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Single-cell transcriptomics reveal cellular
diversity of aortic valve and the immuno-
modulationbyPPARγduringhyperlipidemia
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Woong-Yang Park 7,17,18, Hae-Ock Lee 2,3,20 & Jae-Hoon Choi 1,20

Valvular inflammation triggered by hyperlipidemia has been considered as an
important initial process of aortic valve disease; however, cellular and mole-
cular evidence remains unclear. Here, we assess the relationship between
plasma lipids and valvular inflammation, and identify association of low-
density lipoprotein with increased valvular lipid and macrophage accumula-
tion. Single-cell RNA sequencing analysis reveals the cellular heterogeneity of
leukocytes, valvular interstitial cells, and valvular endothelial cells, and their
phenotypic changes during hyperlipidemia leading to recruitment of
monocyte-derived MHC-IIhi macrophages. Interestingly, we find activated
PPARγ pathway in Cd36+ valvular endothelial cells increased in hyperlipidemic
mice, and the conservation of PPARγ activation in non-calcified human aortic
valves. While the PPARγ inhibition promotes inflammation, PPARγ activation
using pioglitazone reduces valvular inflammation in hyperlipidemic mice.
These results show that low-density lipoprotein is the main lipoprotein accu-
mulated in the aortic valve during hyperlipidemia, leading to early-stage aortic
valve disease, and PPARγ activation protects the aortic valve against
inflammation.

Aortic valve disease emerges as a worldwide health problem as the
population ages1,2. Unlike healthy, diseased aortic valve has a problem
with its function of preventing blood from backflow. One of the most
prevalent degenerative aortic valve diseases, calcific aortic valve dis-
ease (CAVD) is characterized by severe calcification of aortic valve
leaflet, which gradually narrows the aortic orifice. This calcified lesion
also causes a decrease in leaflet motion and obstruction of the left
ventricular outflow tract, leading to aortic stenosis (AS)3,4. After the
onset of AS symptoms, themortality rate among those aged around80
years is ~50% in 2 years and 80% in 5 years without surgical or

transcatheter valve replacement5,6. However, there is no non-invasive
therapeutic modality yet to prevent or suppress the initiation and
progression of disease4,7. Thus, it is crucial to understand the mole-
cular and cellular events in the early stage of aortic valve diseases to
develop preventive therapeutics.

Inflammation is closely associated with the onset and progression
of aortic valve disease. Various predisposing conditions including
bicuspid valve, old age, male sex, hypertension, dyslipidemia, smok-
ing, and obesity can induce the recruitment of leukocytes into aortic
valve. The recruited leukocytes release pro-inflammatory cytokines

Received: 9 December 2021

Accepted: 7 September 2022

Check for updates

A full list of affiliations appears at the end of the paper. e-mail: haeocklee@catholic.ac.kr; jchoi75@hanyang.ac.kr

Nature Communications |         (2022) 13:5461 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-4876-0477
http://orcid.org/0000-0002-4876-0477
http://orcid.org/0000-0002-4876-0477
http://orcid.org/0000-0002-4876-0477
http://orcid.org/0000-0002-4876-0477
http://orcid.org/0000-0003-3202-750X
http://orcid.org/0000-0003-3202-750X
http://orcid.org/0000-0003-3202-750X
http://orcid.org/0000-0003-3202-750X
http://orcid.org/0000-0003-3202-750X
http://orcid.org/0000-0001-5482-744X
http://orcid.org/0000-0001-5482-744X
http://orcid.org/0000-0001-5482-744X
http://orcid.org/0000-0001-5482-744X
http://orcid.org/0000-0001-5482-744X
http://orcid.org/0000-0002-5502-3977
http://orcid.org/0000-0002-5502-3977
http://orcid.org/0000-0002-5502-3977
http://orcid.org/0000-0002-5502-3977
http://orcid.org/0000-0002-5502-3977
http://orcid.org/0000-0002-4423-5122
http://orcid.org/0000-0002-4423-5122
http://orcid.org/0000-0002-4423-5122
http://orcid.org/0000-0002-4423-5122
http://orcid.org/0000-0002-4423-5122
http://orcid.org/0000-0002-7207-4389
http://orcid.org/0000-0002-7207-4389
http://orcid.org/0000-0002-7207-4389
http://orcid.org/0000-0002-7207-4389
http://orcid.org/0000-0002-7207-4389
http://orcid.org/0000-0002-1104-1698
http://orcid.org/0000-0002-1104-1698
http://orcid.org/0000-0002-1104-1698
http://orcid.org/0000-0002-1104-1698
http://orcid.org/0000-0002-1104-1698
http://orcid.org/0000-0003-4234-0380
http://orcid.org/0000-0003-4234-0380
http://orcid.org/0000-0003-4234-0380
http://orcid.org/0000-0003-4234-0380
http://orcid.org/0000-0003-4234-0380
http://orcid.org/0000-0001-5123-0322
http://orcid.org/0000-0001-5123-0322
http://orcid.org/0000-0001-5123-0322
http://orcid.org/0000-0001-5123-0322
http://orcid.org/0000-0001-5123-0322
http://orcid.org/0000-0002-5265-3463
http://orcid.org/0000-0002-5265-3463
http://orcid.org/0000-0002-5265-3463
http://orcid.org/0000-0002-5265-3463
http://orcid.org/0000-0002-5265-3463
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33202-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33202-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33202-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-022-33202-2&domain=pdf
mailto:haeocklee@catholic.ac.kr
mailto:jchoi75@hanyang.ac.kr


like TNF, IL1β, and IL6, which provoke a phenotypic change of valvular
interstitial cells (VICs) into profibrotic and calcific phenotypes, leading
to CAVD8. Similar to atherosclerosis, hyperlipidemia is an important
risk factor for aortic valve inflammation and is known to drive sclerotic
changes in the aortic valve. Familial hypercholesterolemia due to the
inheritance of defective alleles of genes related to cholesterol home-
ostasis, such as low-density lipoprotein (LDL) receptor (LDLR), is
associated with the prevalence of CAVD9. Recently, proprotein con-
vertase subtilisin/kexin type 9 (PCSK9), which increases blood LDL
level by binding and preventing LDLR recycling, is also reported as
related to the CAVD prevalence10, and PCSK9 loss-of-function muta-
tion is reported to decrease the incidence of AS11,12. Although previous
clinical trials on the effect of lipid-lowering treatments on progressed
AS have been unsuccessful13–15, a recent large-scale Mendelian rando-
mization study demonstrated the causal association between high
levels of LDL and AS, suggesting LDL-lowering treatments may be
effective in mitigating aortic valve disease at an early time point16.
However, the detailed mechanism of how leukocyte recruitment is
initiated in the pre-calcific stage of aortic valve disease has remained
elusive.

In the normal state, aortic valves contain various cell types,
including VICs, valvular endothelial cells (VECs), and leukocytes
including macrophages and dendritic cells (DCs)17–19. In the hyperli-
pidemic state, it is known that macrophages and T cells are accu-
mulated in the lipid deposited region. But, the comprehensive
immune cell profiling analysis is still lacking. In order to understand
the initial disease mechanism, it is important to define the valvular
cell components and dissect their phenotypic changes and cellular
networks in hyperlipidemic mice. However, since the tissue is very
small and composed of a few cells, it is challenging to analyze
molecular and cellular events in murine aortic valves.

In this work, we first confirm the causal relationship between
plasma lipids and valvular inflammation in Ldlr−/− and Apoe−/− mice
having different plasma lipid profiles. We perform single-cell RNA
sequencing (scRNA-seq) analysis of aortic valves from thesemice. Our
scRNA-seq analysis reveals the profound cellular heterogeneity of
VICs, VECs, and leukocytes, and the increased pro-inflammatory gene
expression in VECs and VICs during hyperlipidemia inducing the
recruitment of monocyte-derived macrophages. Importantly, we find
that PPARγpathway is activated in aortic valves from Ldlr−/− andApoe−/−

mice and in human aortic valves of pre-calcified state but not in cal-
cified valves. When PPARG is knockdown, VECs upregulate pro-
inflammatory genes and cell adhesion molecules. While PPARγ inhi-
bition promotes valvular inflammation, the activation of PPARγ pro-
tects the aortic valve from excessive inflammation during
hyperlipidemia. Thus, we propose PPARγ as a key anti-inflammatory
regulator in the pre-calcified stage of aortic valve disease.

Results
Ldlr−/− mice have more prominent valvular lipid accumulation
than do Apoe−/− mice
To identify lesion formation in the aortic valve disease in hyperlipi-
demic conditions, we assessed lipid accumulation in the aortic valve,
using the following two mouse models of hypercholesterolemia:
Apoe−/− and Ldlr−/− mice (experimental group) and C57BL/6J mice
(wild-type control group), fed either a chow or western diet (WD) for
10 weeks. We quantified valvular lipids and atherosclerotic lesions in
the aortic sinus by staining frozen tissue sections with Oil Red O
staining. Whereas C57BL/6J mice showed no significant difference in
the valvular lipid content, Apoe−/− and Ldlr−/− mice that were fedwith a
WD had a higher valvular lipid deposition than did Apoe−/− and Ldlr−/−

mice fed with a chow diet; however, Ldlr−/− mice showed a much
higher increase in aortic valvular lipid accumulation than did Apoe−/−

mice (Fig. 1a). In addition, whole-mount Oil Red O staining showed
that lipid droplets mainly accumulated in the corpus arantii (C.A.)

region of the aortic valve in hyperlipidemic mice (Apoe−/− and Ldlr−/−

mice fed a WD), but this effect was not observed in the valve of
normal mice (C57BL/6 J mice fed a chow diet) (Supplementary Figs. 1
and 2a). We further compared serum levels of total cholesterol and
LDL inWD-fed and chowdiet-fedmice. LDL, but not total cholesterol,
was higher in Ldlr−/− mice than in Apoe−/− mice (Fig. 1b). In addition, in
WD-fed hyperlipidemic mice (Apoe−/− and Ldlr−/− mice), LDL levels
positively correlated with aortic valvular lipid accumulation, whereas
total cholesterol levels and atherosclerotic lesions in the aortic sinus
did not correlate with aortic valvular lipid accumulation (Fig. 1c, d).
Further examination into lipid accumulation and lipid profiles ofWD-
fed Apoe−/− and Ldlr−/− mice, at the 4-, 8-, or 12-weeks20, revealed
similar patterns: lipid accumulation was greater in Ldlr−/− than in
Apoe−/− mice at every time point, and a positive correlation between
valvular lipids and LDL was observed (Supplementary Fig. 2b–d).

To identify whether the difference in valvular lipid accumulation
between Apoe−/− and Ldlr−/− mice originated from differences in sca-
venger receptor expression levels, we examined the average expres-
sion levels of scavenger receptors and the level of each scavenger
receptor (Msr1, Scarb1, Orl1, and Cd36) associated with LDL, via tran-
scriptomic analysis of the whole aortic valve tissue, using five different
experimental groups (C57BL/6J chowmice,Apoe−/− chowandWDmice,
and Ldlr−/− chow andWDmice).We observed no significant differences
among the groups (Supplementary Fig. 3).

LDL is the main lipoprotein accumulated in the aortic valve
Next, we examined the uptake of VLDL and LDL in the ex vivo aortic
valve culture system and VIC cultured in vitro using DiI-labeled lipo-
proteins. In the representative images and quantitative data of ex vivo
aortic valve culture, uptake of LDL in the aortic valve was significantly
higher thanVLDLuptake in the threemain cell types of the aortic valve,
that is, macrophages, VECs, and VICs (Fig. 1e, f and Supplementary
Movies 1–3). In addition, the accumulation of LDL in cultured VICs was
higher than that of VLDL, and the deficiency of Ldlr or Apoe did not
affect lipoprotein accumulation in VICs (Fig. 1g). The intravenously
injectedDiI-LDL accumulatedmore in the aortic valve than the injected
DiI-VLDL (Fig. 1h). Overall, these results indicate that valvular accu-
mulation of LDL occurs independently of the in situ protein expression
of APOE or LDLR in the aortic valve.

Because LDL is the major accumulating lipoprotein in the aortic
valve, we investigated the expression of SR-BI and CD36, known as
receptors of LDL21–23, in the aortic valve of C57BL/6J mice, to identify the
mechanismof LDL accumulation. The expression of SR-BI andCD36was
mainly localized in the C.A. region of the valve (Fig. 1i). In the ex vivo LDL
uptake assay, the treatment with salvianolic acid B (SAB, CD36 inhibitor)
and block lipid transport-1 (BLT-1, SR-BI inhibitor) significantly dimin-
ished the uptake of LDL in VECs and VICs of C57BL/6J mice, whereas
treatment with SAB or BLT-1 did not affect the macrophages (Fig. 1j).

