD in mice can be achieved by inhibiting NETs
formation through the blockade of histone citrullination, while inhi-
biting NETSs function via DNase I treatment is not as effective.

Macrophage fosters NETs formation via CXCL3/CXCR2 axis

We proceeded to investigate the cell-cell communication mechan-
isms within all clusters, with a particular focus on understanding the
molecular interactions involved in phenotype-specific macrophages
and their potential interaction with targeted neutrophil populations.
To achieve this, we evaluated the putative crosstalk by examining the
expression and downstream targets of ligand-receptor pairs, parti-
cularly those concerning neutrophils (Fig. 5A). We found that
FCGR3A" macrophages and OLRI" macrophages, which comprised
most of the phenotype-specific macrophages, exhibited strong
interactions with other macrophage populations, fibroblasts,
macrophage-like fibroblasts and neutrophils (Supplementary Fig. 5A,
B). Notably, the most significant increases on the paired CXCL3/
CXCR2 pathways originating from macrophages to neutrophils were
observed (Fig. 5B).

Next, we found that expression of CXCL3 was higher in AD than in
normal aorta (Supplementary Fig. 5C), and phenotype-associated
macrophages, especially FCGR3A* macrophages and OLR1" macro-
phages, displayed elevated expression compared to other clusters
(Supplementary Fig. 5D, E). Also known as growth-regulated protein-
gamma (Gro-gamma), CXCL3 is a prominent neutrophil-activating
chemokine belonging to the GRO subfamily of CXC chemokines®. Its
functional receptor in neutrophils is CXCR2, which facilitates neu-
trophil arrest. The protein encoded by CXCL3 binds to receptors
encoded by CXCR2 and CXCR1 on neutrophils, indicating that
FCGR3A" macrophages and OLR1" macrophages can directly engage
with neutrophils through adhesive ligand-receptor pairs, putatively
CXCL3-CXCR2 pathways.

We proceed to delve into the role of CXCL3-CXCR2 pathways
during NETs formation in AD. Thereby, though immunofluorescence
imaging of both patient- and mouse-derived tissue, we confirmed the
prevalent existence of CXCL3" macrophages and CXCR2" neutrophils
within the human dissected aortas (Fig. 5C, E), as well as in the mice
dissected aortas (Fig. 5D, F). Correlation analysis also showed that the
number of CXCL3* macrophages was positively correlated with the
number of CXCR2" neutrophils in a statistically significant manner
(Fig. 5G). We also found the positive correlation between elastin
degradation grading and CXCL3* macrophages (Fig. 5SH) and CXCR2*
neutrophils, respectively (Fig. 5I).

We further proceeded to verify the role of CXCL3/CXCR2 axis in
NETs formation through mice model (Fig. 6A). At the end of the 4-week
period, there was 50.0% (6/12) of the mice in the BAPN plus IgG group
succumbing due to aortic rupture. In contrast, the mortality rate due
to aortic rupture in the anti-CXCL3 group was 25.0% (3/12), while in the
anti-CXCR2 group it was 16.7% (2/12) (Fig. 6B). The survival analysis
showed improved mortality due to aortic rupture in anti-CXCL3 and
anti-CXCR2 groups (Fig. 6C). Moreover, significant reversal of the
average max aortic diameter, overall and media thickness, elastic fiber
degradation, and NETs marker presence were observed in anti-CXCL3
and anti-CXCR2 groups (Fig. 6D-K and Supplementary Fig. 6F). In
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addition, we quantified immunofluorescence of NETs markers among
four elastin degradation grades, and the results showed a gradually
higher NETs level along with the increasing degree of elastic fiber
degradation.

These findings suggested that the CXCL3/CXCR2 axis plays a
crucial role in the macrophage-neutrophil interaction, thereby con-
tributing to the progression and rupture of AD.
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NETs-associated markers serve as prognostic risk factors

The findings from our experiments conducted on human and mice
aortic tissue strongly suggest the involvement of NETs in the devel-
opment of AD. This further highlights their potential for predicting and
assessing the prognosis of AD. To investigate this further, we cate-
gorized patients into two groups based on whether they experienced
postoperative aorta-associated adverse events (AAEs). The expression
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Fig. 4 | Inhibition of NETosis attenuates dissection progression in mice with AD.
A Schematic overview of experimental design. Each mouse received intraperitoneal
injection of saline, Cl-amidine (10 mg/kg), DNase I (5 mg/kg) or both drugs at a fixed
time once a day during 4-7 weeks of age until death or the end point of the
experiment. B The incidence of AD and aortic rupture in each group (n=12).
Comparisons by Fisher’s exact test indicating aortic rupture rate difference among
groups (p =0.0137; p=0.4783; p=0.0137; p = 0.4783). C Mice death due to aortic
rupture of each indicated group (n=12) (p =0.0378 for Cl-amidine vs BAPN;
p=0.0424 for Combo vs BAPN). D Representative vascular ultrasound images of
aorta in each group (n=12). Scale bar = 1 mm. E Representative macrographs of
aortas in each group. Scale bar = 20 mm. F The average of max diameter (F)
(p=0.0018 for DNase I vs Ctrl), aortic wall thickness of aortas (G) (p <0.0006 for

