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High expression of PLA2G2A in fibroblasts e

plays a crucial role in the early progression
of carotid atherosclerosis
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Abstract

Background In mouse models of atherosclerosis, knockout of the PLA2G2A gene has been shown to reduce

the volume of atherosclerotic plaques. Clinical trials have demonstrated the potential of using the sPLA2 inhibitor
Varespladib in combination with statins to reduce lipid levels. However, this approach has not yielded the expected
results in reducing the risk of cardiovascular events. Therefore, it is necessary to further investigate the mechanisms
of PLA2G2A.

Methods Single-cell transcriptome data from two sets of carotid plaques, combined with clinical patient informa-
tion. were used to describe the expression characteristics of PLA2G2A in carotid plaques at different stages. In order
to explore the mechanisms of PLA2G2A, we conducted enrichment analysis, cell-cell communication analysis

and single-cell regulatory network inference and clustering analyses. We validated the above findings at the cellular
level.

Results Our findings indicate that PLA2G2A is primarily expressed in vascular fibroblasts and shows significant cell
interactions with macrophages in the early-stage, especially in complement and inflammation-related pathways. We
also found that serum sPLA2 levels have stronger diagnostic value in patients with mild carotid artery stenosis. Sub-
sequent comparisons of single-cell transcriptomic data from early and late-stage carotid artery plaques corroborated
these findings and predicted transcription factors that might regulate the progression of early carotid atherosclerosis
(CA) and the expression of PLA2G2A.

Conclusions Our study discovered and validated that PLA2G2A is highly expressed by vascular fibroblasts and pro-
motes plaque progression through the activation of macrophage complement and coagulation cascade pathways
in the early-stage of CA.
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Background

Carotid atherosclerosis (CA) is one of the pathological
causes of cerebrovascular diseases [1]. According to a
global epidemiological analysis, the prevalence of carotid
plaques in the population aged 30-79 years had reached
21.15% by 2020 [2]. This condition presents numerous
social issues and imposes a significant economic burden.
The progression of CA includes the initiation stage, pro-
gression stage, and complication stage, each involving
distinct pathophysiological processes such as endothe-
lial injury, lipid infiltration, inflammation, foam cell for-
mation, calcification, and plaque rupture [1]. Therefore,
identifying and effectively intervening in CA during the
progression stage, rather than waiting until complica-
tions arise, are crucial for prevention. This poses chal-
lenges in discovering specific biomarkers and therapeutic
targets for CA during its progression stage.

Secretory phospholipase A2 (sPLA2), belonging to
Group II of the PLA2 superfamily and encoded by the
PLA2G2A, can be detected in both serum and arterial
wall [3]. Studies have demonstrated that knocking out
PLA2G2A in the context of atherosclerosis can reduce
the volume of atherosclerotic lesions [4]. Serum sPLA2
plays a primary role in the modification of low-density
lipoproteins, facilitating their retention in the suben-
dothelial space and promoting the formation of foam cells
[5]. In arterial tissues, it hydrolyzes the sn-2 ester bond
of glycerophospholipids in lipoproteins and cell mem-
branes, releasing lysophospholipids and non-esterified
fatty acids (NEFA) [6], which have direct pro-inflamma-
tory effects. These products exert a wide range of cellu-
lar effects, including cytotoxicity, thereby promoting the
progression of atherosclerosis [7]. Additionally, research
has shown that sPLA2 can enhance the expression of
MCP-1 in ox-LDL-induced human aortic smooth muscle
cells through the PI3K/Akt pathway, thereby promoting
inflammation and advancing atherosclerosis [8]. How-
ever, clinical studies on the use of the sPLA2 inhibitor
Varespladib, combined with statins for the treatment of
cardiovascular diseases and its impact on periprocedural
myonecrosis following percutaneous coronary interven-
tion, have all ended in failure [9]. Therefore, it is neces-
sary to explore the role and mechanisms of PLA2G2A in
the progression of CA.

Fibroblasts, as the main component of the arterial
adventitia, have been confirmed to play a significant role
in the progression of atherosclerosis. In addition to pro-
viding structural support to blood vessels, fibroblasts can
secrete extracellular matrix and matrix metalloprotein-
ases, thereby influencing the progression of atheroscle-
rosis through adventitial remodeling [10]. Furthermore,
fibroblasts can respond to various cytokine stimuli, and
studies have shown that fibroblasts can secrete cytokines
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and interact with different cell types in the intima and
media [11]. However, the precise mechanisms of these
interactions remain unclear.

In this study, we recruited local residents undergoing
health check-ups in the physical examination depart-
ment. We assessed the degree of CA in these partici-
pants via ultrasound and measured their serum sPLA2
levels to evaluate the diagnostic value of serum sPLA2
for patients with different degrees of carotid stenosis.
Additionally, we performed a comprehensive analysis of
plaque samples from different stages of CA using single-
cell transcriptomics, revealing the role and mechanism of
PLA2G2A in the progression of CA. Finally, we validated
the role of sPLA2 at the mRNA and protein levels, con-
firming the mechanism by which PLA2G2A contributes
to the progression of carotid atherosclerosis.