Ldlr−/−mice have a higher percentage of valvular leukocytes and
associated subsets than do Apoe−/− mice, in hyperlipidemic
conditions
To understand the inflammatory process in the aortic valve under
conditions of hyperlipidemia, we performed a flow cytometric analysis
of aortic valvular cells, using C57BL/6J, Apoe−/−, and Ldlr−/− mice fed
either a chow or WD (Fig. 2a, b and Supplementary Fig. 4). Apoe−/− and
Ldlr−/− mice fed with a WD showed a proportional increase in leuko-
cytes and a decrease in VICs compared to Apoe−/− and Ldlr−/− mice fed
with a chow diet, whereas C57BL/6J mice showed no difference
between WD-fed and chow-fed mice (Fig. 2a, b and Supplementary
Fig 5a). Similar to trends in lipid accumulation, Ldlr−/− mice showed a
more prominent increase in total leukocytes than did Apoe−/− mice.
Among leukocyte subsets, macrophages were significantly increased
in both Apoe−/− and Ldlr−/− mice (Fig. 2a, b). Macrophages were classi-
fied into two different subsets: MHC-IIhiCD11c+CD206- and MHC-
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IIloCD11c-CD206+ macrophages (Supplementary Fig. 4). Between the
two subsets, only MHC-IIhiCD11c+CD206- macrophages were sig-
nificantly increased in WD-fed Apoe−/− and Ldlr−/− mice (Fig. 2b).
Moreover, among the leukocyte subsets, MHC-IIhiCD11c+CD206- mac-
rophage percentage positively correlated with LDL levels, but not with
total cholesterol levels (Fig. 2c and Supplementary Fig. 5b, c).

High blood LDL level induced by hepatic PCSK9 overexpression
increases the accumulation of lipids and macrophages in the
aortic valve
To confirm the importance of blood LDL levels in the progression of
aortic valve lesion formation, we induced the overexpression of gain-
of-function PCSK9 mutant using adeno-associated virus (AAV)
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serotype 8 (PCSK9-AAV). Injection of PCSK9-AAV induces a great ele-
vation of bloodLDL levels inmice24. UsingOil RedO staining, we found
that PCSK9-AAV-injected Apoe−/− mice (24 weeks of WD) had more
severe lipid accumulation, about 5.7-fold higher percentage, than
control Apoe−/− mice. In addition, the overexpression of PCSK9
increased valve thickness in Apoe−/− mice and elevated plasma LDL
levels (Fig. 2d–f). Furthermore, we checked the correlation between
valvular lipid accumulation and each blood lipid profile, and only LDL
presented a positive correlation with valvular lipid accumula-
tion (Fig. 2g).

To verify the relationship between LDL levels and valvular
inflammation, we performed immunostaining for CD68 and vimentin
with lipid staining using BODIPY 493/503.Macrophages were localized
in the lipid-accumulatedC.A. regionof the aortic valve and appeared as
foamy cells containing many lipid droplets. Adjacent to the macro-
phages, vimentin+CD68- VICs also showed a foamyphenotype (Fig. 2h).
Next, we quantified the number of macrophages per aortic valve and
found that macrophages were increased in PCSK9-AAV-infected mice,
suggesting that the elevation of serum LDL levels worsened the aortic
valvular inflammation (Fig. 2i). Altogether, these findings indicate that
an increase in LDL enhances lipid accumulation and inflammation of
the aortic valve, leading to the aortic valve sclerosis progression.

Ezetimibe-induced lipid reduction ameliorates lipid accumula-
tion and inflammation in the aortic valve
We assessed whether lipid-lowering treatment would alleviate
lesion formations, caused by hyperlipidemia, during the early
stages of aortic valve disease. To achieve this, we utilized Ldlr−/−

mice, which were suitable to identify the change of valvular lesion,
because they showed high levels of valvular lipid accumulation
and inflammation when fed WD (Figs. 1a and 2a, b). Ldlr−/− mice
were fed with WD containing a lipid-lowering drug (ezetimibe) and
compared valvular lipid accumulation and immune cell propor-
tions to control WD-fed Ldlr−/− mice (Fig. 2j–m). Ezetimibe clearly
decreased total cholesterol and LDL levels in the blood of Ldlr−/−

mice fed with an ezetimibe-based WD, and also decreased valvular
lipid accumulation as well (Fig. 2j, k). Similarly, ezetimibe treat-
ment significantly reduced the percentage of immune cells (leu-
kocytes, macrophages, and MHC-IIhiCD11c+CD206- macrophages)
in aortic valves (Fig. 2l, m and Supplementary Fig. 5d). Collectively,
we identified that lipid-lowering treatment was effective in redu-
cing lipid accumulation and inflammation in hyperlipidemia-
induced aortic valve disease.

scRNA-seq analysis reveals cellular heterogeneity in aortic
valves from normal and hyperlipidemic mice
To explore hyperlipidemia-associated cellular dynamics in aortic
valves, we sorted total live single cells from the aortic valves of
C57BL/6J (wild type), Ldlr−/−, and Apoe−/− mice and performed single-
cell transcriptome analysis using a droplet-based 10x Genomics

Chromium system (Supplementary Figs. 1b and 6). After quality fil-
tering, we classified 6574 cells into 12 cell clusters using unsupervised
cell clustering projected in a two-dimensional space through uniform
manifold approximation and projection (UMAP) (Fig. 3a). Each cell
cluster was assigned into three distinct cell lineages based on estab-
lished canonicalmarker gene expression: VICswith stromal cells, VECs,
and leukocytes (macrophages, DCs, T cells, and B cells) (Fig. 3b and
Supplementary Data 1). All cell lineages were present in both normal
and hyperlipidemic aortic valves, showing differences in cell distribu-
tion (Fig. 3c). VICs were the main cell population in aortic valves of
C57BL/6J, andmacrophages were themost abundant leukocytes in the
aortic valves. Importantly the leukocytes, such as macrophages, DCs,
and T cells were markedly increased in Ldlr−/− mice compared with
C57BL/6J and Apoe−/− mice. Overall, the cellular proportion of scRNA-
seq analysis sufficiently recapitulated the flow cytometric analysis
(Fig. 2a–c and Supplementary Fig. 5a–c). The results indicated a tight
association between macrophages and the pathogenesis of aortic
valve disease. The extensive single-cell profiling enabled us to inves-
tigate cellular and molecular changes associated with hyperlipidemia
in the aortic valve.

The aortic valve contains two major macrophage populations,
and monocyte-derived MHC-IIhi macrophages accumulate dur-
ing hyperlipidemia
Based on the expression levels of H2-Ab1 (encoding a subunit of
MHC-II), Itgax (encoding CD11c), and Mrc1 (encoding CD206), valv-
ular macrophages were subdivided into the following two main
populations: H2-Ab1hiItgaxhi and Mrc1hi macrophages (Fig. 3a, d),
similar to the results of flow cytometric analyses (Fig. 2a, b and
Supplementary Fig. 4). Using whole-mount immunofluorescence
with MHC-II and CD206, we found that MHC-IIhi and CD206+ mac-
rophages were spatially separated from each other. MHC-IIhi cells
were mainly infiltrated into the fibrosa side of the C.A. region of the
hyperlipidemic aortic valve, whereas CD206+ macrophages were
lined in the ventricularis side of the area near the annulus (Fig. 3e,
Supplementary Fig. 7 and Supplementary Movies 4–6).

To assess whether the MHC-IIhiCD11c+CD206- macrophages are
monocyte-derived, we induced hyperlipidemia by PCSK9-AAV infec-
tion and WD feeding to Ccr2+/+ or Ccr2−/− mice. Although there was no
difference in LDL levels of Ccr2+/+ and Ccr2−/− mice, MHC-IIhiCD11c+

CD206- macrophages were substantially decreased in Ccr2−/− mice,
indicating that the valvular MHC-IIhi macrophages mainly originated
from blood monocytes (Fig. 3f, g).

MHC-IIhi valvular macrophages express pro-inflammatory genes
whereas Lyve1+ macrophages show anti-inflammatory gene
profiles
We re-classified leukocyte clusters to understand their dynamics and
role in valvular inflammation. Sub-clustering of 3160 leukocytes iden-
tified them as macrophages (Macs), monocyte-derived dendritic cells

Fig. 1 | LDL is a primary lipoprotein accumulated in the aortic valve under
hyperlipidemia. a–d Comparison of lipid accumulation in the aortic valves and
blood lipid profiles of mice (C57BL/6J, Apoe−/−, and Ldlr−/−) fed a chow diet (chow)
versus a western diet (WD) for 10 weeks (n = 5). Representative lipid stain images
and measurement of valvular lipid deposition. Black or dark brown spots are
melanin pigments. Arrowhead: accumulated lipids. Scale bar: 150 μm (left),
30μm (right) (a), total cholesterol and LDL levels in the blood plasma (b), corre-
lations between aortic valvular lipid deposition and blood lipid profiles ofWD-fed
hyperlipidemic mice (c), and correlation between aortic valvular lipid accumu-
lation and aortic sinus lesions in WD-fed hyperlipidemic mice (d). e, f DiI-
lipoproteins (LDL or VLDL) uptake of aortic valves cultured ex vivo. Repre-
sentative whole-mount images (repeated three times) (e) and flow cytometry
analysis (n = 4) (f). Scale bar: 100μm. g DiI-lipoprotein (LDL or VLDL) uptake
levels of cultured VICs using C57BL/6J, Ldlr−/−, and Apoe−/− mice. Representative

images (top) andmean fluorescence intensity (MFI) of DiI-lipoprotein detected by
flow cytometry (n = 2. Each sample represents pooling of 10 mice). Scale bar:
30μm. hWhole-mount images of the aortic valve from after intravenous injection
of DiI-lipoproteins (LDL or VLDL) to C57BL/6J. Scale bar: 50μm. i Whole-mount
immunostaining of the aortic valve from C57BL/6J with SR-BI (red) and CD36
(green). Scale bar: 50μm. j Flow cytometric analysis of DiI-lipoproteins (LDL or
VLDL) uptake of aortic valves from C57BL/6 J mice, cultured with/without BLT-1
(SR-BI inhibitor) or SAB (CD36 inhibitor) (n = 4). Dashed line (white), outline of
the free edge. Dotted line (gray), outline of the annulus-attached region. WD:
western diet. Image data are representative of three independent experiments
unless otherwise stated. Two-sided Mann–Whitney test (comparison of two
groups) and Kruskal–Wallis test with post-hoc Dunn’s test (comparison of three
or more groups), were used for group comparisons. The Spearman correlation
test was used for correlation analyses. Data are presented as mean ± SD.
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(moDCs), conventional type 1 dendritic cells (cDC1s), Cd8+ T cells,
Cd4+ T cells, and B cells (Fig. 4a). A total of 11 clusters were assigned to
6 leukocyte lineages along with the expression of known canonical
markers (Fig. 4b). The Ldlr−/− mice were enriched in leukocytes, with a
50% increase in cell numbers compared with those in Apoe−/− and
C57BL/6J mice (Fig. 4c). The relative proportion of clusters within

immune cells showed a similar distribution at this resolution. Notably,
macrophages (LEU_C0, C1, C2, C4, C5, and C7) were the predominant
leukocyte type in the aortic valve under all conditions. Each macro-
phage sub-cluster showed distinctive cellular pathways in functional
categories (Supplementary Data 1), suggesting phenotypic and func-
tional heterogeneity. LEU_C0 expressedCtss, Vcam1, and genes related
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to MHC-II (Cd74, H2-Eb1, and H2-Aa), and enriched with a lysosome
pathway. LEU_C1 showed Cd9, Actg1, and Cd14 as top genes, and
upregulated with pathways (glycolysis, gluconeogenesis, and pentose
phosphate pathway) related to glucosemetabolism. LEU_C2 expressed
marker genes of the M2-like macrophage such as Folr2, Lyve1, Mrc1,
and Cd163, and enriched with the endocytosis, and the complement
and coagulation cascade pathways. LEU_C4 was identified as the pro-
liferating macrophage, showing a high level of genes (Mki67, Ccna2,
andCdk1) and pathways (DNA replication and spliceosome) associated
with cell cycles. LEU_C5 contained the expression of genes related to
the type I interferon (Ifit1, Ifit2, Ifit3, Oasl1, and Irf7) and MHC-I (H2-D1,
H2-T23, and H2-K1), and involved with inflammatory pathways such as
toll-like receptor signaling pathway and cell adhesion molecules.
LEU_C7 expressed Fabp5, Trem2, Plin2, Lpl, and Abca1, which are pre-
viously reported as marker genes of foamy macrophage20, and enri-
ched with pathways (PPAR signaling pathway and glycerolipid
metabolism) related to lipid handling.

As shown in Figs. 2 and 3e, we subcategorized valvular macro-
phages into two functional phenotypes: MHC-IIhiCD11c+ macrophages
and MHC-IIloCD206+ macrophages by flow cytometry and whole-mount
immunofluorescence. Inparallel, the expressionpatternofH2-Ab1, Itgax,
Mrc1, and Lyve1 recapitulated two mutually exclusive populations
(Fig. 4d). For a refined analysis, we constructed a transcriptional trajec-
tory to infer changes in the functional status of macrophages (Fig. 4e).
The individual cells of LEU_C2, LEU_C5, and LEU_C4 were located at the
end of separate trajectory branches, while cells of LEU_C0, LEU_C1, and
LEU_C7 spanned all branches. In accordance with previous findings25,
macrophages in the aortic valve demonstrated independent sub-
populations similar to those in Lyve1-MHC-IIhi Mac (LEU_S1), Lyve1+MHC-
IIlo Mac (LEU_S2), or proliferative Mac (LEU_S3) from the trajectory
(Fig. 4f). Lyve1-MHC-IIhi Mac (LEU_S1) showed pro-inflammatory and
Lyve1+MHC-IIlo Mac (LEU_S2) showed anti-inflammatory gene expression
(Fig. 4f, g). Proportional cell counts demonstrated an increase in pro-
inflammatory macrophages in Apoe−/− and Ldlr−/− mice but a decrease in
anti-inflammatory macrophages (Fig. 4h).