BAPN vs Ctrl), and media thickness (H) in each group (n =12). I Elastin degradation
grading evaluation of aorta in each group (n=12) (p=0.0337 for Cl-amidine vs
BAPN; p = 0.0436 for Combo vs BAPN). J Representative immunohistochemistry
images showing aortic dilation, false lumen formation, and elastin degradation
within aortas in each group. Arrow indicating broken elastin. (K) Representative
immunofluorescence images showing NETs formation within aortas of mice,
determined by CitH3 (citrullinated histone H3, green) and neutrophil (Ly6G, red)
staining. Scale bar = 100 pm. Values are expressed as means + SD. A two-sided
statistical significance was set at *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 by
Mann-Whitney U test or Fisher’s exact test. Log-rank test was used for the analysis
of survival rate.

levels of NET markers in the plasma of patients who underwent
endovascular treatment were measured separately for those with and
without AAEs. In a prospective cohort study, 116 patients were closely
monitored through blood tests and computed tomography angio-
graphy (CTA) during a mean (+SD) follow-up period of 20.5 (+16.8)
months. Out of the total patients, 31 developed AAEs while the
remaining 85 patients remained stable throughout the follow-up per-
iod. The baseline characteristics of patients were shown (Supplemen-
tary Table 4). The patients with AAEs exhibited significantly higher
levels of CitH3 and MPO compared to those without AAEs (Fig. 7A).

Using the maximally selected log-rank statistic, a cut-off level of
6.91ng/mL was determined (Supplementary Fig. 6l) to predict the
occurrence of AAEs in patients with AD. The sensitivity and specificity
of this cut-off level were found to be 0.6 and 0.9, respectively, with an
area under the curve (AUC) value of 0.751 (Fig. 7B). Notably, among
patients with high levels of CitH3 (=6.91 ng/ml), 70.37% (19 out of 27)
developed AAEs, while 86.36% (76 out of 88) of patients with low levels
of CitH3 (<6.91 ng/ml) did not experience AAEs (Fig. 7C).

Both the Least Absolute Shrinkage and Selection Operator
(LASSO) and multivariable Cox regression models demonstrated that
CitH3 and IL-1B were independent risk factors associated with a poor
prognosis in patients with AD (HR 8.78, 95% CI 3.82-20.16, p < 0.001;
HR 3.04, 95% CI1 1.01-9.17, p = 0.048) (Fig. 7D). To reduce the potential
bias, we then reanalyzed the prognostic value of NETs associated
markers with previously reported risk factors including D-dimer, NLR,
SIRI. We found that when competing with previously established pre-
dictors, CitH3 still exhibited good predictive accuracy with HR of 1.18
(95%CI 1.05-1.33) and p-value of 004 after adjusting the confounding
factors in the multivariable analysis (Supplementary Table 5). More-
over, Kaplan-Meier curves revealed that patients with elevated levels
of CitH3 had a higher occurrence of AAEs compared to those with
lower levels of CitH3 (Fig. 7E). Additionally, patients with high IL-13
(290.86 pg/ml) also displayed a greater incidence of AAEs compared
to patients with low IL-1B levels (<90.86 pg/ml) (Fig. 7F). We also
combined CitH3 and IL-1B into one group to see their predictive
accuracy in combination. Both patients of high CitH3 and high IL-1B,
and high CitH3 or high IL-1p yielded statistically significant differences
and diverged survival curves (Supplementary Fig. 6J, K). Collectively,
CitH3 was identified as an independent risk factor for AAEs following
endovascular treatment of AD.

Discussion

Our study provides a comprehensive transcriptomic landscape of
aortic lesions at a single-cell resolution, as well as the proteome pro-
filing of peripheral blood cells from AD patients compared to healthy
individuals. This integrated multi-omics analysis identified the highly
phenotype-associated macrophage populations, which dovetailed
with previous studies on atherosclerosis that suggested that patho-
genic macrophages originate from tissue-resident macrophages and
newly recruited monocytes, which subsequently differentiate into
macrophages®®*. Our data indicate that the increase in the number of
macrophages was mostly due to an expansion of inflammatory

macrophages, atherosclerosis-like foamy macrophages and MDSCs-
like macrophages, suggesting that macrophage phenotype switching
may occur in the dissected aorta.

The inflammatory macrophages identified in our analysis exhib-
ited a gene expression profile of prototypical proinflammatory mac-
rophages, characterized by high expression of chemokines and
cytokines. They also showed enrichment of CD163, a marker of the
classic M2 anti-inflammatory phenotype. Similarly, MDSCs-like mac-
rophages displayed increased expression of the SIO0A family genes
including S1I00A8, FCN1 and VCAN, resembling the gene expression
patterns of pathologically activated monocytes and neutrophils with
immunosuppressive activity during inflammation and infection®.
However, these macrophages further triggered leukocyte recruitment,
degranulation, and NETs formation®.