Methods

Study population

Our study enrolled 369 subjects (232 males and 137
females, aged over 45 years) in the department of physi-
cal examination at the First Affiliated Hospital of Zheng-
zhou University from December 2018 to December 2020.
The inclusion criteria were as follows: (1) complete base-
line characteristics, including age, gender, clinical pres-
entation, blood tests and drug history; (2) suffering from
carotid stenosis, which was evaluated by ultrasound; (3)
no treatment for carotid stenosis for 3 months prior to
the study, including drugs and surgery; (4) no malignancy
and other serious chronic diseases. Exclusion criteria
were as follows: (1) good quality of carotid artery, which
was evaluated by ultrasound; (2) receiving any treatment
for carotid stenosis within 3 months prior, like lipid-low-
ering drugs or carotid endarterectomy; (3) suffering from
malignancy or other serious chronic diseases.

Data collection

The medical records of the subjects were collected by our
group, like age, gender, hypertension (defined as a history
of hypertension and newly diagnosed hypertension), dia-
betes (including a history of diabetes mellitus and newly
diagnosed diabetes), smoking (defined as continuous
or cumulative smoking>6 months or at least 6 months
every day) and alcohol drinking (defined as a daily drink-
ing amount > 180 ml). Peripheral fasting blood samples
were tested within 1 h after collection, including triglyc-
eride (TG), total cholesterol (TC), low-density lipoprotein
cholesterol (LDL-C), high-density lipoprotein cholesterol
(HDL-C), sPLA2 and Lipoprotein-associated phospho-
lipases A2 (Lp-PLA2) (Cloud-Clone Corporation, cata-
log numbers SED827Hu, SEA867Hu). All subjects were
given ultrasound examination of their carotid. According
to the criteria of North American Symptomatic Carotid
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Endarterectomy Trial [12], we divided the subjects into
three groups: the mild-stenosis group (<50% stenosis),
the moderate-stenosis group (ranging from 50 to 69%
stenosis), and the severe-stenosis group (ranging from 70
to 100% stenosis). All data were collected, and the inter-
rater reliability between two investigators was assessed in
some cases. The study was approved by the Ethics Com-
mittee of the First Affiliated Hospital of Zhengzhou Uni-
versity (2018-KY-0067-001).

Single cell data processing

The single-cell dataset for carotid plaque used in this
study partly originates from the Gene Expression Omni-
bus (GEO, https://www.ncbi.nlm.nih.gov/geo/), with
the accession number GSE159677. It includes calcified
atherosclerotic core (AC) plaques from carotid calcifica-
tion in three patients undergoing carotid endarterectomy
and the matched proximal adjacent (PA) sections of their
carotids. Another portion of the data was derived from
samples collected from patients with mild and severe
carotid stenosis at the First Affiliated Hospital of Zheng-
zhou University after carotid plaque endarterectomy.
These samples were subsequently subjected to single-cell
transcriptomic sequencing, with the following specific
processing steps.

The tissues were dissociated using Tissue Dissociation
Reagent A (Seekone K01301-30) from SeekGene as per
the instructions. Cell counts and viability were estimated
using fluorescence Cell Analyzer (Countstar® Rigel S2)
with AO/PI reagent after removal of erythrocytes (Solar-
bio R1010) and then debris and dead cells removal was
performed (Miltenyi 130-109-398/130-090-101). Finally
fresh cells were washed twice in RPMI1640 and then
resuspended at 1x10° cells per ml in 1xPBS and 0.04%
bovine serum albumin. Single-cell RNA-Seq librar-
ies were prepared using the SeekOne® Digital Droplet
Single Cell 3’ library preparation kit (SeekGene Cata-
log No0.K00202). The indexed sequencing libraries were
purified using SPRI beads, quantified by quantitative
PCR (KAPA Biosystems KK4824), and then sequenced
on an Illumina NovaSeq 6000 with PE150 read length or
DNBSEQ-T7 platform with a PE150 read length.

The raw sequencing data were processed by Fastp firstly
to trim primer sequence and low-quality bases. And then
we used SeekOne®Tools to process sequence data and
align them to the human GRCh38 reference genome in
order to obtain a gene expression matrix. We used R
package Seurat (version 4.3.1) to filter low-quality cells.
Cells with a number of detected genes <200 or >4000 and
a mitochondrial gene expression ratio exceeding 10%,
were omitted. Then the R package Doubletfinder was
used to remove possible doublets.
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SCT was used to standardize, normalize, and remove
batch effects from all single-cell data. Afterwards, the
data were integrated using 3000 highly variable genes,
and principal component analysis was performed. The
top 30 principal components were selected for clus-
tering. The clustering results were displayed at differ-
ent resolutions using the R package clustree, setting the
final resolution to 0.2. The characteristic genes for each
cluster were identified using the FindAllMarkers func-
tion. Cell types were determined by referencing the auto-
mated annotations from the R package SingleR and the
CellMarker website (http://bio-bigdata.hrbmu.edu.cn/
CellMarker/index.html). Finally, The results were visual-
ized using Uniform Manifold Approximation and Projec-
tion (UMAP).

Differentially expressed genes between groups were
identified using the FindMarkers function, followed by
enrichment analysis using the R package ClusterProfiler
(version 4.9.0.002) for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses, as well as gene set enrichment
analysis (GSEA). Cell-cell communication analysis was
performed using the R package CellChat (version 1.4.0)
with the mouse database, including the “Secreted Signal-
ing’, “Cell-cell Contact’; and “ECM-Receptor” modules.
The upregulated and downregulated signaling ligand-
receptor pairs between two conditions were identified by
comparing communication probabilities. A weighted
gene co-expression network analysis (WGCNA) was
conducted with the R package hdWGCNA (version
0.2.19) to identify modules of highly co-expressed genes.
Key transcription factors were predicted using single-cell
regulatory network inference and clustering (SCENIC,
version 1.3.1) analysis.