VICs contain heterogeneous cell populations with distinct gene
expression profiles and increase pro-inflammatory gene
expression during hyperlipidemic condition
Sub-clustering of non-immune, non-endothelial and non-Clec3b+ stro-
mal cells revealed four clusters (Fig. 5a andSupplementary Fig. 8). Each
cell cluster was constructed with an unbiased fraction of cells between
normal and hyperlipidemic mice (Fig. 5b). Graph-based clustering
showed heterogeneous subsets of VICs. The following four VIC types
populated the aortic valve: Meox1+ (VIC_C0), Id4+ (VIC_C1), Spp1+ VICs
(VIC_C2), and Irf7+ (VIC_C3); They presented with the expression of
distinct marker genes and the activation of unique functional cate-
gories (Fig. 5c, d, Supplementary Data 1). We confirmed that VIC
clusters were in the aortic valve leaflet—Meox1+ VICs on the inner side,
Id4+ VICs on the outer side, and Spp1+ VICs on the root of aortic valve
leaflet near the annulus (Fig. 5e). VICs from hyperlipidemic mice

showed increased expression of genes related to myofibroblast acti-
vation and calcification than those of normal mice (C57BL/6 J) (Fig. 5f
and Supplementary Data 2). The expression of genes associated with
monocyte recruitment, such as Csf1 and Cx3cl1 were markedly
increased in the VICs of hyperlipidemicmicecompared tonormalmice
(Fig. 5g, h). Moreover, in the gene set enrichment analysis focused on
inflammation-associated terms, VICs in hyperlipidemic mice showed
definitive inflammatory characteristics (Fig. 5i). Thus, a subset of VICs
in hyperlipidemic aortic valves induces molecular changes to accom-
modate inflammatory responses. Indeed, oxLDL-treated VICs showed
enhanced monocyte migration than non-treated or LDL-treated VICs
(Fig. 5j). In the monocyte adhesion assay using ex vivo cultured aortic
valve, oxLDL-treated valves promoted a greater attachment of mono-
cytes than non-treated valves (Fig. 5k).

VECs contain three major populations and Cd36+ VECs are
markedly increased in hyperlipidemic condition
Sub-clustering of the 536 VECs revealed six clusters (Fig. 6a). Fewer
VECs than VICs and leukocytes were recovered from the aortic valve.
Nonetheless, distinct Cd36+ ECs (VEC_C1) were identified in both the
Apoe−/− and Ldlr−/− groups (Fig. 6b, c). Other cell clusters were assigned
to vascular endothelial cell types, including Fgfr3+ ECs (VEC_C0), Prox1+

ECs (VEC_C2), Pdpn+ ECs (VEC_C3), and Edn1+ ECs (VEC_C5) (Fig. 6a–c,
Supplementary Data 1). The clusters (VEC_C0, C1, and C2) populated
more than 80% of the total VECs (Fig. 6c). In total, VECs in Apoe−/− and
Ldlr−/− mice showed upregulation of pro-inflammatory genes and over-
enrichment in functional gene sets related to monocyte chemotaxis
when compared with the C57BL/6J group, suggesting that VECs are
also related to valvular inflammation (Fig. 6d, e).

Fgfr3+ VECs (VEC_C0) and Prox1+ VECs (VEC_C2) were the main EC
populations in the C57BL/6J mice. However, Cd36+ VECs (VEC_C1) were
markedly increased in Apoe−/− and Ldlr−/− mice (Fig. 6a, c). In addition,
combined analyses of VECs with public scRNA-seq for aortic ECs
formeddistinct clustersofCd36+ ECs fromnormal ECs (Supplementary
Fig. 9). Using RNA in situ hybridization and immunofluorescence, we
validated threemajor VEC clusters. Among these, Fgfr3+VECs (VEC_C0)
and Prox1+ VECs (VEC_C2) exhibited distinct spatial patterns. Fgfr3+

VECs were regionally confined to the ventricularis side while Prox1+

VECs were only positioned on the fibrosa side (Fig. 6f). Unlike the two
clusters, Cd36+ VECs (VEC_C1) did not have a specific spatial pattern.
Consistent with the scRNA-seq data, more Cd36+ VECs were observed
in the diseased valve (Ldlr−/−) than in the normal valve (C57BL/6J)
(Fig. 6c, f). Previously, Kalluri et al. demonstrated that aortic ECs were
classified into three subtypes—EC1, EC2, and EC326. We found that the
transcriptional characteristics of the three ECs were comparable to
those of the VEC clusters (Fig. 6g). Cd36+ VECs expressed EC2-
associated gene signatures,whereas Fgfr3+ was similar to EC1. Pdpn+ EC
showed higher expression of the EC3-related genes. Fgfr3+ VECs
showed significantly upregulated extracellular matrix organization
and integrin signaling, consistent with EC1. We confirmed the
enrichment of a Cd36+ VEC population with lipid transport and

Fig. 2 | Plasma LDL levels positively correlate with inflammation and lipid
accumulation in the aortic valve. a–c Flow cytometry analyses of the aortic valves
of C57BL/6 J, Apoe−/−, and Ldlr−/− mice fed a chow diet (chow) or western diet (WD)
for 10 weeks (n = 5). Representative plot of leukocytes (a), percentage of leuko-
cytes, macrophages, and macrophage subsets (b), and correlations between the
percentage ofMHC-IIhi CD11c+ CD206-macrophages and blood lipid profiles ofWD-
fed hyperlipidemic mice (c). d–i Apoe−/− mice were injected with PCSK9-AAV to
identify the effect of elevated serum LDL levels. PCSK9-AAV-injected Apoe−/− mice
were compared with non-injected Apoe−/− mice (WD for 24 weeks). Representative
Oil Red O stain images. Scale bar: 150μm (top), 50μm (bottom) (d), quantification
of valvular lipid deposition and thickness of aortic valve (n = 5) (e), total cholesterol
and LDL levels in blood plasma (n = 5 for Apoe−/−, n = 4 for Apoe−/−+PCSK9-AAV) (f),
correlation between valvular lipid deposition and each lipid profile (total

cholesterol and LDL) (n = 9 total; 5 from Apoe−/−; 4 from Apoe−/−+PCSK9-AAV) (g),
immunostaining of CD68 (red) and Vimentin (white) alongwith the lipid stain using
BODIPY 493/503 (green). Scale bar: 150μm (top), 50μm (bottom) (h), and quan-
tification of CD68 +macrophages accumulated in the aortic valve (n = 5) (i).
j, k Lipid-lowering effects of ezetimibe on lipid accumulation in the aortic valves of
WD-fed (for 10 weeks) Ldlr−/− mice (n = 4). Representative lipid stain images. Scale
bar: 150 μm (top), 20μm (bottom) (j) and quantification of valvular lipid deposition
with blood lipid profiles (k). l, m Effects of lipid-lowering by ezetimibe on the
proportion of immune cells in aortic valves of WD-fed (for 10 weeks) Ldlr−/− mice,
through flow cytometry (n = 5). Representative plot of leukocytes (l) and percen-
tagesof each cell population in single cells (m).WD:western diet. For (b), (e), (f), (i),
(k), and (m), two-sidedMann-Whitney test was used. For (c) and (g), the Spearman
correlation test was used. Data are presented as mean ± SD.
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angiogenesis, represented by the upregulation of genes in lipopro-
tein handling and the angiogenic tip cell gene set. Interestingly, EC2
type, Cd36+ VECs (VEC_C1) exhibited enhanced gene expression
associated with PPARγ signaling pathway including Cd36 and Fabp4
(Fig. 6b, g and Supplementary Data 1). Cluster-specific pathway
analysis also showed enhanced PPAR signaling pathway in Cd36+

VECs (Fig. 6h).

PPARγ pathway is activated in Cd36+ VECs
The upregulation of the lipoprotein handling pathway in Cd36+ VECs
was further supported by regulatory network inference, using Single-

cell Regulatory Network Inference and Clustering (SCENIC) analysis27.
The transcription factors activated in Cd36+ VECs were related to lipid
metabolisms such as Nr1h3 (encoding LXRα) and Pparg (encoding
PPARγ) (Supplementary Fig. 10). In particular, the PPARγ signaling
pathway was significantly associated with Cd36+ VECs in the gene
expression level. We highlighted the activation score and expression
level of PPARγ regulon (a gene module composed of the transcrip-
tion factor and its direct target genes). As expected, the PPARγ reg-
ulon was highly activated in Cd36+ VECs (Fig. 7a, b and
Supplementary Fig. 11). Next, we classified aortic valvular cells into
two classes (PPARγ high and low groups) according to the gene
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expression level of PPARγ regulon. Most of the valvular cells in PPARγ
high group were VECs, accounting for a high proportion in Cd36+

VECs (VEC_C1) (Supplementary Fig. 12a). To identify genes associated
with the expression level of PPARγ regulon, we selected differentially
expressed genes specific for PPARγ high group compared to the low
group in aortic valvular cells and VECs, respectively. Cells with high
expression of PPARγ regulon showed significant upregulation of
Cd36, Fabp4, and Gpihbp1, which belong to PPARγ dependent genes
(Supplementary Fig. 12b and Supplementary Data 3). Interestingly,

they also represented upregulation of Cxcl12, which is known as a
monocyte chemoattract and involved in the polarization of macro-
phage to an anti-inflammatory state28–31. We also evaluated the
average expression level of PPARγ target genes (49 genes, http://
www.ppargene.org/)32 in VECs, VICs, and macrophages. Only VECs in
hyperlipidemic (Apoe−/− and Ldlr−/−) mice were increased when com-
pared to control (C57BL/6J) mice (Supplementary Fig. 12c, d). Nota-
bly, even in C57BL/6J mice, the average expression level of PPARγ
target genes was higher in VECs than in VICs and macrophages
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(Supplementary Fig. 12c). To validate protein expression and nuclear
localization in VECs, we performed immunostaining of PPARγwith an
ECmarker (endomucin, EMCN). The valves fromhyperlipidemicmice
(Apoe−/− and Ldlr−/−) showed significantly higher PPARγ expression in
nuclei of VECs, compared to normal valves (C57BL/6J) (Fig. 7c and
Supplementary Fig. 13).

PPARγ activity is conserved in non-calcified human aortic valves
To identify whether PPARγ-activated VECs are conserved in the
human aortic valve, we re-analyzed a previous public scRNA-seq
dataset of human aortic valves33. The single cell transcriptomes of
two non-calcified and four calcified aortic valves were merged and
visualized using UMAP (Fig. 7d). Notably, PPARγ-dependent genes
were enriched in VECs (hAV_C4) and showed overexpression in both
non-calcified and calcified aortic valves (Fig. 7e). There was no sig-
nificant difference in CD36 expression of VECs between non-calcified
and calcified aortic valves, and the overall CD36 expression was only
barely detectable levels (Supplementary Fig. 14). Next, to elucidate
the VEC-specific function of PPARγ, we isolated VECs from human
aortic valves (Supplementary Fig. 15a, b), transfected siRNA to PPARG
knockdown in human aortic VECs (Supplementary Fig. 15c), and
performed RNA-seq analyses comparing PPARG knockdowns versus
negative controls—withorwithout the stimulation of oxLDL (Fig. 7f, g
and Supplementary Data 4). We found that PPARG knockdown
upregulated pro-inflammatory genes and cell adhesion molecules,
such as CXCL1, CCL2, CXCL16, IL6, ICAM1, and ICAM2 in VECs (Fig. 7f,
g). Moreover, immunohistochemistry (IHC) of PPARγ on the human
aortic valves confirmed that PPARγ-activated valvular cells, especially
VECs were also conserved in the human aortic valves and that PPARγ
proteins were more abundant in non-calcified samples than in calci-
fied samples (Fig. 7h, i and Supplementary Table 1). Interestingly, the
percentage of PPARγ+ VECwas positively correlatedwith plasma total
cholesterol and LDL in non-calcified aortic valves (Fig. 7j and Sup-
plementary Table 1). Collectively, these results suggest that the
PPARγ pathway in VECs is activated by increased plasma LDL. The
PPARγ pathway in VECs appears to possess anti-inflammatory
properties.

PPARγ activation protects the aortic valve against
hyperlipidemia-induced inflammation
To identify the role of PPARγ in aortic valvular inflammation, we first
performed a monocyte adhesion assay in the ex vivo aortic valve
culture system. Treatment of PPARγ antagonist (T0070907) with
oxLDL enhanced the attachment of monocytes on valves (Fig. 8a).
We next administered the PPARγ antagonist (T0070907) or vehicle
daily to Ldlr−/− mice fed the WD34,35. The proportion of leukocytes was
increased in the T0070907-treated group than in the vehicle-treated
group. In particular, monocyte-derived MHC-IIhiCD11c+CD206- mac-
rophages and DCs were significantly increased in the T0070907-
treated group than in the vehicle-treated group, while MHC-IIloCD11c-

CD206+ macrophages and T cell showed no differences (Fig. 8b, c).
Conversely, when we administrated the PPARγ agonist pioglitazone

to hyperlipidemic mice, the percentage of leukocyte in aortic valve
was markedly decreased compared to the control group. While there
was no proportional change of MHC-IIloCD11c-CD206+ macrophages,
DCs and T cell, the monocyte-derived MHC-IIhiCD11c+CD206- mac-
rophages were significantly decreased by the administration of pio-
glitazone (Fig. 8d). The treatment of T0070907 or pioglitazone did
not affect the level of total cholesterol and LDL (Supplementary
Fig. 16a, b). Also, PPARγ activation by pioglitazone did not change the
number of circulating monocytes and associated subsets in the
blood (Supplementary Fig. 16c, d). Altogether, these results suggest
that PPARγ activation during hyperlipidemia protects the aortic valve
against excessive inflammation (Fig. 8e).