Tissue-resident macrophages exhibiting highly expression of
CIQA, C1QB and C1QC play controversial roles in cardiovascular dis-
eases. Elevated level of C1Q was demonstrated to cause atherosclerosis
directly in vitro and in vivo in mice, which has been linked to the
severity and extent of atherosclerosis in human®. Conversely, C1Q
highly-expressing macrophages with an anti-inflammatory phenotype
was identified to alleviate inflammation in atherosclerotic lesions***°.
These seemingly dichotomous and ambivalent features could make
sense from an evolutionary perspective: the feedback inhibition
pathways of inflammation are activated among inflammatory macro-
phages, thereby curtailing overwhelming activation, self-propagating
inflammatory cascades, and facilitating restoration of tissue home-
ostasis in dissected aortas*.

Increasing evidence suggests a role for OLRI in miscellaneous
steps of the atherosclerotic process, from initiation to plaque
destabilization*’. The existence of these atherosclerosis-like foamy
macrophages that we observed in the dissected aorta indicates the
similarity of pathologic mechanisms between atherosclerosis and AD.
However, the patterns of atherosclerosis susceptibility are con-
siderably influenced by intrinsic discrepancies in the artery wall cells
located differently within the vascular system, in which the thoracic
aorta is an atherosclerosis-resistant segment*. This may illustrate the
overlapping gene expression pattern and functional enrichment
between OLRI" macrophages in our study and the previously uncov-
ered subset of aortic TREM2" macrophages in mouse models of
atherosclerosis, which additionally expressed a high level of LGALS3,
CD72 and HEXB®. Further investigation of the function of genes
exclusively expressed in atherosclerosis-like foamy macrophages in
dissection but not in atherosclerosis may shed light on the accurate
role of these cells and the concrete mechanisms in control of their
differentiation and function in the aortic wall.

Integrating external phenotypic information from bulk data to
guide single-cell data analysis enables the identification of disease-
relevant macrophage subset, which predominantly consisted of
inflammatory macrophages and atherosclerosis-like macrophages,
suggesting their close association with the dissection phenotype and
the important role of the CXCL3-CXCR2 neutrophilic chemotactic axis
in disease progression. Previous study pinpointed the macrophage
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Fig. 5 | CXCL3" macrophages were positively correlated with CXCR2' neu-
trophils within AD lesion. A Interaction network of main cell types in AD con-
structed with CellChat. B The ligand-receptor interactions between macrophages
and neutrophils in AD compared to those in NA. C, D Representative images of the
presence of CXCL3" macrophages within human (C) and mice (D) dissected aorta.
Scale bars = 100 pm. E, F Representative images of the presence of CXCR2" neu-
trophils within human (E) and mice (F) dissected aorta. Scale bars = 100 pm.

G Pearson correlation analysis showing positive linear correlation between the
number of CXCL3" macrophages and the number of CXCR2" neutrophils within
human aortic lesion (n =5, three fields per sample). H, I Bar plot showing the
positive correlation between elastin degradation grading and CXCL3" macrophages
(H) and CXCR2" neutrophils (I) (n =5, three fields per sample). Values are expressed
as means + SD. A two-sided statistical significance was set at *p <0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001 by Mann-Whitney U test.

subset as the predominant origin of detrimental molecules for
aneurysm and AD, including ILIRN/TREM1 Mi-like macrophage sub-
cluster, which also expressed high levels of proinflammatory chemo-
kines such as CXCL2, CCL3, and CCL4***, While our study uncovered
the macrophage subcluster that highly expressing inflammatory che-
mokines and cytokines, but moderately expressing of TREML and
ILIRN, which further indicates the intrinsic difference in the underlying
pathologic mechanism between aneurysm and dissection. Recently,
CXCL3" inflammatory macrophages have been detected primarily in

acute coronary culprit plaques rather than in chronic plaques, exhi-
biting potential therapeutic targets for preventing acute coronary
syndrome*. Likewise, to further contextualize our findings, it would be
interesting to test the effects of specific depletion of CXCL3" macro-
phage in an AD mouse model.

Similar to what is observed in macrophages, neutrophil accumu-
lation has been proven to produce various inflammatory signals that
amplify leukocyte recruitment and perpetuate inflammation, thereby
promoting tissue destruction’*s, However, a recent study
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demonstrated that neutrophils and neutrophil-derived lipocalin pro-
duction can trigger the recruitment of circulating monocytes, induce
clearance of debris and enable resolution of inflammation and proper
wound healing in the context of acute myocardial healing®. It remains
to be investigated whether these opposite outcomes of neutrophil
activity are a consequence of neutrophil subsets exerting contra-
dictory functions, or if their action is dictated in a context-dependent
manner to cues within the aortic microenvironment. During the

100
- NA 5 80
= AD g
2 60—
o
= Rupture 3 _ maen
E
§ — BAPN +IgG "
° — BAPN + anti-CXCL3
o 20
BAPN + anti-CXCR2
v T T T
0 10 20 30
Days
o
F G
s
E 150~ g &
w o
o
8 ® c 4
£ o
5 100 . o = y
£ 3
) -
s g 2 -
T
g 504 & 3
c o_ ...........
o £
o I3
g ©
z o w ool T

S &8
S S
|
BAPN IgG anti-CXCL3  anti-CXCR2
w
I
4
o)
n
n
< L
s o
(D ~
T z
~ .4

o CitH3
® |y6G

0.8 @ Qo

o
©

0.6

4
)

0.4 °

1N
IS

0.2

Mean fluorescence
o
N

Mean fluorescence
intensity of CitH3 / Ly6G
intensity of CitH3 / Ly6G

4
o

IR
\®+o°+o

N 6 IS >
<
X [

Elastin degradation grade

paradigm changing from reactive to predictive, preventive, and per-
sonalized medicine’®?, such dichotomous functions of neutrophils
should be taken into account when designing therapeutic drugs that
target neutrophils®.