Real-time PCR

RNA was extracted using the FastPure Cell/Tissue Total
RNA Isolation Kit V2 (Vazyme, RC112-01), and reverse
transcription was performed with HiScript III All-in-one
RT SuperMix Perfect for qPCR (Vazyme, R333-01). RT-
qPCR was performed using SGExcel FastSYBR Mixture
(Sangon Biotech, B532955). Relative expression was cal-
culated by the 2—/\ /AACt method, with normalization to
ACTIN expression. The primer information is as follows:
C3-F: AGTGGCCATTGCTGGGTATG, C3-R: GGATGT
GGCCTCTACGTTGT; C3arl-F: GTTACAGCCTCA
TCGTCTTCAG, C3arl-R: CAATAGCAGGACTCC
GACAAG; Clga-F: CTGGCAAACCTGGCAATGTG,
Clqa-R: CAAGCGTCATTGGGTTCTGC.

Western blot
Proteins were extracted from treated RAW?264.7
cells using RIPA lysis buffer containing protease and
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phosphatase inhibitors. Protein concentrations were
determined using the BCA method. The protein sam-
ples were then mixed with SDS-PAGE loading buffer and
denatured by heating at 95 °C for 5 min. Equal amounts
of protein samples were loaded onto an SDS-PAGE gel
and separated by electrophoresis. After electrophoresis,
the proteins were transferred onto a PVDF membrane,
which was blocked with 5% non-fat milk at room tem-
perature for 1 h. The membrane was then incubated with
the primary antibody solution overnight at 4 °C. The fol-
lowing day, the membrane was washed five times with
TBST buffer, 5 min each time. The membrane was then
incubated with the secondary antibody solution at room
temperature for 1 h. After incubation, the membrane
was washed again five times with TBST buffer, 5 min
each time. Finally, the protein bands were detected using
an ECL detection kit, and images were captured using a
chemiluminescent imaging system. The expression lev-
els of the target proteins were quantified using Image]
software.

Dil-ox-LDL uptake assay

Dil-ox-LDL (Yiyuan Biotech, Guangzhou, China) was
used to track the uptake of ox-LDL. After stimulat-
ing RAW264.7 cells with different concentrations of
PLA2G2A protein (MCE, Cat. No.: HY-P74628) for 24 h,
20 pg/mL of Dil-Ox-LDL was added. The cells were incu-
bated at 37 °C for 6 h. Subsequently, the medium contain-
ing Dil-Ox-LDL was removed, and the cells were washed
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multiple times with probe-free medium. After DAPI
staining of the nuclei, measurements were taken under a
fluorescence microscope at 488/565 nm.

Statistical analysis

All statistical analysis of clinical data was performed
using SPSS V.21.0 software. Continuous variables were
expressed as mean+SD and analyzed by independent
Student’s t-test or Mann—Whitney U test as appropri-
ate. Categorical variables were presented as frequencies
and were analyzed using X test or Fisher’s exact test.
Univariate logistic regression analysis was used to ana-
lyze the association between factors and carotid stenosis.
The area under the receiver operating curve (AUC) was
estimated to evaluate the ability of the two candidates in
predicting the risk of different stages of CA. A two-tailed
P <0.05 was considered significant.

Results

sPLA2 shows a higher predictive value for mild carotid
stenosis

In a cohort of 369 cases with carotid stenosis (Table 1),
127 had mild stenosis, 84 had moderate stenosis, and
the remaining 158 patients presented with severe steno-
sis[12]. The gender differences among various degrees
of carotid stenosis were not statistically significant
(P=0.201). Older participants were more frequently
observed in the severe stenosis group (P=0.028),
compared to those with mild and moderate stenosis.

Table 1 Baseline characteristics of participants with different degrees of carotid stenosis

Variable Degrees of carotid stenosis
Mild stenosis Moderate stenosis Severe stenosis P value

N 127 84 158

Age (years) 56.50+11.12 63.34+8.69 69.85+13.70 0.028
Male [n (%)] 70 (55.1) 52 (61.9) 110 (69.6) 0.201
Hypertension [n (%)] 43 (33.9) 55 (65.5) 121 (76.6) 0.01
Diabetes [n (%)] ( .5) 34 (40. 5) 62 (39.2) 0.009
Smoking [n (%)] 5(27.6) 4) 37 (23.4) 0218
Alcohol drinking [n (%)] ( .2) 9) 21(13.3) 0.363
TG (mmol/L) 1.47+0.60 157+043 241+0.65 0.020
TC (mmol/L) 3514191 489+1.17 5.16+0.69 0.041
LDL-C (mmol/L) 251+0.37 447+0.96 490+0.55 0.032
HDL-C (mmol/L) 1.13+0.74 095+0.15 0.69+0.23 0.015
sPLA2 (ng/mL)? 1.62+0.32 3.79+047 4.05+0.69 0.034
Lp-PLA2 (ng/mL)? 125.82+29.59 140.48+43.82 182.37+59.96 0.028

Subjects who received any treatment of carotid stenosis within 3 months prior were excluded

N: number; TG: Triglyceride; TC: total cholesterol; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; sPLA2: secretory