Discussion
AS is a progressive disease with its early asymptomatic stage longer
than its symptomatic stage. In the context of AS prevention and con-
sidering the findings of statin trials13–15, it is important to elucidate the
mechanism of the early stage of AS progression, especially the
mechanism of disease initiation. Here, we provided strong evidence
that LDL cholesterol is the predisposing factor in the initiation of
valvular inflammation leading to AS, demonstrated by a dramatic
decrease in valvular lipid accumulation and inflammation following
lipid-lowering treatment. Our data are supported by the recent clinical
study on the association of LDL with AS16. Thus we postulate that lipid-
lowering therapy with statins or PCSK9 inhibitors may be useful in
preventing the initiation of valvular inflammation.

Previously, two research groups performed scRNA-seq analysis on
the aortic valve.Onegroup focusedon thedevelopmentmechanismof
cardiac valves18, and the other group analyzed single-cell tran-
scriptome of the humanCAVD33. Meanwhile, we performed scRNA-seq
analysis primarily focusing on the early inflammatory stage in hyper-
lipidemia. Our scRNA-seq revealed that monocyte-derived MHC-
IIhiCD11c+CD206-macrophage is themain leukocyte infiltrated in aortic
valvular inflammation by hyperlipidemia. In previous research, there
have been some reports of the accumulation of MHC-IIhi macrophage
in the aortic valve with Notch1 haploinsufficiency36, or monocyte-
derivedmacrophages that invoke inflammation in themitral valvewith
Marfan syndrome37. Itmight beworthwhile to compare the phenotypic
similarity/dissimilarity among those infiltrated macrophages with the
identical surface marker but in different kinds of aortic valve diseases.
Another main valvular macrophage population was MHC-
IIloCD206+Lyve1+ macrophages, which showed an anti-inflammatory
gene expression profile compared to MHC-IIhiCD11c+CD206- macro-
phages. Some of the MHC-IIloCD206+Lyve1+ macrophages might have
originated from endocardial-derived resident macrophages, which
have recently been reported to play a role in extracellularmatrix (ECM)
regulation for tissue remodeling during aortic valve development19.
Also, according to a previous study of resident macrophages in the
aorta, CD206+LYVE1+ aortic macrophages regulate the ECM to main-
tain the arterial tone38. Therefore, MHC-IIloCD206+Lyve1+ resident
macrophages in the aortic valve may have a similar function of ECM
regulation for tissue homeostasis.

Fig. 4 | Pro-inflammatory valvularmacrophages aremarkedly increasedduring
hyperlipidemia. a UMAP plot of 3160 leukocytes, colored by the clusters and
mouse models as indicated. Apoe−/− and Ldlr−/− mice were fed a WD for 16 weeks.
b Average expression map of known cell-type marker genes for each cell cluster.
Color represents average expression levels which are scaled by z-transformation
and limited to a scale from −2.5 to 2.5. Dot size represents the fraction of cells with
the expression value of each marker gene for each cluster. c Absolute cell number
(left) and relative proportion (right) of leukocyte subsets from each mouse model.
d UMAP plot of expression level of marker genes (gray to blue). e Trajectory
component plot of 2677 macrophages colored by the cell states, clusters, and
mousemodels. f Expressionmapof top10 significant genes for each cell state. Color
represents the expression levels, which are scaled by z-transformation and limited

to a minimum scale of −2.5. (purple to yellow). g Correlation of Monocle pseudo-
time with functional features of macrophages. Pro-inflammatory score represents
mean expression of featured genes: Il1b, Tnf, Ccl2, Cxcl10, Cxcl2, H2-Ab1, and Itgax.
Anti-inflammatory score represents mean expression of featured genes: Mrc1,
Lyve1, Folr2,Cbr2, and Il10. Trend line and the top-right text (r) denote LOESSfit and
Pearson’s correlation, respectively (top). Boxplot of macrophage functional fea-
tures in each cluster (bottom) (n = 159 cells for LEU_C5; 907 for LEU_C1; 973 for
LEU_C0; 123 for LEU_C7; 182 for LEU_C4; 333 for LEU_C2). Each box depicts the
interquartile range (IQR, the range between the 25th and 75th percentile) and
median of each score, whiskers indicate 1.5 times the IQR. One-way ANOVA test p-
value. h Cell proportion of functional cell states in macrophages for each
mouse model.
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Notably, Cd36+ VEC was enriched with the PPARγ pathway gene
expression, and its proportion was markedly increased in hyperlipi-
demic mice. Cd36+ VECs expressed high levels of Cd36 (encoding
CD36) and Scarb1 (encoding SR-BI). These two scavenger receptors
(CD36 and SR-BI) participate in LDL uptake; thus, VECs may transport
LDL from the blood into the tissue via CD36- and SR-BI-related

mechanisms21–23. Although the distribution of CD36 or SR-BI is wide-
spread (in other words, not confined to ECs only), direct exposure of
ECs to blood functions to take circulating lipoproteins from the blood
and provides them to peripheral tissues39. Therefore, the expression of
CD36 and SR-BI in VECs might be crucial for lipid accumulation in the
aortic valve during early-stage aortic valve disease. This observation is
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supported by our data, which showed that CD36 and SR-BI blockages
decreased LDL accumulation in the aortic valve.Meanwhile, a previous
report showed that stenotic aortic valves expressed lower levels of
CD36 than did normal aortic valves40. We speculate that these differ-
ences may be attributed to distinct tissue microenvironments of the
aortic valve in the early versus late stages of aortic valve disease.

Tissue-accumulated LDL can become oxLDL, which may trigger
the inflammatory responses; however, oxLDL also acts as an endo-
genous ligand that activates PPARγ41. PPARγ is a transcription factor
with pleiotropic functions. PPARγ is associated with glucose home-
ostasis, adipocyte differentiation, and lipid metabolism42,43. PPARγ
activation upregulates the expression of liver X receptor α (LXRα),
another important transcription factor involved in lipid metabolism44.
Activationof PPARγ andLXRα induces the expressionof various genes,
such as Cd36, Scarb1, Lpl, and Gpihbp1, related to lipid metabolism.
These genes facilitate lipid uptake, lipid efflux, and lipolysis45,46. In our
scRNA-seq analysis, VECs that were high in PPARγ expressed notable
levels of Cd36, Scarb1, Lpl, and Gpihbp1, implicating the lipoprotein-
specific function of these genes in the hyperlipidemic state.

Furthermore, PPARγ-activated VECs are conserved in the human
aortic valve, especially in the pre-calcified valvular state. In our RNA-
seq analysis of human aortic VECs, knockdownof PPARG increased the
expression of pro-inflammatory genes (CXCL1, CCL2, CXCL2, IL6,
CXCL8, CXCL16, and PTGS2) and cell adhesion molecules (ICAM1,
ICAM2, VCAM1, PECAM1, and MCAM), showing the anti-inflammatory
role of PPARγ in a VEC-specific manner. Previously, it has been repor-
ted that PPARγ is expressed in the VECs of hyperlipidemic pigs, and
pioglitazone attenuated valvular lipid deposition and calcification in
hyperlipidemic mice47,48. It is also known that the activation of PPARγ
induces anti-inflammatory functions in vascular ECs49. The mechan-
isms underlying the anti-inflammatory effects of PPARγ may be
attributed to the negative regulation of NF-κB activation by PPARγ.
Two molecular mechanisms of the negative regulation of NF-κB by
PPARγ have been reported previously. First, PPARγ functions as an E3
ubiquitin ligase for p65 (also known as RELA, a subunit of NF-κB).
Through the binding and ubiquitination of p65, PPARγ can induce p65
degradation via proteasomes50. Second, PPARγ can undergo sumoy-
lation, where sumoylated PPARγ has an affinity for binding to the
nuclear receptor coactivator 3 (NCOR3)-histone deacetylase 3
(HDAC3) complex. The NCOR3-HDAC3 complex interferes with NF-κB
by binding to its target genes. The sumoylated PPARγ, bound to the
NCOR3-HDAC3 complex, represses the ubiquitination and degrada-
tion of this complex, thereby eliciting transrepression of NF-κB51.

In this study, we found that PPARγ inhibition aggravates valvular
inflammation by infiltrated macrophages, and PPARγ agonist piogli-
tazone effectivelymitigates aortic valvular inflammation. These results
indicate that VECs exert anti-inflammatory feedback function via
upregulation of the PPARγ pathway in the early stage of the disease.
We suggest pioglitazone as the drug candidate for inhibiting aortic
valvular inflammation via PPARγ activation. Since pioglitazone is cur-
rently prescribed for the treatment of diabetes mellitus, further

observational study of the effect of pioglitazone on aortic valve dis-
eases such as CAVD, might be clinically meaningful.

In our results, ezetimibe reduced valvular lipid accumulation and
inflammation via a lipid-lowering effect, and pioglitazone showed an
anti-inflammatory effect on the aortic valve by PPARγ activation,
without the change in blood total cholesterol and LDL levels. Previous
studies showed the synergic beneficial effects of co-administration of
lipid-lowering drugs and pioglitazone in patients with cardiovascular
disease including atherosclerosis52,53. Therefore, it is needed to inves-
tigate the effect of co-treatment of lipid-lowering drugs and PPARγ
agonists in the early aortic valve disease.

However, our study has several limitations. First, hyperlipidemic
mouse models used in this study (Apoe−/− and Ldlr−/− mice) are less
efficient to progress into aortic stenosis, although these models are
sufficient to induce the early-stage lesion of aortic valve disease
showing lipid accumulation and inflammation. It was reported that
Ldlr−/− mice fed WD for 16 weeks only produced a scant amount of
valvular calcification54,55, and Apoe−/− mice fed WD for 20 weeks
upregulated osteoblastic protein expression on the aortic valve but
did not present microscopic valvular calcification54,56. In the case of
the induction of severe calcification that may lead to aortic stenosis,
utilizing a more suitable mouse model for valvular calcification such
as Notch1+/− mice would be more appropriate57,58. Second, this study
did not analyze the effect of lipoprotein(a) [Lp(a)], the LDL-like
particle in humans. Assembly of Lp(a) needs apolipoprotein(a),
coded by the gene named LPA, and this gene is missing in mice59.
Lp(a) works as a carrier of oxidized phospholipid (OxPL) in human
blood plasma60, and it is reported that the Lp(a) and OxPL are asso-
ciated with the incidence of AS by acceleration of aortic valvular
inflammation and calcification61–65. Further investigation is required
using Lp(a)-transgenic mice to dissect the role of Lp(a) in the early
stage of aortic valve disease.

In summary, we demonstrated that lipid accumulation and
inflammation of the aortic valve disease in the early stage is deter-
mined by LDL rather than total cholesterol, and identified the single-
cell-based cellular characteristics among the normal and hyperlipi-
demicmousemodels. Hyperlipidemicmodels showed a higher ratio of
valvular leukocytes than the normal model, and leukocytes infiltrating
the aortic valve weremainly monocyte-derivedMHC-IIhi macrophages.
Thesemonocyte-derivedMHC-IIhi macrophageswere recruited by pro-
inflammatory cytokines and chemokines, produced by VICs and VECs.
Meanwhile, activated PPARγ exerted a protective role in the early
inflammatory phase of aortic valve disease induced by hyperlipidemia,
suggesting PPARγ as a putative drug target for aortic valve disease.

Methods
Human samples
The experimental protocols for the human study were reviewed and
approved by the Institutional Review Board (IRB) of Yonsei Severance
Hospital (Seoul, Korea, IRBNo. 4-2018-0813), Seoul National University
Hospital (Seoul, Korea, IRB No. 1104-122-360) and the Catholic

Fig. 5 | VICs show pro-inflammatory features during hyperlipidemia. a UMAP
plot of 1,732 VICs colored by clusters and mouse models as indicated. b Absolute
cell numbers (left) and relative proportions (right) of the VIC subsets from each
mouse model. c Average expression map of representative genes in each cell
cluster. Color depends on the mouse model, and size represents the fraction of
cells with the expression value of each gene for each group. d, e Representative
gene expressionof VIC subclusters. UMAPplot of gene expression (gray toblue) (d)
and RNA in situ hybridization (e). Scale bar: 50μm. f Boxplot of average expression
level of genes related to myofibroblast activation (left) and calcification (right)
(Gene list in Supplementary Data 2) (n = 981 cells for C57BL/6J; 470 for Apoe−/−; 281
for Ldlr−/−). Eachboxdepicts the IQR andmedianof each score, whiskers indicate 1.5
times the IQR. p, two-sided T-test p-value. g, h Expression map of monocyte che-
moattractant genes. The average expression of genes for VICs (purple to yellow) in

each mouse model was scaled by z-transformation and displayed on a scale of at
least−2.5 (g) and RNA in situ hybridization of Csf1 and Cx3cl1 (h). Scale bar: 50μm
(left), 20μm (right). Arrowheads indicate Csf1 (green) and Cx3cl1 (red) signal.
i Enrichment plot of significant gene ontology (GO) terms related to inflammation.
Genes were ranked by the fold change between knockout andwild-typemodels for
VICs. j Transwell migration assay for evaluating monocyte chemotactic levels of
VICs cultured with/without LDL or oxLDL. (n = 4). Samples without VIC were used
for control. Size of field: 1272.79μm2. Scale bar: 150μm. k Adhesion assay of
monocytes to ex vivo cultured aortic valves with/without LDL or oxLDL (n = 6 for
non-treated, n = 7 for LDL, n = 6 for oxLDL). Scale bar: 200μm. Dashed line, outline
of valve leaflets. Image data are representative of three independent experiments
unless otherwise stated. For (j) and (k), Kruskal–Wallis test with post-hoc Dunn’s
test was used, and data are presented as mean ± SD.
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University of Korea, Uijeongbu St. Mary’s Hospital (Uijeongbu, Korea,
IRB No. UC19TIDE0142). All patients provided informed consent,
including to the publication of information that identifies individuals.
For IHC, human aortic valves (n = 7 for non-calcified and n = 5 for cal-
cified group) were provided by Yonsei Severance Hospital (Seoul,
Korea) and Seoul National University Hospital (Seoul, Korea). See

Supplementary Table 1 for the clinical information of patients. For
human aortic VEC isolation, human aortic valves from two patients
were provided by The Catholic University of Korea, Uijeongbu St.
Mary’s Hospital (Uijeongbu, Korea, IRB No. UC19TIDE0142). Patient
information was as follows: patient #1 (age 73, male) was diagnosed
with aortic aneurysmandunderwent Bentall operationwith aortic arch
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replacement, and patient #2 (age 76, male) was diagnosed with aortic
aneurysm and aortic stenosis caused by a bicuspid aortic valve and
underwent both aortic valve and ascending aorta replacement.