Previous studies have demonstrated the ability of neutrophils to
undergo NETosis, a process by which they produce and release NETSs,
which are lattices composed of DNA filaments interspersed with
enzymes that effectively immobilize and eradicate bacteria®™.
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Fig. 6 | Macrophage fosters NETs formation via CXCL3/CXCR2 axis. A Schematic
overview of experimental design. Mice received intraperitoneal injection of IgG
anti-body, anti-CXCL3 anti-body (2 mg/kg), and anti-CXCR2 anti-body (2 mg/kg) at
a fixed time once a day until death or the end point of the experiment. B The
incidence of AD and aortic rupture in each group (n=12). Comparisons by Fisher’s
exact test indicating aortic rupture rate difference among groups (p = 0.0045;
p=0.0137; p=0.2174; p=0.4783). C Mice death due to aortic rupture of each
indicated group (p = 0.0408 for anti-CXCR2 vs BAPN). D-F The average of max
diameter (D) (p = 0.0065 for anti-CXCL3 vs Ctrl), aortic wall thickness (E)
(p=0.0012 for BAPN vs Ctrl; p=0.0284 for IgG vs Ctrl), and aortic media thickness
(F) in each group. G Elastin degradation grading evaluation of each aorta
(p=0.0423 for anti-CXCL3 vs BAPN; p = 0.0318 for anti-CXCR2 vs BAPN).

H Representative macrographs of aortas in each group. Scale bar = 20 mm.

1 Representative immunohistochemistry images showing aortic dilation, false
lumen formation, and elastin degradation within aortas in each group. Scale bar =
100 pum. J Representative immunofluorescence images showing NETs formation
within aortas of mice. Scale bar =100 pm. K Immunofluorescence quantification of
NETs markers among each group (CitH3: p = 0.0025 for anti-CXCL3 vs BAPN;
p=0.0044 for anti-CXCR2 vs BAPN; Ly6G: p = 0.0025 for anti-CXCL3 vs BAPN;
p=0.0043 for anti-CXCR2 vs BAPN). L Inmunofluorescence quantification of NETs
markers within aortas with four elastin degradation grades (CitH3: p = 0.0489 for
grade 2 vs grade 1; p = 0.0012 for grade 3 vs grade 1; p = 0.0473 for grade 4 vs grade
1; Ly6G: p=0.0537 for grade 2 vs grade 1; p = 0.0425 for grade 3 vs grade 1;
p=0.0414 for grade 4 vs grade 1). Values are expressed as means + SD. A two-sided
statistical significance was set at *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 by
Mann-Whitney U test.

However, the role of NETosis extends beyond just protection from
infectious conditions, as it also contributes to autoimmune diseases,
the initiation and facilitation of metastasis of malignant tumors, the
progression of cardiovascular diseases, the promotion of abnormal
coagulation and thrombosis, aiding in wound healing and the response
to traumatic events. The role of NETs in atherosclerosis was first con-
firmed in 2015 that cholesterol crystals trigger neutrophils to release
NETs, which in turn induce macrophages to release cytokines, activate
helper T cells and amplify immune cell recruitment in atherosclerotic
plaques. Interestingly, Cl-amidine failed to effectively block the for-
mation of NETs caused by cholesterol crystals, and DNase I treatment
successfully degraded NETs and eliminated downstream cytokine
release, suggesting that the formation of NETs caused by hypercho-
lesterolemia during atherosclerosis is independent of PAD enzymes
and the DNA double-strand released after the formation of NETSs plays
an essential role in promoting inflammation and plaque progression®.
Another study further confirmed that increased systemic NETs levels
and elevated extracellular DNA levels impair serum DNase activity,
described as NETs-mediated DNase response, which is essential for
rapid clearance of NETs and remission of inflammation. Therefore,
exogenous DNase supplementation to correct defective DNase
response holds importance in plaque regression®. Conversely,
another study found that NETs formation was detected in mice at the
early stage of induced abdominal aortic aneurysm, and treatment with
Cl-amidine could significantly reduce the formation of abdominal
aortic aneurysm, while treatment with DNase has no effect, favouring a
similar interpretation as ours in AD that the NETs formation initiates
inflammatory damage in the pathogenesis of aortic disease, which may
not be easily reversed once it occurs”. Interestingly, a considerable
portion of CitH3 signal is detected without co-localization with neu-
trophil markers, hinting at other critical sources of extracellular trap
formation in AD. While neutrophils are the primary contributors of
extracellular DNA traps, other granulocytes, as well as mononuclear
phagocytes and eosinophils, have also demonstrated the ability to
form extracellular traps and externalize chromatin in response to
various stimuli*®. Thus, the mechanism and the potential diagnostic or
prognostic role of extracellular DNA traps originating from other
immune cells in AD are highly promising and warrant further
exploration.