Phospholipases A2; Lp-PLA2: lipoprotein-associated Phospholipases A2

@ There were statistical differences in SPLA2 and Lp-PLA2 levels between the following subgroups: (1) sPLA2: mild stenosis group vs. moderate stenosis group,
P<0.001; moderate stenosis group vs. severe stenosis group, P=0.317; mild stenosis group vs. severe stenosis group, P<0.001. (2) Lp-PLA2: mild stenosis group vs.
moderate stenosis group, P=0.069; moderate stenosis group vs. severe stenosis group, P=0.013; mild stenosis group vs. severe stenosis group, P<0.001
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Hypertension and hyperglycemia were identified as
risk factors for severe stenosis (P=0.011 and P =0.009,
respectively). Among lipid indicators, TG (P=0.020), TC
(P=0.041), and LDL-C (P=0.032) were risk factors, but
HDL-C levels were lower in the severe stenosis group
(P=0.015). Univariate logistic regression analysis showed
that serum sPLA2 and Lp-PLA2 levels were associated
with carotid stenosis (P =0.034 and 0.028). However, only
serum sPLA?2 levels reached a statistical significant dif-
ference between mild-stenosis and moderate stenosis
groups (P<0.001). We further confirmed the ability of
serum sPLA2 to differentiate early-stage CA through
ROC analysis (Fig. 1). We found serum sPLA?2 levels pre-
dicted the presence of mild stenosis more sensitively and
specifically (AUC=0.688, 95%CI 0.622—0.768, P=0.031).
In other words, it was a sensitive and specific marker for
early CA.

PLA2G2A is highly expressed in the fibroblasts of carotid
artery plaques

To examine the expression characteristics of PLA2G2A
in CA, we analyzed the single-cell data of atheroscle-
rotic core (AC) plaques and patient-matched proxi-
mal adjacent (PA) portions of carotid artery tissue,
GSE159677. Typically, the PA region of a plaque is con-
sidered to represent the progression stage of athero-
sclerosis, while the AC region, which mainly contains
calcified plaques and fibrous caps, is a high-risk area for

100+
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plaque rupture and represents the complication stage of
atherosclerosis, namely the late stage. After quality con-
trol and filtering, dimensional reduction, unsupervised
clustering, marker gene comparison, and annotation
were performed on 40,521 cells. This resulted in the
identification of six cell types (Fig. 2A and Fig. S1A, B),
including endothelial cells (TIE1l, CLDN5, CDHS5,
VWE, PECAM]I, ECSCR, PLVAP), smooth muscle cells
(MYH11, ACTA2, CALD1, MYL9, TAGLN), fibroblasts
(GSN, CLEC3B, LUM, COL1A1l, COL3Al, DCN),
macrophages (CD14, AIF1, NCF4, CD68), T cells
(CD3D, CD3G, CD69, TRAC, CD2), and B cells (IGKC,
MS4A1, CD79A) (Fig. 2B). In the feature plots, these
marker genes displayed consistent expression charac-
teristics (Fig. S1C). Notably, PLA2G2A was primarily
expressed in fibroblasts (Fig. 2C). Enrichment analy-
sis based on differential genes between the two groups
revealed distinct biological features between the PA
and AC groups. The PA group predominantly exhibited
enrichment in complement and coagulation cascades,
fluid shear stress and atherosclerosis, focal adhesion,
PI3K-Akt signaling pathway, MAPK signaling pathway,
leukocyte transendothelial migration, TGF-f signaling
pathway, ECM-receptor interaction, cell adhesion mol-
ecules, and the Wnt signaling pathway. The AC group
primarily showed enrichment in phagosome, anti-
gen processing and presentation, Fc gamma R-medi-
ated phagocytosis, lipid and atherosclerosis, Th17
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Fig. 1 ROC curves of serum sPLA2 and Lp-PLA2 in patients with different degrees of carotid artery stenosis. The left, middle, and right
panels represent mild, moderate, and severe stenosis, respectively. ROC: Receiver Operating Curve; sPLA2: Secretory phospholipases A2; Lp-PLA2:
Lipoprotein-associated phospholipases A2; AUC: Area under the Receiver Operating Curve; Cl: Confidence interval

(See figure on next page.)

Fig. 2 PLA2G2A is highly expressed in fibroblasts of carotid plaque, and the PA and AC regions have different cell-cell communication features. A
UMAP plot displaying the cell types of the carotid plaque single-cell dataset GSE159677 after annotation. B Dot plot displaying the marker genes
used for cell type annotation. C Visualization of PLA2G2A expression features in the UMAP plot. D Barplot showing the KEGG pathways enriched
by up-regulated genes in PA (Green) and AC (Red) regions, respectively. E Bar chart ranking important signaling pathways based on differences

in overall information flow in the network inferred between AC and PA regions. F Heatmap and circle plot showing differential interaction
strengths among different cell populations across the two datasets, with red (or blue) representing increased (or decreased) signaling in the PA

dataset compared to the AC dataset. G-H Chord diagram (G) and bubble plot (H) visualizing the identified ligand-receptor signaling pairs that are
upregulated in PA compared to AC. UMAP: Uniform Manifold Approximation and Projection; AC: atherosclerotic core; PA: patient-matched proximal
adjacent; KEGG: Kyoto Encyclopedia of Genes and Genomes
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cell differentiation, regulation of the actin cytoskel-
eton, natural killer cell-mediated cytotoxicity, Toll-like
receptor signaling pathway, glycolysis/gluconeogenesis,
and the lysosome pathway (Fig. 2D).