Animal experiments
B6.129S7-Ldlrtm1Her/J (#002207, Ldlr−/−), B6.129P2-Apoetm1Unc/J
(#002052, Apoe−/−), and B6.129S4-Ccr2tm1Ifc/J (#004999, Ccr2−/−) mice
were obtained fromThe Jackson Laboratory.MaleC57BL/6 Jmicewere
purchased from SLC (Japan) or DBL (Korea). All mice were housed in
the animal facility of Hanyang University under specific pathogen-free
conditions in a 12-h light/12-h dark cycle with controlled temperature
(20-24 °C) and humidity (40–60%), and supplied with a normal chow
diet and water ad libitum. All animal procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of Hanyang
University (certification numbers: HY-IACUC-22-0027 and HY-IACUC-
22-0029) and conformed to its regulations. To induce aortic valve
lesions of lipid accumulation byhypercholesterolemia,male Ldlr−/− and
Apoe−/− mice (8- to 10-week-old) fed a WD (Research Diets, #D12079B)
for 10 or 16 weeks.

In some experiments, 1 × 1011 vector genome copies of AAV8/
D377Y-mPCSK9 (Sirion Biotech, Addgene plasmid: #58376) were
intravenously injected to mice (8- to 10-week-old) to increase plasma
LDL level24,66. Apoe−/− mice, Ccr2−/− or Ccr2+/+ (wild type) mice, and
C57BL/6J (wild type) mice were used for the experiments, as shown in
Figs. 2d–i, 3f, g and 8d, respectively. Immediately after the injection,
the mice were switched from a chow diet to WD. A week after the
injection, the serum lipid profile (total cholesterol, LDL, triglyceride,
and HDL levels) was measured, and the WD diet was continued for
24 weeks (experiments using Apoe−/− or Ccr2−/− mice) or 6 weeks (pio-
glitazone administration experiment) in only the mice with elevated
serum total cholesterol and LDL levels.

WD containing 0.015% of ezetimibe (Ezetrol, MSD; WD+
Ezetimibe group) or WD without any supplement (WD group, con-
trol) was administered to Ldlr−/− mice to evaluate the effect of the
lipid-lowering treatment. T0070907 [Selleckchem, #S2871, 5μg/
body weight (g)/day, 1.75mg/mL in the vehicle] or vehicle (5% DMSO
and 45% PEG300 in double-distilled water) was used to inhibit PPARγ
activity. WD containing pioglitazone [Actos (pioglitazone hydro-
chloride), Takeda, 250mg Actos/1 kg WD] (pioglitazone group) or
WD without any supplement (control group) was administered to
increase the activity of PPARγ.

Flow cytometry
After euthanizing the mice with CO2, aortic valves were harvested and
isolated into a single-cell suspension at 37 °C for 30min by rotating
incubation with Ca2+/Mg2+ Dulbecco’s phosphate-buffered saline (Ca2+/
Mg2+ DPBS, Welgene, #LB 001-01) containing collagenase II (1000U/
mL, Sigma-Aldrich, #C6885) and DNase I (90U/mL, Roche,
#10104159001).

For the analysis of blood monocytes, peripheral blood was
obtained from the retro-orbital sinus of live mice, and 10 µL of blood

wasused for each sample. Redblood cells (RBCs)were lysed usingRBC
Lysis Buffer (eBioscience, #00-4333-57), according to the manu-
facturer’s protocol.

After a brief wash step using Dulbecco’s phosphate-buffered sal-
ine (DPBS, Welgene, #LB 001-02), the cells were stained with Zombie
Aqua (1:200, BioLegend, #423102) for 20min and soaked with Fc
receptor blocking antibody (anti-mouse CD16/32, 1:400, BioLegend,
#101320) for 10min, according to the manufacturer’s instructions.
After blocking, the cells were incubated with a mixture of
fluorochrome-conjugated anti-mouse antibodies in 2% fetal bovine
serum (FBS, HyClone, #SH30084.03HI) containing DPBS for 30min at
4 °C. [1:400 for all antibodies except PE anti-CD64 (BioLegend,
#139304), 1:200 for PE anti-CD64, see Supplementary Data 5 for the
antibody list].

To stain CD206, intracellular staining was performed using the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience, #00-
5523-00) following the manufacturer’s protocol. Cells were fixed and
permeabilized with fixation/permeabilization solution for 30min and
then intracellularly stained with Alexa Fluor 488 anti-CD206 antibody
(1:400, BioLegend, #141709) for 30min.

After staining, the cells were briefly washed, resuspended in 2%
FBS containingDPBS, andpassed through a 70μmcell strainer. Data of
the treated cells were recorded using the BD FACSCanto II flow cyt-
ometer with FACSDiva (v6.1.3, BD Biosciences) and analyzed using the
FlowJo software (v10.5.3, FlowJo, LLC).

VIC isolation and culture conditions
C57BL/6J mice (2- to 4-month-old) were sacrificed in a CO2 chamber,
and the aortic valve and mitral valve were collected in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich, #D6429). The aor-
tic valve and mitral valve were minced for a minute. For culture,
tissuewas digested for 30minuteswith 1000U/mLcollagenase II and
90U/mL DNase I in Ca2+/Mg2+ DPBS at 37 °C. Cell suspensions were
centrifuged at 635 × g for 5min, and the obtained pellets were
resuspended in DMEM supplemented with 10% fetal bovine serum
(FBS), 2 ng/mL epidermal growth factor (EGF, PeproTech, #315-09),
0.5 ng/mL basic fibroblast growth factor (bFGF, PeproTech, #450-
33), 5 μg/mL insulin (Sigma-Aldrich, #I0516), 10mM HEPES, and
50μg/mL Primocin (InvivoGen, #ant-pm-05). Cell suspensions were
aliquoted into 96 well plates or 48 well plates and incubated for
3 days at 37 °C and 5% CO2.

In vitro lipoproteins uptake assay
Tomeasure lipoprotein uptake, VICs were incubated in media (DMEM
supplemented with 10% FBS and 50μg/mL Primocin) containing
50μg/mL of DiI-LDL (Kalen Biomedical, #770230), DiI-oxLDL (Kalen
Biomedical, #770232), or DiI-VLDL (Kalen Biomedical, #770130) for
24 hours at 37 °C and 5%CO2. For flow cytometry, cells were harvested
with 0.05% trypsin-EDTA (Gibco, #25300-062). For visualization, cells
were fixed with 4% paraformaldehyde (Wako, #163-20145) and co-
stained with DAPI (Invitrogen, #D1306).

Fig. 6 | VECs contain three main subtypes and Cd36+ VECs are markedly
increased in hyperlipidemic mice. a UMAP plot of 536 VECs colored by the
clusters and mouse models as indicated. b UMAP plot of VECs color-coded by
expression (gray to blue) of marker genes. c Pie chart for the relative proportion of
the VEC subsets from each mouse model. d Expression of pro-inflammatory genes
in VECs (VEC_C0, C1, and C2). Heatmap (left) and boxplot (right) of the average
expression level of genes listed in the heatmap. Heatmap are displayed as
expression values scaled by z-transformation on a scale of at least-2.5. Cells having
no expression for pro-inflammatory genes were excluded (n = 274 cells for C57BL/
6J; 88 forApoe−/−; 80 for Ldlr−/−). Eachbox depicts the IQRandmedian of each score,
whiskers indicate 1.5 times the IQR. p, two-sided T-test p-value. e Enrichment plot
for significant Gene Ontology (GO) terms related to monocyte chemotaxis. Genes
were ranked by the fold changes between knockout and wild-typemodels for cells

in VEC clusters (VEC_C0, C1, and C2). f Identification of the localization of VEC
subclusters using RNA in situ hybridization (Fgfr3 and Cd36) or immuno-
fluorescence (PROX1). The graph indicates quantification of in situ hybridization
using the CD36 probe (n = 5). Two-sidedMann–Whitney test was used. Arrowhead:
Cd36+ signals in aortic valve. Scale bar: 50μm. gUMAP plot of VECs color-coded by
average expression (gray to red) of genes specific to pre-defined EC subtypes (top).
Expression score of genes in EC1 and EC2-associated pathways in VEC_C0 and
VEC_C1 (bottom). p, two-sided T-test p-value. h Enrichment map of significant
Kyoto Encyclopedia for Genes and Genomes (KEGG) gene sets for each cell cluster.
Color represents the adjusted p-value (padj) and size represents the normalized
enrichment score (NES), calculated by fgsea R package. Image data are repre-
sentative of three independent experiments unless otherwise stated. Data are
presented as mean± SD.
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CD36 and SR-BI Inhibition
C57BL/6J mice (2- to 4-month-old) were sacrificed in a CO2 chamber,
and the aortic valve attached to the aortic sinus was collected in DPBS
containing 10μMBLT-1 (SR-BI inhibitor, Sigma-Aldrich, #SML0059) or
200μMSAB (CD36 inhibitor, Sigma-Aldrich, #SML0048) for 2 h on ice.

The aortic valve was transferred into DMEM supplemented with 10%
FBS and 50μg/mL Primocin containing 50μg/mL of DiI-LDL and 10μM
BLT-1 or 200μM SAB and incubated for 48h at 37 °C and 5% CO2. For
flow cytometry, the tissue was digested for 30min with 1000U/mL
collagenase II and 90U/mL DNase I in Ca2+/Mg2+ DPBS at 37 °C.
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Monocyte migration assay
Tomeasuremonocyte chemotaxis, VICswere incubatedon a lowerwell
of a transwell (Corning, #3388) in media (DMEM supplemented with
10% FBS and 50 µg/mL Primocin) containing 50 µg/mL of LDL (Kalen
Biomedical, # 770200) or oxLDL (Kalen Biomedical, #770202) for
24 hours at 37 °C, 5% CO2, and isolated monocytes (5 × 104 cells) using
the manufacturer’s protocol [Mouse monocyte isolation kit (BM), Mil-
tenyi Biotec, #130-100-629] were labeledwith CFSE cell division tracker
kit (BioLegend, #423801) and incubated on an upper well of transwell
(Corning, #3388) for 10 h at 37 °C and 5% CO2. Samples without VIC
were used as control. The migrated monocytes were imaged using a
confocal microscope (Nikon, C2 confocal microscope) and counted.

Ex vivo lipoprotein uptake assay
C57BL/6J mice were sacrificed in a CO2 chamber and the aortic valve
attached to the aortic sinuswas collected inDMEMsupplementedwith
10% FBS and 50 µg/mL Primocin containing 50 µg/mL DiI-LDL (Kalen
Biomedical, #770230) or DiI-VLDL (Kalen Biomedical, #770130) and
incubated for 48 hours at 37 °C and 5% CO2. For imaging, after fixation
with 4% paraformaldehyde and co-staining with DAPI, the aortic valve
was imaged with a confocal microscope (Nikon). For flow cytometry,
the tissue was digested for 30min with 1000U/mL collagenase II and
90U/mL DNase I in Ca2+/Mg2+ DPBS at 37 °C.

Ex vivo monocyte adhesion assay
C57BL/6J mice (2- to 4-month-old) were sacrificed in a CO2 chamber
and the aortic valve attached to the aortic sinus collected into media
DMEM supplemented with 10% FBS and 50 µg/mL Primocin containing
50μg/mL of LDL (Kalen Biomedical, # 770200), oxLDL (Kalen Biome-
dical, #770202), or 20μM T0070907 (Sigma-Aldrich, #T8703) with
50 µg/mL of oxLDL (Kalen Biomedical, #770202). After 48 h of incu-
bation at 37 °C and 5% CO2, isolatedmonocytes (1 × 105 cells) using the
manufacturer’s protocol [Mousemonocyte isolation kit (BM),Miltenyi
Biotec, #130-100-629] were labeled with CFSE cell division tracker kit
(BioLegend, #423801) and co-culturedwith the aortic valve for anhour
at 37 °C and 50 rpm. The attached monocytes were imaged using a
confocal microscope (Nikon) and counted.