Due to the negative effects of NETs on the outcome and prog-
nosis of the cardiovascular diseases, the level of NETs may be closely
associated with the severity of the disease. A prospective, cross-
sectional cohort study compared the severity, extent and phenotype
of coronary atherosclerosis determined by coronary CT angiography
with the expression levels of NETs-associated markers, including
double-stranded DNA, nucleosomes, myeloperoxidase-DNA com-
plexes and citrulline histone H4 in circulating blood, the first three of
which were found to be positively correlated with thrombin produc-
tion and significantly increased in patients with severe coronary
atherosclerosis or artery calcification. Multiple regression analyses
identified elevated plasma nucleosome level as an independent risk

factor for severe coronary artery stenosis, and the myeloperoxidase-
DNA complex predicted the number of atherosclerotic coronary
vessels and the occurrence of major adverse cardiac events®. In
addition, plasma CitH3 levels were found in a prospective aortic
aneurysm cohort to predict an increase in aneurysm diameter over
the next 6 months, with an area under the curve of 0.707°°. Our study
underscores the value of plasma CitH3 expression level in predicting
aorta-related adverse events (AAEs) following endovascular treat-
ment, which is of great promise for prognostic prediction and eva-
luation of patients with AD.

As with all sequencing studies, ours also has some limitations.
Firstly, phenotype information from a single bulk dataset of 12 human
subjects may skew the results, which warrants further evaluation of
results in larger datasets with abundant phenotype information. Sec-
ondly, Scissor-positive cells included only a subset of neutrophils,
which may be attributed to the inherent properties of neutrophils,
such as their short half-life in vivo, extreme delicacy and vulnerability
ex vivo, and the limitations of the 10x Chromium platform technical
issues that clearly underrepresents neutrophil. Thirdly, determining
exactly how NETs formation promotes inflammation and aggravates
AD progression is beyond the scope of this study and require further
investigation.

Methods

This study was approved by the Ethics Committee of Zhongshan
Hospital of Fudan University (IRB number B2019-231R). Collection of
clinical human samples. Healthy normal aortas and dissected aortas
were collected from participants with written informed consent, fol-
lowing approval from the Medical Ethics Committee of Zhongshan
Hospital, Fudan University.

Tissue dissociation and cell purification

Fresh tissues were kept in RPMI 1640 containing 10% FBS on ice
immediately after retrieval from surgical intervention. Tissues
were transported in sterile culture dish with 10 ml 1x Dulbecco’s
Phosphate-Buffered Saline (DPBS; Thermo Fisher, Cat. no.
14190144) on ice to remove the residual tissue storage solution,
then minced on ice. All tissues were further processed within
3 hours. We used dissociation enzyme 0.25% Trypsin (Thermo
Fisher, Cat. n0.25200-072) and 10 ug/mL DNase I (Sigma) dis-
solved in PBS with 5% Fetal Bovine Serum (FBS; Thermo Fisher,
Cat. no. SV30087.02) to digest the tissues. Tissues were dis-
sociated at 37 °C with a shaking speed of 50 r.p.m for about
40 min. We repeatedly collected the dissociated cells at intervals
of 20 min to increase cell yield and viability. Cell suspensions
were filtered using a 40-um nylon cell strainer and red blood cells
were removed by 1X Red Blood Cell Lysis Solution (Thermo
Fisher, Cat. no. 00-4333-57). Dissociated cells were washed with
1x DPBS containing 2% FBS. Cells were stained with 0.4% Trypan
blue (Thermo Fisher, Cat. no. 14190144) to check the viability on
Countess® Il Automated Cell Counter (Thermo Fisher).
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10x library preparation and sequencing Beads with unique mole-
cular identifier (UMI) and cell barcodes were loaded close to satura-
tion, so that each cell was paired with a bead in a Gel Beads-in emulsion
(GEM). After exposure to cell lysis buffer, polyadenylated RNA mole-
cules hybridized to the beads. Beads were retrieved into a single tube
for reverse transcription. On cDNA synthesis, each cDNA molecule was
tagged on the 5'end (that is, the 3’end of a messenger RNA transcript)

with UMI and cell label indicating its cell of origin. Briefly, 10x beads
that were then subject to second-strand cDNA synthesis, adaptor
ligation, and universal amplification. Sequencing libraries were pre-
pared using randomly interrupted whole-transcriptome amplification
products to enrich the 3’ end of the transcripts linked with the cell
barcode and UML. All the remaining procedures including the library
construction were performed according to the standard