Fibroblasts in the PA demonstrate stronger intercellular
communication with other cells

By comparing cell-cell communications between the
PA and AC groups, the results showed significant differ-
ences in the pathways involved in cell-cell communica-
tion within each group. In the PA region, in addition to
enhanced interactions in many common pathways (MIF,
GAS, CCL, CXCL), there were also many unique path-
ways, such as IL6, IGF, CSF, and COMPLEMENT, which
were inactive in the late-stage AC region. In contrast,
the AC region predominantly featured cell interactions
in pathways related to osteopontin (SPP1), protease-
activated receptors (PARs), and angiopoietin (ANGPT),
which are associated with cytoskeletal proteins and angi-
ogenesis (Fig. 2E). Additionally, compared to the late-
stage AC region, the progression-stage PA area exhibited
stronger cell interactions, especially between fibroblasts
and macrophages (Fig. 2F). The chord diagram in Fig. 2G
and the bubble chart in Fig. 2H showed that the main
signaling pathways involved in the interaction between
fibroblasts and macrophages in the PA region included
ANXAI1-FPR1, C3—C3AR1, and ITGAX +ITGB2. These
pathways are associated with inflammation, macrophage
activation, and activation of the complement system.

PLA2G2A is highly expressed in progression-stage carotid
atherosclerotic plaques

To validate the aforementioned findings, we collected
carotid atherosclerotic plaques from patients with mild
stenosis and severe stenosis for single-cell transcriptome
sequencing analysis, representing the progression and
late stages of CA, respectively. Similar to the analysis of
GSE159677, we performed batch effect removal, quality
control, dimensionality reduction, clustering, and annota-
tion of the data (Fig. 3A). Compared to progression-stage
plaques, the proportion of macrophages significantly
increased in late-stage plaques, while the proportions of

(See figure on next page.)
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endothelial cells and T cells markedly decreased, with a
slight reduction in fibroblasts (Fig. 3B). Multiple volcano
plots revealed differentially expressed genes in each cell
type across the different stages of atherosclerosis, among
which PLA2G2A was significantly highly expressed in
fibroblasts in progression-stage carotid atherosclerotic
plaques (Fig. 3C). In our data, fibroblasts within mild ste-
nosis carotid artery plaques were also the predominant
cell type expressing PLA2G2A (Fig. 3D).

We further subdivided fibroblasts into 5 distinct sub-
clusters. Notably, the expression of PLA2G2A did not
show significant differences across these subclusters
(Fig. 3E, F). We conducted KEGG and GSEA enrichment
analyses on the differentially expressed genes in fibro-
blasts between the progression and late stages ((Fig. 3G,
H). The results indicated that the fibroblasts from pro-
gression-stage plaques were predominantly enriched
in pathways typically associated with the progression of
arterial atherosclerosis, such as the TNF signaling path-
way, IL-17 signaling pathway, and lipid and atherosclero-
sis pathway. Interestingly, we also discovered significant
enrichment of genes in the complement and coagula-
tion cascades in fibroblasts from the progression-stage
plaques (NES=1.322), suggesting their key role in early-
stage atherosclerosis.

PLA2G2A is associated with the activation of complement
and coagulation cascades

To investigate the role of PLA2G2A in the progression
of carotid atherosclerotic plaques, we employed HDW-
GCNA analysis on fibroblasts to identify genes sharing an
expression pattern with PLA2G2A. Under a soft-thresh-
olding power of 7, we identified 12 gene co-expression
modules, of which 9 modules exhibited relatively higher
expression in progression-stage plaques (Fig. 4A, B).
Notably, PLA2G2A was identified as the hub gene within
the green module (Fig. 4C), which was highly expressed
in progression-stage plaque group (Fig. 4D, E). Subse-
quent functional enrichment analysis of the hub genes
in the green module revealed that the functions of these
genes co-expressed with PLA2G2A were predominantly
involved in inflammatory responses and the complement

Fig. 3 Single-cell transcriptomic landscape of progression- and late-stage carotid atherosclerotic plaques. A UMAP plot illustrating the results

of cell annotation following single-cell data clustering (left) and the cell distribution between the progression and late stages (right). B Stacked

bar plot depicting the variation in cell proportions between the two groups. C Dot plots highlighting differentially expressed genes between cell
types in the progression- and late-stage carotid atherosclerotic plaques. D Split violin plot showing the expression of PLA2G2A in different cell
types in the two groups. E UMAP plot showing the clustering of fibroblasts into 5 subclusters. F Violin plot showing the expression of PLA2G2A
across the five different fibroblast subclusters. G Bidirectional bar graph displaying KEGG pathway enrichment for genes upregulated in both the
progression- and late-stage carotid atherosclerotic plaques. H Enrichment plots from GSEA displaying the top three normalized enrichment
score-ranked pathways and the complement and coagulation cascades pathway. The colors of the dashed lines represent different pathways. GSEA:

Gene Set Enrichment Analysis
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and coagulation cascade pathways (Fig. 4F). Similarly, we
performed HDWGCNA analysis on macrophages and
identified 6 modules. The turquoise module was highly
expressed in progression-stage plaque group. Enrichment
analysis of this module also showed that the functions of
these genes were primarily enriched in the complement
and coagulation cascade pathways (Fig. 4G, L). This result
is consistent with the characteristics of the PA region in
the previous plaque data, suggesting that in the progres-
sion stage of carotid atherosclerotic plaque formation,
fibroblasts express high levels of PLA2G2A, which might
activate the complement and coagulation cascade path-
ways in macrophages, thereby influencing the progres-
sion of CA.