Fluorescence-activated cell sorting (FACS)
Aortic valves were pooled and single cells were isolated as described
above. The number of pooled male mice in each experimental group
was as follows: C57BL/6J (n = 30), Ldlr−/− (n = 24), and Apoe−/− group
(n = 19). Only live single-cells [propidium iodide (PI) negative single
cells] were sorted using BD FACSAria III and then aligned using the 10x
Chromium pipeline to construct the single-cell cDNA library (Supple-
mentary Fig. 6).

scRNA-seq and read processing
The single-cell suspensions were subjected to 3′ single-cell RNA
sequencing aiming for target recovery of 5,000 cells (C57BL/6J or

Ldlr−/−) and 3,000 cells (Apoe−/−) using Single Cell A Chip Kit, Single
Cell 3’ Library, and Gel Bead Kit V2, and i7 Multiplex Kit (10x
Genomics). Solutions pertaining to 3′ chemistry and v2 of 10x
Genomics were used to barcode individual cells. Libraries were
sequenced on an Illumina HiSeq2500 and mapped to the mouse
genome (build mm10) using the Cell Ranger toolkit (v3.0.2). Single-
cell RNA sequencing parameters were summarized in Supplemen-
tary Table 2.

Single-cell data quality control and normalization
We applied two quality measures on single cells, the Cell Ranger
toolkit (v3.0.2): mitochondrial genes (<10%) and gene count (range
from 200 to 5000) from the R package Seurat v3.1.1 (https://satijalab.
org/seurat/)67. The UMI matrix on the selected cell barcodes was log-
normalized using the NormalizeData function and then used in
downstream analysis after z-transformation using the ScaleData
function. To improve clustering of VICs, we further extracted cell
clusters expressing canonical VIC markers (Vim, Col1a1, Col1a2, and
Dcn) but not detecting the expression of other cell type markers. A
total of well-defined 1732 VICs out of 2878 VICs and stromal cells
were used in downstream analysis.

Unsupervised dimensional reduction and clustering
Top-ranked 2000 variably expressed genes were selected using the
‘vst’ method implemented in FindVariableFeatures function of the
Seurat package. These genes were then used to correct the effect of
technical batches by applying the FindIntegrationAnchors and Inte-
grateData functions with a total of 15 or 20 anchors (all single cells,
leukocytes, andVICs, 20 anchors;VECs, 15 anchors). Cell clustering and
UMAP visualization were then performed using the FindClusters
(resolution =0.3) and RunUMAP functions. Cluster results were visua-
lized using UMAP to verify that the graphically identified clusters were
captured. Cell types were assigned based on known marker gene
expression, considering the significantly expressed genes in each cell
cluster.

Differentially expressed marker gene analysis
We identified significantly expressed genes in each cell cluster using
the FindAllMarkers function (default parameters) of the Seurat pack-
age. The significance of the difference was determined using the two-
sidedWilcoxon rank sum test with Bonferroni correction. We selected
marker genes based on the fraction of expressing cells (>25% of cells
within either of the two cell groups, marked as pct) and the statistical
threshold (log fold change >0.25, p-value < 0.01, and adjusted p-value
(Bonferroni) < 0.01).

Trajectory analysis
The cell state transitions of macrophages were estimated using the
Monocle v2 algorithm68. The UMI matrix for cells defined as macro-
phages (LEU_C0, C1, C2, C4, C5, and C7) was submitted toMonocle. An

Fig. 7 | PPARγ pathway is activated in VECs of hyperlipidemic mice and con-
served in human aortic valves. a Average expression map of genes in PPARγ
regulon, produced by Single-Cell Regulatory Network Inference and Clustering
(SCENIC), for each cluster of leukocytes, VECs, and VICs. b UMAP plot of VECs
color-coded by the activity of PPARγ regulon. Gene set activity was calculated by
SCENIC. AUC: area under curve. c Immunostaining of PPARγ (red) and endomucin
(EMCN, EC marker, green) in aortic valve with sinus from normal (chow diet) and
hyperlipidemic mice (Apoe−/− and Ldlr−/− mice,WD for 16 weeks) (n = 4). DAPI (blue)
wasused to stainnuclei. Thegraph represents the relativeMFIof PPARγ in theVECs.
Kruskal–Wallis test with post-hoc Dunn’s test was used. Scale bar: 30μm. d UMAP
plot of 41,326 single-cells derived from human aortic valve, colored by the clusters
(left) and samples (right). e Average expression map of genes in PPARγ regulon for
each cell cluster from human aortic valve. f Pro-inflammatory (top) and cell adhe-
sion molecule (bottom) scores in non-targeting siRNA (NC) and PPARG targeting

siRNA-treated (PPARG knockdown, KD) human VECs under no (NT) and oxLDL
treatment conditions. Each score represents the average expression level of the
genes, as shown in Fig. 7g (n = 3). Each box depicts the IQR and median of each
score, whiskers indicate 1.5 times the IQR. p, two-sided T-test p-value. g Expression
map of pro-inflammatory genes (top) and cell adhesion molecules (bottom). The
expression of genes in all sampleswas scaled by z-transformation.h–j PPARγ IHC in
human aortic valves (n = 7 for non-calcified, n = 5 for calcified). Representative
image of PPARγ IHC (top) and H&E stain (bottom) (h), measurement of PPARγ+

cellular proportion in valvular cells (left) and VECs (right) (i) and the positive cor-
relation between PPARγ+ VECs of non-calcified and the plasma levels of total cho-
lesterol and LDL (j). For (i), two-sidedMann–Whitney test, and for (j), the Spearman
correlation test were used. Scale bar: 40μm (left), 20μm (right). Image data are
representative of three independent experiments unless otherwise stated. Data are
presented as mean± SD.
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object was created using the newCellDataSet function with the para-
meter expressionFamily = negbinomial.size. Then, the dispersionTable
function was used to select variably expressed genes based on the
variance over the fit curve and an average expression >0.001. The cell
trajectorywas inferred through dimension reduction and cell ordering
using default Monocle parameters.

Projection of functional features of macrophage
To demonstrate the functional features of macrophages according to
Monocle pseudotime and cell clusters, we used the ggplot2 (v3.3.3) R
package to visualize the expression pattern of pro- and anti-
inflammatory scores. Pro-inflammatory represents mean expression
of featured genes: Il1b, Tnf, Ccl2, Cxcl10, Cxcl2, H2-Ab1, and Itgax. Anti-
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inflammatory score represents mean expression of featured genes:
Mrc1, Lyve1, Folr2, Cbr2, and Il10. In the dot plots for inflammatory
score and pseudotime, we used geom_smooth function with the para-
metermethod = loess to determine trend line and calculated Pearson’s
correlation using cor.test function from the R package stats (v3.6.3). In
the boxplots of macrophage functional features in each cluster, we
performed one-way ANOVA test using stat_compare_means function
with the parameter method = anova from the ggpubr (v0.4.0) R
package.

Pathway analysis
Cluster-specific gene signatures were categorized according to the
gene catalogs in the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. For the differentially expressed genes between
knockout andwild-typemodels, gene set analysiswas performedusing
a set of inflammation-related andmonocyte-related gene sets selected
fromGene Ontology (GO) Biological Process ontology. Gene sets were
collected from the MsigDB database using the msigdbr (v7.1.1) pack-
age. The gene list was ranked by the log fold change. The R package
fgsea (v1.12.0)69 was used to perform gene set enrichment analysis
(default parameters) and selected the over-enriched pathways satis-
fying the adjusted p-value < 0.05.

Transcription factor activity analysis
To investigate transcription factor activity, SCENIC27 was used with
cisTarget_databases: mm10__refseq-r80__500bp_up_and_100bp_ dow
n_tss.mc9nr.feather and mm10__refseq-r80__10kb_up_and_down_tss.
mc9nr.feather (SCENIC v1.1.2, which corresponds to RcisTarget v1.6.0,
AUCell v1.8.0, and GENIE3 v1.8.0). The input matrix was the log-
normalized expression matrix from which genes passed the filtering
(default parameters). GENIE3wasused to infer co-expression networks
using runGenie3 function. Gene regulatory networkswere constructed
and scored using the following functions of SCENIC; runSCE-
NIC_1_coexNetwork2modules, runSCENIC_2_createRegulons, and run
SCENIC_3_scoreCells.

Selection of cells with high PPARγ regulon expression and their
specific genes
The valvular cells were divided into two classes (PPARγ high and
low) along the 90th and 10th percentiles of the mean expression of
the genes in PPARγ regulon. A total of 543 and 1,621 valvular cells
(of these, 181 and 83 cells in VEC_C0, C1, and C2) were classified into
PPARγ high and low groups. We calculated the differential
expression levels of genes specific to PPARγ high cells compared to
low cells using the FindMarkers function (default parameters) of
the Seurat package. The significance of the difference was deter-
mined using the two-sidedWilcoxon rank sum test with Bonferroni
correction. We selected significantly expressed genes based on
the fraction of expressing cells (>25% of cells within either of
the two cell groups, marked as pct) and the statistical threshold
(log fold change > 0.25, p-value < 0.01, and adjusted p-value
(Bonferroni) < 0.01).

Sample preparation and bulk tissue RNA sequencing of mouse
aortic valves
Male Apoe−/− and Ldlr−/− mice (6-week-old) fed a WD for 8 weeks
(sacrificed at 14-week-old) to induce aortic valve disease with lipid
accumulation by hypercholesterolemia. For the control group, chow
diet-fed, 14-week-old male C57BL/6 J (wild type), Apoe−/−, and Ldlr−/−

mice were used. Mice were euthanized by CO2 inhalation, and their
aortic valves were collected into the cold DPBS. For each sample, iso-
lated aortic valves from 10 mice were pooled into RNAlater Stabiliza-
tion Solution (Invitrogen, # AM7021). After stabilization, RNA was
extracted from aortic valves, using the TRIzol Reagent (Invitrogen,
#15596026). cDNA libraries for sequencing were constructed from
0.5 µgof total RNA, using theHiSeq 3000/4000SBSKit (Illumina,# FC-
410-1003) according to the manufacturer’s protocol. Libraries were
sequenced using the Illumina HiSeq 4000 system with 101-bp read
length and paired-end reads.

Human aortic VEC isolation and culture conditions
Human aortic valves from the patients were collected in a cold,
sterile saline solution. After incubation with collagenase II solution
[600U/mL in EBM-2 Endothelial Cell Growth Basal Medium-2 (Lonza,
#CC-3156) with 10% FBS andGA-1000 (1:1000, Lonza, # CC-4083)] for
10min at 37 °C, human aortic VECs were isolated from the aortic
valve tissue, by a gentle rolling of pre-soaked sterile cotton swaps,
according to a previous report by Gould & Butcher70. Isolated VECs
were cultured in EGM-2 Endothelial Cell Growth Medium-2 BulletKit
(Lonza, #CC-3162), supplemented with 10% FBS in a humidified CO2

incubator (5% CO2, 37 °C). When 90 % confluency was reached, cells
were trypsinized and then subcultured, at a 1:3 ratio. Gelatin-coated
cell culture flasks (T25 for passage 0 and T75 for passage 1 or higher)
were used for cell culture. VECs at passage 1-2 were used for further
experiments.

PPARG gene silencing in human aortic VECs by siRNA
transfection
Human aortic VECs (5 × 105 cells per sample) at passage 1–2, were
transfected with siRNA targeting PPARG (AccuTarget Predesigned
siRNA, Bioneer, pooling of 3 siRNA, #SDO-1001: siRNA #5468-1, -2, and
-3) or negative control siRNA (Bioneer, #SN-1003) by electrophoresis
(750 nM of final siRNA concentration, 1 pulse, voltage: 1300 V, width:
30ms) using Neon Transfection System (Invitrogen). The human aor-
tic VECs were then transferred into gelatin-coated six-well plates with
EGM-2 medium supplemented with 10% FBS. 9 h after the transfer,
media changes were performed. And 48 h after transfection (including
serum starvation for 1 h), cells were treated with or without oxLDL
(150 µg/mL, Kalen Biomedical, #770252), for 24h and then subjected
to RNA extraction for RNA sequencing.

Library construction and RNA sequencing of human aortic VECs
Total RNAwas extracted fromhumanaortic VECs at passage 2–3, using
the TRIzol Reagent (Invitrogen, #15596026). cDNA libraries for
sequencing were constructed from 1 µg of total RNA, using a TruSeq

Fig. 8 | PPARγ activation protects the aortic valve against the inflammation.
a Adhesion assay of monocytes to ex vivo cultured aortic valve treated with oxLDL
and/or inhibition of PPARγ by T0070907 (n = 7 for non-treated, n = 7 for oxLDL,
n = 6 for oxLDL+T0070907). Scale bar: 50 μm. b, c Pro-inflammatory effect of
T0070907 (PPARγ antagonist) on mouse aortic valve in vivo. Ldlr−/− mice were
intraperitoneally injected daily with vehicle or T0070907 for 10 weeks with a WD
feeding. Representative IHC images (b) and flow cytometry analysis presenting
percentage of each immune cell subset (n = 6) (c). Scale bar: 30μm. d Flow cyto-
metry analysis showing anti-inflammatory effect of PPARγ activation by pioglita-
zone on mouse aortic valve in vivo. PCSK9-AAV-injected C57BL/6J mice were fed
with pioglitazone-containing WD or normal WD for 6 weeks. Graphs present per-
centage of each immune cell subset (n = 10). e Proposed pathogenesismodel of the

early-stage aortic valve disease induced by hyperlipidemia. In hyperlipidemic
states, oxidized LDL triggers aortic valvular inflammation by enhancing the pro-
ductions of various cytokines and chemokines, leading to the recruitment of
monocyte-derived MHC-IIhi macrophages. Meanwhile, PPARγ activation during
hyperlipidemia inhibits the accumulations of monocytes and macrophages in the
aortic valve. Top view (left, top), side view (left, bottom), and legends (right). VIC:
valvular interstitial cell. VEC: valvular endothelial cell. Image data are representative
of three independent experiments unless otherwise stated. Two-sided
Mann–Whitney test (comparison of two groups) and Kruskal-Wallis test with post-
hoc Dunn’s test (comparison of three or more groups) were used for group com-
parisons. Data are presented as mean± SD.
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Stranded mRNA LT Sample Prep Kit (Illumina, #RS-122-2101 & RS-122-
2102) according to the manufacturer’s protocol. Libraries were
sequenced using the Illumina NovaSeq 6000 system with paired-end
(2 × 100 bp) reads.