Nature Communications | (2024)15:10736

13


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55038-8

Fig. 7 | NETs-associated markers serve as prognostic risk factors. A The levels of
NETs-associated markers in plasma of patients with (n = 31) or without AAEs (n = 85)
after endovascular treatment (p < 0.001; p = 0.3505; p = 0.0207; p = 0.5449;
p=0.5294, p=0.6997, respectively). B ROC curve analysis showing that at the cut-
off level defined as 6.91 ng/ml CitH3, the sensitivity and specificity for predicting
AAEs are 0.6 and 0.9, respectively, with the area under the curve of 0.75. C Pie chart
displaying the frequencies for combinations of levels of CitH3 (split into categorical
variable) and prognostic status (whether patients developed AAEs). D The uni-
variable and multivariable Cox regression models showing that CitH3 and IL-13
were independent risk factors for AAEs of patients with AD. The upper- and lower-

line segment indicating the 95% confidence interval. (E) Kaplan-Meier curves of
patients with high levels of CitH3 (=6.91 ng/ml) and the incidence of AAEs com-
pared to patients with low levels of CitH3 (<6.91 ng/ml). Below the survival curves
showing the number of exposed subjects at each time point. F Kaplan-Meier curves
of patients with high IL-1B (=90.86 pg/ml) and the incidence of AAEs compared to
patients with low IL-1B (<90.86 pg/ml). Below the survival curves showing the
number of exposed subjects at each time point. Values are expressed as means +
SD. Source data are provided as a Source Data file. A two-sided statistical sig-
nificance was set at *p < 0.05, **p < 0.01, **p < 0.001, **p < 0.0001 by
Mann-Whitney U test. ROC: receiver operating characteristic.

manufacturer’s protocol (CG000206 RevD). Sequencing libraries were
quantified using a High Sensitivity DNA Chip (Agilent) on a Bioanalyzer
2100 and the Qubit High Sensitivity DNA Assay (Thermo Fisher Sci-
entific). The libraries were sequenced on NovaSeq6000 (Illumina)
using 2 x 150 chemistry.

Single-cell RNA-sequencing (scRNA-seq) data processing reads
were processed using the Cell Ranger 3.0.1 pipeline with default and
recommended parameters. FASTQs generated from Illumina sequen-
cing output were aligned to the mouse genome, version mm10, using
the STAR algorithm. Next, Gene-Barcode matrices were generated for
each individual sample by counting UMIs and filtering non-cell asso-
ciated barcodes.

scRNA-sequencing data processing

R package Seurat was used for cell filtration, normalization, principal
component analysis, variable genes finding, clustering analysis, and
Uniform Manifold Approximation and Projection (UMAP) dimensional
reduction. All functions were run with default parameters, unless
specified otherwise. Low quality cells (<200 genes/cell or >2500
genes/cell, <3 cells/ gene, and >5% mitochondrial genes) were
excluded.

Identification of cell clusters

The Seurat package implemented in R was applied to identify major
cell types. Highly variable genes were generated and used to perform
PCA. Significant principal components were determined using Jack-
Straw analysis and visualization of heatmaps focusing on PCs 1 to 20.
PCs 1to 15 were used for graph-based clustering at res = 0.5 to identify
distinct groups of cells. These groups were projected onto UMAP
analysis run using previously computed principal components 1 to 20.
The Seurat functions Vinplot, FeaturePlot, DotPlot, and DoHeatmap
were used to visualize the gene expression with violin plot, feature
plot, dot plot, and heatmap, respectively.

Identification of cluster markers

We used the “FindAlIMarkers” function in Seurat to identify genes that
are differentially expressed between clusters with the following para-
meters: min.pct = 0.25, logfc.threshold = 0.25, only.pos = T. The non-
parametric Wilcoxon rank-sum test was used to obtain p-values for
comparisons, and the adjusted p-values, based on Bonferroni correc-
tion, for all genes in the dataset. We used heatmap to visualize DEGs
based on gene expression after the log-transformed and scaling.

Cell-cell communication analysis

Using CellChat and CellphoneDB, cell-cell communication was inferred
with the single-cell transcriptomic dataset. Briefly, according to the
expression of a ligand by one lineage and a receptor by another,
potential ligand-receptor interactions were predicted. For each
ligand-receptor pair, we obtained a P value for the likelihood of
lineage-specificity.

Bulk RNA-sequencing analysis
Bulk transcriptome data were derived from the publicly accessible
dataset GSE52093 from GEO database, which contained 12 samples,

including 7 from dissected aortic tissue and 5 from healthy aortic
tissue.