PLA2G2A promotes CA by complement and coagulation
cascades in macrophages

RAW?264.7 cells were treated with different concentra-
tions of PLA2G2A protein (10-80 ng/mL) for 24 h and
with Dil-ox-LDL. Fluorescence microscopy revealed that
as the concentration of PLA2G2A protein increased, lipid
uptake by the cells also gradually increased (Fig. 5A, B).
Subsequently, we examined the expression changes of key
molecules in the complement and coagulation cascades
at the RNA and protein levels in the macrophage athero-
sclerosis model (stimulated with 50 pg/mL ox-LDL for
24 h) after adding PLA2G2A protein (80 ng/mL). The
results showed that the addition of PLA2G2A alone had
no effect on the complement and coagulation cascades,
but in the presence of ox-LDL, PLA2G2A enhanced the
activation of these pathways (Fig. 5C, D).

The transcription factors of PLA2G2A play a crucial role

in the progression stage of CA

Using SCENIC analysis to identify key transcription fac-
tors in fibroblasts during the progression stage of CA, we
discovered that plaque fibroblasts had distinct transcrip-
tional regulatory networks in the progression and late
stages (Fig. 6A). Additionally, we predicted transcription
factors for PLA2G2A, such as CEBPB, CREB5, CREM,
JUND, and REL (Table S1), and found that these tran-
scription factors were highly expressed in the progression
stage of CA (Fig. 6B). Interestingly, these transcription

(See figure on next page.)
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factors are also key regulators characteristic of the pro-
gression stage. These data suggested that the transcrip-
tion factors of PLA2G2A play a critical role in regulating
the function of fibroblasts in progressing CA. Further-
more, using the CytoSig platform, we predicted the activ-
ity of fibroblasts in response to various cytokines at both
the progression and late stages. The results suggested
that fibroblasts in the progression stage exhibit relatively
higher activity in response to cytokines (Fig. 6C), which
may be closely related to the more extensive pathological
processes occurring in the progression stage.

Discussion

Previous research has demonstrated that PLA2G2A plays
a crucial role in the development of atherosclerosis [7],
but its precise mechanisms remain unclear. In this study,
by comparing the serum sPLA2 levels in patients with
varying degrees of carotid artery stenosis, we observed
statistically significant differences between different ste-
nosis severities, with notably higher diagnostic value in
patients with mild carotid artery stenosis. Subsequently,
we described the expression characteristics of PLA2G2A
in atherosclerotic plaques in the PA and AC regions of
the carotid artery using single-cell transcriptomic data.
We found that PLA2G2A is primarily expressed in vas-
cular fibroblasts and shows strong interactions with
macrophages in the PA region, particularly in pathways
related to the complement system. Finally, by comparing
single-cell transcriptomic data of the progression and late
stages of carotid artery plaques, we validated the afore-
mentioned findings and identified potential transcription
factors that may regulate early atherosclerotic progres-
sion and PLA2G2A expression.

CA is a chronic inflammatory disease of the arterial
wall and a primary underlying cause of cerebrovascular
diseases [13]. However, research on early identification
of this critical event is scant. Some blood biomarkers
might be associated with the biological pathways of early
CA, such as C-reactive protein, troponin I, N-terminal
pro B-type natriuretic peptide, copeptin, asymmetric
dimethylarginine and so on [14, 15]. Yet, these markers
fall short in accurately assessing early CA. Thus, there’s a

Fig. 4 PLA2G2A is associated with the activation of complement and coagulation cascade pathways. A Dendrogram showing hdWGCNA
analysis of the fibroblasts. B Ridge plot showing the 12 gene modules identified by co-expression analysis. C Co-expression network plot

showing PLA2G2A as the hub gene of the green module. D, E Bubble plot (D) and violin plot (E) showing genes in the green module were highly
expressed in the progression stage. F KEGG analysis of the hub genes in the green module showing enrichment in pathways such as complement
and coagulation cascades and cytokine-cytokine receptor interaction. G Dendrogram showing hdWGCNA analysis of the macrophages. H Ridge
plot showing the 6 modules identified by co-expression analysis. I Network plot showing the hub genes of the turquoise module. J, K Bubble plot
(J) and violin plot (K) showing genes in the turquoise module were highly expressed in the progression stage. L KEGG analysis of the hub genes

in the turquoise module showing enrichment of pathways. WGCNA: Weighted gene co-expression network analysis



Wang et al. Journal of Translational Medicine

(2024) 22:967

¢

PRDN
&

CqEC 12

Page 10 of 15

green

PLA2G2A
. 69 segenop

IVEAP ,%:OD

GSN

NP'\'KZ

SERPINGRELNY
& L4
SQEA &
RO ~ Agcoo

aCN &R

818

AgCAS
§P

U

I WZA W)ﬁ Ga\IMB

F Complement and coagulation cascades
Phagosome1

Gytokine-cytokine receptor interaction
Tyrosine metabolism

Glutathione metabolism

JAK-STAT signaling pathway

Linoleic acid metabolism{ ©

Nicotinate and nicotinamide metabolism{ ®
Tryptophan metabolism{ ©

Fatty acid degradation{ ©

A FIB hAWGCNA Dendrogram B e
s o
yoo
H
3 o
£y
8 yor
. e
¥
= o
yellow [ ] .
D blue [ ] E
red [ o [
pink [ ° Average Expression
magenta ° ° o
» 0.0 L
3 .
e green [ J I _04
3 I ° L]
greenyeliow {
w Percent Expressed %
turquoise{ @ ] * 20 !
® 40
bown{ ) ®
tan L]
e
black L
purple [ ]
3
e”\qp
&
)
<€ <€
MAC hAWGCNA Dendrogram
turquolse