Bulk RNA sequencing data processing
The RNA reads were aligned to the reference sequences (mouse,
GRCm38; human, GRCh38) and quantified as transcripts per million
(TPM) using STAR (v2.7.8a) and RSEM (v1.3.1) using the function
rsem-calculate-expression with the following parameters:–paired-
end–star–estimate-rspd. The TPM count for the genes in each sample
was log-normalized and used in the log2 scale TPM plus 1, for sub-
sequent analyses.

PPARG knockdown-specific gene analysis
Differentially expressed genes between the two sample groups (NT-
PPARG KD versus NT-NC, and OxLDL-PPARG KD versus OxLDL-NC)
were identified using the DESeq function (default parameters for Wald
test) of the DESeq2 (v.1.26.0) package.We selected genes based on the
statistical threshold (>1.5 fold change, p-value < 0.05, and adjusted p-
value < 0.05).

scRNA-seq analysis of human aortic valve
Weobtained raw 3′ scRNA-seq data on human aortic valve leaflets from
two healthy and four stenosis donors33. Sequencing libraries were
mapped to the human genome (build GRCh38) using the Cell Ranger
toolkit (v3.0.2). Then, we selected single cells satisfying the following
two quality measures: mitochondrial genes (<10%) and gene count
(range from 200 to 5,000) from the R package Seurat v3.1.1 (https://
satijalab.org/seurat/)67. The UMI matrix on the selected cell barcodes
was log-normalized using the NormalizeData function and used in
downstream analysis after z-transformation using the ScaleData func-
tion. The top-ranked 2000 variably expressed genes were selected
using the ‘vst’ methods implemented in FindVariableFeatures function
of the Seurat package. These geneswere then used to correct the effect
of technical batches by applying the FindIntegrationAnchors and Inte-
grateData functions with a total of 20 anchors. Cell clustering and
UMAP visualization were then performed using the FindClusters (reso-
lution =0.3) and RunUMAP functions. Cluster results were visualized
using UMAP to verify that the graphically identified clusters were cap-
tured. Cell types were assigned based on known marker gene expres-
sion, considering the significantly expressed genes in each cell cluster.

Meta-analysis of endothelial cell diversity
We obtained 3′ scRNA-seq data on normal aorta71, and heart72, from a
C57BL/6J mouse model. UMI matrices were collected from published
studies using the 10xGenomics platform. ECswere selected by in silico
sorting based on the expression of Pecam1 and Cdh5 genes after cell
quality control. We performed integrated dimensional reduction and
clustering for aortic, heart, and valvular endothelial cells, including the
data generated by us.

Histology and plasma lipid measurement
Mouse hearts were perfused with 4% paraformaldehyde phosphate
buffer solution, followed by tissue fixation for 2 h (O.C.T. compound
embedded) or 16 h (paraffin-embedded) with the same solution as that
used for perfusion. For histological analysis, Hematoxylin and Eosin
(H&E) staining (BBC Biomedical, #MA0101035), PPARγ immunostain-
ing, and RNA in situ hybridization were performed using paraffin
sections. Standard tissue processing was performed to prepare the
paraffin-embedded tissue. Processed heart tissue was embedded in
paraffin and then sectioned into 4μm sections. For the measurement
of human PPARγ+ valvular cells, the average percentage of PPARγ+

valvular cells at least five random fields (22,500 μm2 per field) was

used. For the measurement of human PPARγ+ VECs, the percentage of
total PPARγ+ VECs in total VEC count was used.

Frozen sections were used for Oil Red O staining and immuno-
fluorescence. Fixedmouse hearts were embedded in O.C.T compound
(Sakura Finetek, #4583) and frozen at −80 °C for 4 h. Frozen tissue
blockswere serially sectioned into 7μmsections from thebeginning to
the end of the aortic valve. To measure the aortic valve lesion area,
frozen sections at 77μm intervals were Oil Red O stained using a Fat
stain kit (BBC Biomedical, #SSK5019), according to themanufacturer’s
protocol. The lesion area was quantified as a percentage of the Oil Red
O-positive area in the total aortic valve area using NIS Elements (v4.30,
Nikon) and Photoshop (v22.3.0, Adobe).

For whole-mount aortic valveOil RedO staining, Fat stain kit (BBC
Biomedical, #SSK5019)was usedwith amodifiedprocedure. The aortic
valve was rinsedwith 100%propylene glycol and the tissuewas stained
with Oil Red O working solution for an hour at 37 °C. After brief
washing with 85%propylene glycol, the stained tissue wasmounted on
a glass slide and imaged using brightfield microscopy (Nikon, Eclipse
50i with DS-Ri2).

To analyze the lipid profile, blood was obtained from the retro-
orbital sinus. Plasma was collected from blood and centrifugated at
2000 × g for 20min at RT. The levels of total cholesterol, triglycerides,
HDL, and LDL were analyzed using an automated blood chemical
analyzer (Hitachi). For an assessment of comparative analysis between
Ldlr−/− and Apoe−/− mice fedWD feeding for 4-, 8-, or 12-weeks, the data
and tissue-sections from Kim et al., were used20.

Immunostaining
Mouse hearts were fixed for 2 h in 4% paraformaldehyde phosphate
buffer solution. Aortic valves were harvested from the fixed hearts and
placed in a 96-well plate. For whole-mount immunostaining, aortic
valves were permeabilized with 0.5% Triton X-100 for 30min and then
non-specific binding was blocked using 1% normal donkey serum for
1 hour. Subsequently, the aortic valves were incubated in primary
antibodies (1:200, see Supplementary Data 5) in 1% normal donkey
serum for 16 h at 4 °C with gentle shaking. The next day, valves were
washed using DPBS with gentle shaking, and then incubated with
secondary antibodies (1:400, see Supplementary Data 5) or Alexa Fluor
594-steptavidin (1:400, Invitrogen, #S11227), following the same pro-
cedure as that in primary antibody incubation. The valves were then
washed with DPBS and mounted on slides using coverslips and
mounting medium with DAPI (Vector Laboratories, #H-1200-10). Ima-
ges were acquired as Z-stacks using a confocal microscope (Nikon; or
Zeiss, LSM 780). The acquired images were analyzed using NIS Ele-
ments (v4.30, Nikon), ZEN (v8.1, Zeiss), ImageJ (v1.53c, National Insti-
tutes of Health, NIH), and Imaris (v9.0.2, Bitplane).

For immunostaining of CD68, vimentin or PROX1, frozen sections
of aortic valves were rehydrated with DPBS, and endogenous perox-
idase was quenched with 3% hydrogen peroxide and blocked with 1%
normal donkey serum for 1 h. After blocking, the sections were incu-
bated with a mixture of anti-CD68 (Bio-Rad, #MCA1957) and anti-
vimentin (Abcam, #ab92547) antibodies or anti-PROX1 (R&D Systems,
#AF2727) antibodies (all 1:200) in 1% normal donkey serum for 16 h at
4 °C. After washing, slides were incubated in a mixture of HRP anti-rat
IgG (Jackson ImmunoResearch, #712-035-153) andAlexa Fluor 647 anti-
rabbit IgG (Invitrogen, #A-31573) or Alexa Fluor 488 anti-goat IgG
(Invitrogen, #A-11055) antibodies (all 1:400) in 1% normal donkey
serum for 12 h at 4 °C. To detect CD68, the slides were treated with an
Alexa Fluor 594-tyramide signal amplification kit (Invitrogen,
#T20935) according to the manufacturer’s protocol. In immunostain-
ing of CD68 and vimentin, the slides were incubated for 1 h with 1μM
BODIPY 493/503 (Invitrogen, #D3922) solution to stain lipid droplets.
Lastly, the slides were washed with DPBS and coverslipped using a
mounting medium with DAPI (Vector Laboratories, #H-1200-10).
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To immunostain PPARγ, the paraffin sections of aortic valves were
deparaffinized, rehydrated, and double-boiled for 10minutes in the
Diva Decloaker (Biocare Medical, #DV2004) solution for antigen
retrieval. After endogenous peroxidase quenching with 3% hydrogen
peroxide and blocking with 1% normal donkey serum, the slides of
mouse samples were incubated with anti-PPARγ (1:50, Cell Signaling
Technology, #2435) and anti-EMCN antibodies (1:200, Abcam, #
ab106100), whereas the slides of human samples were incubated only
with the anti-PPARγ antibody (1:50, Cell Signaling Technology, #2435),
in 1% normal donkey serum for 20 h at 4 °C. For the mouse samples,
after primary antibody incubation, the slides were washed and then
incubated with Cy3 anti-rabbit IgG (1:200, Jackson ImmunoResearch,
#711-165-152) and Alexa Fluor 488 anti-rat IgG (1:200, Invitrogen, #A-
21208) in 1% normal donkey serum for 4 h at room temperature. The
slides were coverslipped using a mounting medium with DAPI (Vector
Laboratories, #H-1200-10), after brief washing with DPBS. For human
samples, VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories, #PK-
6101) and DAB Substrate (Vector Laboratories, #SK-4105) were used,
according to the manufacturer’s protocol.

For immunocytochemistry of CD31, human aortic VECs at passage
2–3 were cultured in gelatin-coated, four-well chamber slides (Thermo
Scientific, # 154526PK). The cells in slides were briefly washed with
DPBS, fixed with 4% paraformaldehyde, and then permeabilized with
0.5% Tween 20 in DPBS. After blocking with 1% normal donkey serum
in PBST (DPBS with 0.1% Tween 20), the slides were incubated with
anti-CD31 antibody (1:200, BioLegend, #303101) in 1% normal donkey
serum in PBST for 16 h at 4 °C. After that, the slides were washed and
then incubated with Alexa Fluor 488 anti-mouse IgG (1:200, Jackson
ImmunoResearch, #715-545-151) in 1% normal donkey serum in PBST
for 2 h at room temperature. After brief washing with DPBS, the slides
were coverslipped using mounting medium with DAPI (Vector
Laboratories, #H-1200-10).

Fluorescence images were captured using a confocal microscope
(Nikon) or fluorescence microscope (Nikon, Eclipse 50i with DS-Ri2).
Brightfield microscopy (Nikon) was used to obtain bright field images.
Captured images were analyzed using NIS Elements (Nikon), ImageJ
(NIH), and Imaris (Bitplane). For the quantification of PPARγ, ImageJ
(NIH) was used.

Western blotting analysis
Human aortic VECs, at passage 2–3, were lysed in RIPA buffer (GenDE-
POT, #R4100-010) containing a protease inhibitor cocktail (GenDEPOT,
#P3200-001). Protein samples were separated by SDS-PAGE and trans-
ferred into the polyvinylidene fluoride (PVDF) membrane (Millipore,
#IPVH00010). After blocking with 5% skim milk in tris-buffered saline
with 0.1% Tween 20 (TBST), the membrane was incubated with an anti-
PPARγ antibody (1:500, Santa Cruz Biotechnology, #sc-7273) in 5% skim
milk for 14 h at 4 °C, and then incubated with HRP anti-mouse IgG
antibody (1:5000, BioLegend, #405306) in 5% skimmilk, for 2 h at room
temperature. After obtaining the PPARγ signal, antibodieswere stripped
from the membrane using BlotFresh Western Blot Stripping Reagent
(SignaGen, #SL100324) according to the manufacturer’s protocol. The
membranewasblockedagainwith5% skimmilk and incubatedwith anti-
GAPDH antibody (1:1000, Cell Signaling Technology, # 2118S, 14 h at
4 °C) as the primary antibody, and then incubated with HRP anti-rabbit
IgG antibody (1:10,000, Jackson ImmunoResearch, #711-035-152, 1 h at
room temperature). Immobilon ForteWesternHRP substrate (Millipore,
#WBLUF0100) was used for signal development, and a chemilumines-
cence imaging system (Fusion SL, Vilber Lourmat, France) with software
(Evolution-Capt, v17.04a, Vilber Luormat) was used for signal capture
and image processing. ImageJ (NIH) was used for image analysis.

RNA in situ hybridization (RNAscope)
To detect in situ expression ofmarker genes, RNA in situ hybridization
(RNAscope, ACDbio) was used, according to the manufacturer’s

instructions (RNAscope® 2.5HDDuplex Reagent Kit, ACDbio, #322430
and ACDbio user manual document #322452 & 322500). Formalin-
fixed paraffin sections of 4μm thickness were used for the RNAscope
assay. Amplified probes were detected by brightfield (C1, C2) or
fluorescence (C2) microscopy (Nikon) and analyzed using the NIS
Elements (Nikon) and ImageJ (NIH). For the quantification of Cd36,
ImageJ (NIH) was used. The following probes were used in this study:
Meox1 (ACDbio, #530641-C2), Id4 (ACDbio, #447861-C2), Rspo3
(ACDbio, #402011), Chad (ACDbio, #484881), Spp1 (ACDbio, #435191-
C2), Fgfr3 (ACDbio, #440771-C2), Cd36 (ACDbio, #464431-C2), Cx3cl1
(ACDbio, #426211-C2), Csf1 (ACDbio, #315621), Clec3b (ACDbio,
#539561-C2), Dpep1 (ACDbio,#480831), Polr2ra (ACDbio, #312471-C2),
Ppib (ACDbio, #313911), and DapB (ACDbio, # 310043 & 310043-C2).