Proteomic analysis

Proteomic data was obtained from plasma samples of 30 patients
with AD and 30 matched healthy individuals based on a 4D data-
independent acquisition (DIA) mass spectrometry platform. To
reduce the confounding bias of unintended variables, propensity
score matching was conducted with the following parameters:
nearest-neighbor matching (1:1) with a calliper of 0.2; exact matching
for age at onset and gender. Matching quality was evaluated by
comparing baseline characteristics between patients with AD and
matched healthy subjects. Serum samples were prepared for LC-MS/
MS analysis as previously published®. In brief, serum proteins were
denatured, alkylated, digested, and peptides purified using an auto-
mated liquid handling platform in a 96 well format. Separation was
performed using the nanoflow Evosep One system (Evosep, Den-
mark), coupled to a timsTOF Pro mass spectrometer (Bruker, Bre-
men, Germany) equipped with a CaptiveSpray ion source. A 4D-DIA
approach was applied on a Bruker timsTOF Pro instrument, operated
in the PASEF mode with 10 PASEF scans per acquisition cycle and
accumulation and ramp times of 100 ms each. lonization was con-
ducted in positive ion mode with a mass range of 100-1700 m/z. The
1/KO ion mobility range was set to 0.6-1.6 Vs/cm* The raw 4D-DIA
data were processed using MaxQuant (version 1.5.2.8). The differ-
ence of protein expression patterns was quantitatively analyzed
using edegR in R. The threshold of p values was determined by
controlling false discovery rate (FDR). The corrected p value
(p.adjust value) was g value. A fold change (FC), calculated based on
the FPKM value, was defined as a differentially expressed gene (DEG)
with a value of g (or p.adjust) <0.05 after the comparison of 2 data.
The absolute value of Log2 expression ratio is greater than 1. Gen-
omes The Gene Ontology (GO) and Kyoto Encyclopaedia of Genes
and Genomes (KEGG) analysis results are displayed as bubble graphs.

Integrated scRNA and bulk RNA-sequencing analysis

The integrated analysis was performed using the Scissor algorithm®?,
which can identify cell subsets that drive phenotypes (such as disease
progression, tumor metastasis, immunotherapy response, and survival
outcomes) in scRNA-seq data based on phenotypic information from
bulk RNA sequencing (bulk-seq) data, also the cell subsets that are
highly related to disease, thus revealing the possible molecular
mechanisms. The Scissor algorithm firstly eliminates batch effect of
bulk-seq and scRNA-seq, and establish the similarity network between
cells based on scRNA-seq. The Pearson correlation coefficient between
the scRNA-seq and bulk-seq expression data was denoted as S. The
correlation matrix S was used as the decision variable and phenotypic
data as the response variable to establish the regression relationship.
The regression coefficient was set as . The cells with positive and
negative or non-zero regression coefficient  were represented as
Scissor* cells and Scissor™ cells, respectively. The alpha value of 0.05
was adopted in the regression model. The Scissor-captured cells was
shown in feature plots. Functional enrichment analysis was performed
on Scissor-positive cells, and the results were shown in bar charts.
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Prognostic cohort design

This study complies in full with the STROBE statement. We pro-
spectively collected and analyzed the clinical data of patients with type
B aortic dissection who underwent endovascular therapy in the
Zhongshan Hospital of Fudan University between November 2016 and
November 2020. Patients were included if they were diagnosed with
complicated type B AD, which was confirmed through computed
tomography angiography (CTA) and had signed informed consent for
TEVAR. Patient demographics and baseline information were recorded
by medical record. The blood samples were collected before TEVAR.

Measurement of human plasma

Peripheral, human venous blood was drawn into prechilled citrate,
theophylline, adenosine, dipyridamole-containing tubes for proces-
sing within 60 minutes of collection. The plasma was obtained by
centrifugation of whole blood at 8000 x g at 4 °C for 20 minutes and
stored in aliquots at —80 °C. The plasma samples were diluted 1:2, and
CitH3 levels were measured using the Citrullinated Histone H3 ELISA
Kit, following the manufacturer’s instructions (501620, Cayman Che-
mical). The NET markers MPO, NE, IL-1j3, IL-6 were measured by ELISA
kit (Thermo Fisher). Circulating cell-free DNA was quantified in NET
samples by using Quant-iT™ PicoGreen® dsDNA (P7589, Invitrogen).

Mice and in vivo experimental strategies

All animal experiments were approved by the Institutional Animal Care
and Use Committee at Zhongshan Hospital. Wild-type C57BL/6 ) male
3-week-old mice were used in this study and were purchased from the
Beijing Vital River Laboratory Animal Technology. The mice were
housed in the animal facility of Zhongshan Hospital, maintained under
a 12-hour light/dark cycle, at a controlled ambient temperature of
22+2°C with a humidity level of 50+10%. They had unrestricted
access to food and water throughout the study. Unchallenged 3-week-
old male control mice were fed a chow diet and infused with saline.
Mice were randomly assigned to experimental groups using a
computer-generated random number sequence to ensure unbiased
allocation. The challenged three-week-old male WT mice were chal-
lenged with [-aminopropionitrile (BAPN) for 4 weeks. BAPN was
administered in drinking water with the dose at 5 mg/mL (0.5% wt/vol).
Four weeks later, the mice were infused with Ang Il (1000 ng/kg/min)
with mini-osmotic pumps (Model 1003D, Alzet) for 3 days to
induce AD.

During the four-week of BAPN infusion period, the challenged
mice were also given daily intraperitoneal injections of either PBS
(n=12), or Cl-amidine (10 mg/kg, Sigma-Aldrich) (n=12), or DNase |
(5 mg/kg, Roche Diagnostics) (n =12) or the combination of Cl-amidine
and DNase I (n=12) for 3 weeks from the 4 weeks of age.