Hoignt

blue . [ ]
T
yollow . ° Percent Expressed
.20
. 30
, brown ) [ ]
e
2
&
3
&
green . .
red ° °
turquoise [ ) 3
L @
(\é”‘b o
S o
& N
R
<&

Fig. 4 (Seelegend on previous page.)

hME

-10

00

%

5

turquoise

.‘

yellow

Count

0.05

TN@SF 1B

1P

I-BFSA

0.10 0.15 0.20
Gene Ratio

turquoise

SERPINAT
CSF3R

Bg.2A1 g’ 8

847'1

SL625A37

NgVIPT %GN

BéSP 1

8—,.” TBEM 1

@52 /82P9

SyOAE CéAFN
WDZM%‘ICKS

fgiﬁ

SL611A1

PNRC1
TIgA/PE 8

gen g1

Complement and coagulation cascades:

Neutrophil extracellular trap formation

Ferroptosis

Lysosome:

Cytokine-cytokine receptor interaction

Arginine and proline metabolism<

Adipocytokine signaling pathway:

IL-17 signaling pathway

Fc gamma R-mediated is{ ©

NF-kappa B signaling pathway{

Count

s
@

padjust

0.09 0.15

0.12
Gene Ratio



Wang et al. Journal of Translational Medicine (2024) 22:967

A

0 ng/mL 10 ng/mL 20 ng/mL

C

C3ar1

Fokokk

Fok ko

ok Kok

Fokokk

o

5 g 5
4 . ] @
3 n n
2 4 e
g’ S s
> X >
u, w w
g 2 :
s = s
21 = =
& & ¢
0
\;0 e,y \9\« &v & 0"? &v \9\«
Ot g, U
F ¢ 9 N
< < 4
& 8
Q\y Q\y

Page 11 of 15

40 ng/mL 80 ng/mL

Fluorescence intensity
N
&

D

ox-LDL - - + +
PLA2G2A - + - +

C1lga

Fig. 5 PLA2G2A promotes the progression of CA by activating the complement and coagulation cascades in macrophages. A, B Fluorescence
images and fluorescence intensity quantification showing lipid uptake in RAW264.7 cells after addition of different concentrations of PLA2G2A. C,
D RNA and protein expression levels of the molecules in the complement and coagulation cascades in RAW264.7 cells after treatment with ox-LDL

and PLA2G2A. (*p <0.05; **p < 0.01; ***p <0.001;****p < 0.0001)

need for more sensitive and specific biomarkers for early
assessment and timely intervention of CA.

The PLA2 superfamily can induce changes in mem-
brane composition, activate inflammatory cascades, and
alter cellular signaling pathways [3]. SPLA2, a significant
member of the PLA2 superfamily, hydrolyzes phospho-
lipids and lipoproteins on the cell membrane, produc-
ing pro-inflammatory eicosanoids [4]. Previous research
indicates that serum sPLA2 is an acute-phase protein,
functioning in inflammatory responses to infection and
trauma [16]. This sPLA2 activity can also alter lipopro-
tein particles in circulation, increase lipoprotein binding
to vascular wall proteoglycans, and promote foam cell
formation [17]. Existing studies have identified a corre-
lation between serum sPLA2 levels and atherosclerosis
[4, 18], but clinical trials aimed at reducing inflamma-
tion by inhibiting serum sPLA2 levels to improve car-
diovascular events have been disappointing [19]. The
patients enrolled in these clinical trials had their serum
sPLA2 levels measured after experiencing atherosclero-
sis-related cardiovascular events, representing late ath-
erosclerotic lesions. It is well known that atherosclerosis
becomes irreversible after the formation of a calcified
core and fibrous cap. Our findings show that fibroblasts

highly express PLA2G2A and interact strongly with mac-
rophages during the progression of carotid plaques, but
this phenomenon is significantly diminished in the late
stages. This suggests that sSPLA?2 plays a crucial role in the
early stages of atherosclerotic lesions, while in the late
stages, despite higher serum sPLA2 levels, its impact on
the existing lesions may be minimal. Moreover, sSPLA2
may have multiple roles during the progression of athero-
sclerosis. Previous studies have confirmed that sPLA2,
as an inflammatory molecule, can affect LDL levels,
leading to hypotheses and interventions targeting this
mechanism. However, the overall role of sPLA2 in the
pathogenesis of Atherosclerotic cardiovascular disease
may be more complex. Our results suggest that sPLA2
may function by activating the complement and coagu-
lation cascades in macrophages, but the concentration-
dependence of sPLA2 in this process remains unknown.
It is possible that even after reducing sPLA2 levels with
an inhibitor, the complement and coagulation cascades
may not be fully suppressed. In summary, the less-than-
ideal results of these clinical trials may be due to the late
timing of sSPLA2 intervention or the fact that, although
Varespladib effectively reduced serum sPLA2 levels, it
failed to influence the cascade reactions triggered by
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sPLA2. Our research offers a new perspective on the
mechanisms by which sPLA2 promotes atherosclerosis.
Atherosclerosis is characterized by lipid deposition,
endothelial inflammation, migration of smooth muscle
cells (SMCs) from the media to the newly formed plaque,
and eventual plaque rupture [1]. Past research on athero-
sclerosis has primarily focused on the endothelial cells,
SMCs, and inflammatory cells in the intima and media
[20-22]. However, recent findings highlight the adven-
titia, the supportive tissue of arteries, as playing a cru-
cial role in atherosclerosis, with adventitial remodeling