In the second experiment, the challenged mice were treated with
either isotype control antibody (n=12) or CXCL3 antibody (2 mg/kg,
AF5568, R&D systems, Minneapolis, MN, USA) (n=12) or CXCR2 anti-
body (2 mg/kg, MAB2164-100, R&D systems, Minneapolis, MN, USA)
(n=12) intraperitoneally, every three days, starting at 1 week after
BAPN administration.

Baseline aortic diameter of each mouse was measured by ultra-
sound. The dead mice were immediately dissected and the surviving
mice were euthanized at the end of the 4-week study period. The
aortas were exposed and rinsed with cold PBS, and the periaortic tis-
sues were removed. The aorta was then excised, further cleaned, and
rinsed with cold PBS to remove any residual blood in the lumen. Next,
aortas were imaged for diameter measurement and disease evaluation.
Each mouse aorta was stained for H&E to observe AD occurrence,
characterized by elastin degradation and rupture in aortic media layer.
Aortic wall thickness and media thickness were measured through the
images determined by H&E, elastic, and collagen fiber staining. Max-
imum and minimum values of the wall thickness and media thickness
were measured in each image and calculated the averages. To reduce

bias, experiments were conducted in a blinded manner. Researchers
responsible for data collection and analysis were unaware of the group
allocations during the study.

Hematoxylin and eosin staining and elastic and collagen fiber
staining

Aortic sections were stained with hematoxylin and eosin, Masson’s
trichrome and Verhoeff-van Gieson elastin stain, according to the
manufacturer’s instructions. Aortic sections were examined by 2
independent observers who were blinded to the experimental groups
to confirm the occurrence of AD rather than the possible incidence of
aneurysm. Elastin degradation was graded according to following cri-
teria: I: 0-25%; 1I: 26-50%; IlI: 51-75%; IV: 76-100%.

Multiplex immunohistochemical of tissue sections

Tyramide signal amplification was applied to enhance the fluorescence
amplification signal and to avoid limit to the species origin of primary
antibody®>***. All aortic tissue samples were formalin fixed, paraffin
embedded, and 5um sections were subjected to antigen retrieval in
citrate buffer, then permeabilized and stained. Human aortic tissue
samples were then permeabilized and stained with rabbit MPO antibody
(ab208670, Abcam, Ltd., Cambridge, UK) at 1 mg/mL, polyclonal rabbit
CitH3 antibody (ab5103, Abcam, Ltd., Cambridge, UK) at 1mg/mL,
rabbit CXCL3 antibody (AV07037, Sigma-Aldrich Co., St. Louis, MO,
USA) at 1mg/mL, and with rabbit CXCR2 antibody (ab225732, Abcam,
Ltd., Cambridge, UK) at 1 mg/mL. Mouse aortic tissue samples were then
permeabilized and stained with rabbit Ly6G antibody (ab238132,
Abcam, Ltd., Cambridge, UK) at 2mg/mL, rabbit CitH3 antibody
(ab5103, Abcam, Ltd., Cambridge, UK) at 1 mg/mL, rabbit CXCL3 anti-
body (ab220431, Abcam, Ltd., Cambridge, UK) at 1mg/mL, and with
rabbit CXCR2 antibody (bs-12257R, Bioss Inc. Woburn, Massachusetts,
USA) at 1 mg/mL. Alexa Fluor 647 goat anti-mouse IgG and Alexa Fluor
555 donkey anti-rabbit IgG were applied at 1:1000 as secondary
reagents; DNA was stained with DAPI at 1:1000 working dilution
(all Thermo Fisher Scientific). Consecutive tissue sections were sub-
jected to staining with hematoxylin and eosin for comparison.

Statistics and reproducibility

Continuous variables are presented as means with standard deviations
(SDs) or as medians with interquartile ranges (IQRs). Non-parametric
tests were used for group comparisons (Mann-Whitney U or Wilcoxon
signed-rank test) or correlations (Spearman). Receiver operating
characteristics (ROC) and time-dependent ROC analysis were served to
evaluate the diagnostic and prognostic marker potential, respectively,
by the area under the ROC curve (AUC). Least Absolute Shrinkage and
Selection Operator (LASSO) and multivariable logistic regression
analysis (Statistically significant variables on univariable Cox analysis)
were conducted to assess the prognostic value of NETs associated
markers for AAEs and identify independent risk factors. Multiple
imputation was used to account for the missing data. A two-sided
significance level of 0.05 was applied. Data analysis and visualization
were performed with R software 4.2 (R Foundation for Statistical
Computing, Vienna, Austria) and GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings from this study are available within the
manuscript and its supplementary information. The raw data of single-
cell RNA transcriptome data has been deposited in the GEO database
under accession code GSE254132. The previously published bulk RNA
transcriptome data has been deposited in the GEO database under
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accession code GSE52093. The Proteome data used in this study are
available from MassIVE under accession code MSV000093736. Source
data are provided with this paper.

Code availability
The custom code has been deposited at GitHub and is available at
https://github.com/Zhao-yufeiii/Aortic-Dissection.
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