being a key component of the disease process [10, 23].
Fibroblasts, which constitute the main component of the
adventitia and account for 33% of the cellular makeup
of the aorta [24], engage in crosstalk with endothelial
cells and SMCs during atherosclerosis. They participate
in the regulation of chemical and mechanical signals
through the analysis of cytokines and the extracellular
matrix (ECM), contributing to adventitial remodeling
[11]. Wang et al. found that periostin activates adventi-
tial fibroblasts, as well as focal adhesion kinase (FAK)
and Src phosphorylation, playing a role in the adventitial
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remodeling of atherosclerosis [25]. Additionally, research
by Lopes et al. showed that dysfunctions in fibroblast
lysosomal activity and autophagy, along with the induc-
tion of apoptosis, can accelerate the progression of ath-
erosclerosis [26]. With the introduction of the “adventitia
theory’, fibroblasts, the main components of the adven-
titia, have gradually gained attention. The adventitia
theory particularly emphasizes that cells and molecular
signals within the adventitia can regulate the progression
of atherosclerosis by influencing the behavior of cells in
the media and intima. This interaction suggests that the
adventitia is not merely a passive supporting structure
but plays an active regulatory role in the pathological
process. Our research findings align with the adventitia
theory, highlighting the regulatory role of fibroblasts in
the adventitia during the progression stage of atheroscle-
rosis. The American Heart Association (AHA) believes
that pathological changes occurring after the atheroma
stage are irreversible [27]. According to our findings,
significant cell-cell interactions occur between vascular
fibroblasts and macrophages in the early stages of carotid
plaque development. This discovery may offer new
insights for early intervention in atherosclerosis in clini-
cal settings.

The complement system, as a cornerstone of innate
immunity, plays a crucial role in maintaining homeo-
stasis during inflammatory responses [28]. Initially, the
complement system was thought to have a simple role
in atherosclerosis by mediating endothelial cell activa-
tion and innate immunity, with pharmacological inhi-
bition of plasma complement successfully reducing
vascular inflammation in atherosclerosis [29]. However,
as research has progressed, it has been found that the
complement system also plays significant roles within
the extracellular matrix and intracellularly [30]. Intra-
cellular complement activation in monocytes and mac-
rophages is fundamental to the sustained activation of
atherosclerotic cells [31]. Macrophages, as major par-
ticipants in atherosclerotic inflammatory responses, are
influenced by the complement system not only through
mediating M2/M1 macrophage polarization to promote
atherosclerosis progression [32], but also through the
findings of Kiss et al., who discovered that increased C3
levels in macrophages can inhibit atherosclerosis pro-
gression by affecting macrophage phagocytosis [33].
Therefore, understanding the various functions of the
complement system during different stages of athero-
sclerosis progression is of paramount importance. As
mentioned earlier, sSPLA2 hydrolyzes glycerophospho-
lipids in lipoproteins and cell membranes, producing
pro-inflammatory lysophospholipids and non-esterified
fatty acids [34]. On one hand, phospholipid hydrolysis
can impair the clearance of low-density lipoproteins by
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damaging apolipoprotein receptors; on the other hand,
the hydrolysis of high-density lipoproteins leads to a
reduction in cholesterol efflux capacity, causing cho-
lesterol crystal deposition [35]. Cholesterol crystals
can then induce an inflammatory response by activat-
ing the NLRP3 inflammasome through caspase-1 [36].
Additionally, phospholipid hydrolysis generates ara-
chidonic acid, lysophospholipids, and non-esterified
fatty acids, which further increase oxidative stress and
activate inflammatory pathways in various vascular
cells. NLRP3 can also directly activate the intracellu-
lar complement system [37]. Therefore, we hypothesize
that sPLA2 secreted by fibroblasts promotes comple-
ment and coagulation pathway activation by impairing
macrophage-mediated lipoprotein clearance, leading
to cholesterol deposition and subsequent activation of
inflammasomes such as NLRP3.

Conclusions

In summary, by combining a clinical cohort of patients
with carotid artery stenosis and single-cell transcrip-
tomics, our study found that during the progression
stage of CA, vascular fibroblasts exhibit high expres-
sion of PLA2G2A, which activates the complement and
coagulation cascade pathways in macrophages, thereby
promoting plaque progression. These findings highlight
the significant differences in the pathophysiological pro-
cesses of CA at different stages and provide new insights
for the early diagnosis and intervention of CA. How-
ever, this study has certain limitations. First, the clinical
data were obtained from a single center, and the sample
size was relatively small, which may introduce statisti-
cal bias. Second, due to significant individual differences
among patients, further validation of these conclusions
will be needed in a larger cohort with more extensive sin-
gle-cell data.
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SPLA2 Secretory phospholipase A2
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