Statistical analysis
Statistical methods used in the scRNA-seq analysis are addressed in
each section of Materials and Methods. GraphPad Prism (v9.4.1,
GraphPad) was used to perform statistical analysis and graph repre-
sentation of all in vivo and in vitro data. Unless otherwise stated, data
are shown as mean ± standard deviation (SD), and the nonparametric
analysis was used because of the small sample size (n < 30). Two-sided
Mann–Whitney test was used for the comparison between two groups,
and Kruskal-Wallis test with post-hoc Dunn’s test was used for com-
paring three or more groups. For correlation analysis, the Spearman
correlation testwas used. Thep valueof two-sidedMann–Whitney test,
post-hoc Dunn’s test, and Spearman correlation test with correlation
coefficient (r) is presented on the respective graph. Statistical sig-
nificance was set at p <0.05.

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

Data availability
All data associated with this study are present in the main text or the
supplementary materials. The RNA-seq data generated in this study
have been deposited in the GEO database under accession code
“GSE180278”, “GSE205587”, and “GSE206927”. The publicly available
RNA-seqdata used in this study are available in theBioProjectdatabase
under accession code “PRJNA562645“33, and in the ArrayExpress
database under accession code “E-MTAB-7149“71, and “E-MTAB-
8077“72. “GRCh38” and “GRCm38” were used for the reference gen-
ome. All other relevant data supporting the key findings of this study
are available within the article and its Supplementary Information files
or from the corresponding author upon reasonable request. Source
data are provided with this paper.

References
1. Iung, B. & Vahanian, A. Epidemiology of acquired valvular heart

disease. Can. J. Cardiol. 30, 962–970 (2014).
2. Yadgir, S. et al. Global, regional, and national burden of calcific

aortic valve and degenerative mitral valve diseases, 1990-2017.
Circulation 141, 1670–1680 (2020).

3. Dweck, M. R., Boon, N. A. & Newby, D. E. Calcific aortic stenosis: a
disease of the valve and the myocardium. J. Am. Coll. Cardiol. 60,
1854–1863 (2012).

4. Otto, C. M. & Prendergast, B. Aortic-valve stenosis–from patients at
risk to severe valveobstruction.N. Engl. J.Med.371, 744–756 (2014).

5. Leon, M. B. et al. Transcatheter aortic-valve implantation for aortic
stenosis in patients who cannot undergo surgery. N. Engl. J. Med.
363, 1597–1607 (2010).

6. Varadarajan, P., Kapoor, N., Bansal, R. C. & Pai, R. G. Survival in
elderly patientswith severe aortic stenosis is dramatically improved
by aortic valve replacement: results from a cohort of 277 patients
aged > or =80 years. Eur. J. Cardiothorac. Surg. 30, 722–727 (2006).

Article https://doi.org/10.1038/s41467-022-33202-2

Nature Communications |         (2022) 13:5461 19

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE180278
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE205587
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206927
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA562645
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7149/
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8077/
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8077/
https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_38/GRCh38.primary_assembly.genome.fa.gz
https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_mouse/release_M25/GRCm38.primary_assembly.genome.fa.gz


7. Hutcheson, J. D., Aikawa, E. & Merryman, W. D. Potential drug tar-
gets for calcific aortic valve disease. Nat. Rev. Cardiol. 11,
218–231 (2014).

8. Grim, J. C. et al. Secreted factors from proinflammatory macro-
phages promote an osteoblast-like phenotype in valvular interstitial
cells. Arterioscler. Thromb. Vasc. Biol. 40, e296–e308 (2020).

9. Ten Kate, G. R. et al. Increased aortic valve calcification in familial
hypercholesterolemia: prevalence, extent, and associated risk fac-
tors. J. Am. Coll. Cardiol. 66, 2687–2695 (2015).

10. Chora, J. R., Medeiros, A. M., Alves, A. C. & Bourbon, M. Analysis of
publicly available LDLR, APOB, and PCSK9 variants associated with
familial hypercholesterolemia: application of ACMGguidelines and
implications for familial hypercholesterolemia diagnosis. Genet.
Med. 20, 591–598 (2018).

11. Langsted, A., Nordestgaard, B. G., Benn, M., Tybjaerg-Hansen, A. &
Kamstrup, P. R. PCSK9 R46L loss-of-function mutation reduces
lipoprotein(a), LDL cholesterol, and risk of aortic valve stenosis. J.
Clin. Endocrinol. Metab. 101, 3281–3287 (2016).

12. Perrot, N. et al. Genetic and in vitro inhibition of PCSK9 and calcific
aortic valve stenosis. JACC Basic Transl. Sci. 5, 649–661 (2020).

13. Chan, K. L. et al. Effect of Lipid lowering with rosuvastatin on pro-
gression of aortic stenosis: results of the aortic stenosis progression
observation: measuring effects of rosuvastatin (ASTRONOMER)
trial. Circulation 121, 306–314 (2010).

14. Cowell, S. J. et al. A randomized trial of intensive lipid-lowering
therapy in calcific aortic stenosis. N. Engl. J. Med. 352,
2389–2397 (2005).

15. Rossebo, A. B. et al. Intensive lipid lowering with simvastatin and
ezetimibe in aortic stenosis.N. Engl. J. Med. 359, 1343–1356 (2008).

16. Nazarzadeh,M. et al. Plasma lipids and risk of aortic valve stenosis: a
Mendelian randomization study. Eur. Heart J.41, 3913–3920 (2020).

17. Choi, J. H. et al. Identification of antigen-presenting dendritic cells
in mouse aorta and cardiac valves. J. Exp. Med. 206,
497–505 (2009).

18. Hulin A, et al. Maturation of heart valve cell populations during
postnatal remodeling. Development 146, dev173047 (2019).

19. Shigeta, A. et al. Endocardially derived macrophages are essential
for valvular remodeling. Dev. Cell 48, 617–630.e613 (2019).

20. Kim, K. et al. Transcriptome analysis reveals nonfoamy rather than
foamy plaquemacrophages are proinflammatory in atherosclerotic
murine models. Circ. Res. 123, 1127–1142 (2018).

21. Calvo, D., Gomez-Coronado, D., Suarez, Y., Lasuncion,M. A. &Vega,
M. A. Human CD36 is a high affinity receptor for the native lipo-
proteins HDL, LDL, and VLDL. J. Lipid Res. 39, 777–788 (1998).

22. Huang, L. et al. SR-B1 drives endothelial cell LDL transcytosis via
DOCK4 to promote atherosclerosis. Nature 569, 565–569 (2019).

23. Lougheed, M. et al. High affinity saturable uptake of oxidized low
density lipoprotein by macrophages from mice lacking the sca-
venger receptor class A type I/II. J. Biol. Chem. 272,
12938–12944 (1997).

24. Goettsch, C. et al. A single injection of gain-of-function mutant
PCSK9 adeno-associated virus vector induces cardiovascular cal-
cification inmicewith no geneticmodification. Atherosclerosis 251,
109–118 (2016).

25. Chakarov, S. et al. Two distinct interstitial macrophage populations
coexist across tissues in specific subtissular niches. Science 363,
eaau0964 (2019).

26. Kalluri, A. S. et al. Single-cell analysis of the normal mouse aorta
reveals functionally distinct endothelial cell populations. Circula-
tion 140, 147–163 (2019).

27. Aibar, S. et al. SCENIC: single-cell regulatory network inference and
clustering. Nat. Methods 14, 1083–1086 (2017).

28. Blades, M. C. et al. Stromal cell-derived factor 1 (CXCL12) induces
monocyte migration into human synovium transplanted onto SCID
Mice. Arthritis Rheum. 46, 824–836 (2002).

29. Giri, J., Das, R., Nylen, E., Chinnadurai, R. & Galipeau, J. CCL2 and
CXCL12 derived from mesenchymal stromal cells cooperatively
polarize IL-10+ tissue macrophages to mitigate gut injury. Cell Rep.
30, 1923–1934.e1924 (2020).

30. Massberg, S. et al. Platelets secrete stromal cell-derived factor
1alpha and recruit bone marrow-derived progenitor cells to arterial
thrombi in vivo. J. Exp. Med. 203, 1221–1233 (2006).

31. Sanchez-Martin, L. et al. The chemokine CXCL12 regulates
monocyte-macrophage differentiation and RUNX3 expression.
Blood 117, 88–97 (2011).

32. Fang, L. et al. PPARgene: a database of experimentally verified and
computationally predicted PPAR target genes. PPAR Res. 2016,
6042162 (2016).

33. Xu, K. et al. Cell-type transcriptome atlas of human aortic valves
reveal cell heterogeneity and endothelial to mesenchymal transi-
tion involved in calcific aortic valve disease. Arterioscler. Thromb.
Vasc. Biol. 40, 2910–2921 (2020).

34. Lee, G. et al. T0070907, a selective ligand for peroxisome
proliferator-activated receptor gamma, functions as an antagonist
of biochemical and cellular activities. J. Biol. Chem. 277,
19649–19657 (2002).

35. Zou, Y. et al. Polyunsaturated fatty acids from astrocytes activate
PPARgamma signaling in cancer cells to promote brain metastasis.
Cancer Discov. 9, 1720–1735 (2019).

36. Raddatz, M. A. et al. Macrophages promote aortic valve cell calci-
fication and alter STAT3 splicing. Arterioscler. Thromb. Vasc. Biol.
40, e153–e165 (2020).

37. Kim, A. J. et al. Deficiency of circulatingmonocytes ameliorates the
progression of myxomatous valve degeneration in marfan syn-
drome. Circulation 141, 132–146 (2020).

38. Lim, H. Y. et al. Hyaluronan receptor LYVE-1-expressing macro-
phages maintain arterial tone through hyaluronan-mediated
regulation of smooth muscle cell collagen. Immunity 49,
1191 (2018).

39. Mehrotra, D., Wu, J., Papangeli, I. & Chun, H. J. Endothelium as a
gatekeeper of fatty acid transport. Trends Endocrinol. Metab. 25,
99–106 (2014).

40. Syvaranta, S. et al. Potential pathological roles for oxidized low-
density lipoprotein and scavenger receptors SR-AI, CD36, and
LOX-1 in aortic valve stenosis. Atherosclerosis 235, 398–407
(2014).

41. Itoh, T. et al. Structural basis for the activation of PPARgamma by
oxidized fatty acids. Nat. Struct. Mol. Biol. 15, 924–931 (2008).

42. Ahmadian, M. et al. PPARgamma signaling and metabolism: the
good, the bad and the future. Nat. Med. 19, 557–566 (2013).

43. Li, A. C. & Glass, C. K. PPAR- and LXR-dependent pathways con-
trolling lipidmetabolism and the development of atherosclerosis. J.
Lipid Res. 45, 2161–2173 (2004).

44. Chawla, A. et al. A PPAR gamma-LXR-ABCA1 pathway in macro-
phages is involved in cholesterol efflux andatherogenesis.Mol. Cell
7, 161–171 (2001).

45. Ricote, M., Valledor, A. F. & Glass, C. K. Decoding transcriptional
programs regulated by PPARs and LXRs in themacrophage: effects
on lipid homeostasis, inflammation, and atherosclerosis. Arter-
ioscler. Thromb. Vasc. Biol. 24, 230–239 (2004).

46. Walczak, R. & Tontonoz, P. PPARadigms and PPARadoxes: expand-
ing roles for PPARgamma in the control of lipidmetabolism. J. Lipid
Res. 43, 177–186 (2002).

47. Chu, Y. et al. Pioglitazone attenuates valvular calcification induced
by hypercholesterolemia. Arterioscler. Thromb. Vasc. Biol. 33,
523–532 (2013).

48. Guerraty, M. A. et al. Hypercholesterolemia induces side-specific
phenotypic changes and peroxisome proliferator-activated recep-
tor-gamma pathway activation in swine aortic valve endothelium.
Arterioscler. Thromb. Vasc. Biol. 30, 225–231 (2010).

Article https://doi.org/10.1038/s41467-022-33202-2

Nature Communications |         (2022) 13:5461 20



49. Duan, S. Z., Usher,M.G.&Mortensen, R.M. Peroxisomeproliferator-
activated receptor-gamma-mediated effects in the vasculature.
Circ. Res. 102, 283–294 (2008).

50. Hou, Y., Moreau, F. & Chadee, K. PPARgamma is an E3 ligase that
induces the degradation of NFkappaB/p65. Nat. Commun. 3,
1300 (2012).

51. Pascual, G. et al. A SUMOylation-dependent pathway mediates
transrepression of inflammatory response genes by PPAR-gamma.
Nature 437, 759–763 (2005).

52. Choo, E. H. et al. Effect of pioglitazone in combination with mod-
erate dose statin on atherosclerotic inflammation: randomized
controlled clinical trial using serial FDG-PET/CT. Korean Circ. J. 48,
591–601 (2018).

53. Hanefeld, M. et al. Anti-inflammatory effects of pioglitazone and/or
simvastatin in high cardiovascular risk patients with elevated high
sensitivity C-reactive protein: the PIOSTAT Study. J. Am. Coll. Car-
diol. 49, 290–297 (2007).

54. Sider, K. L., Blaser, M. C. & Simmons, C. A. Animalmodels of calcific
aortic valve disease. Int. J. Inflam. 2011, 364310 (2011).

55. Towler, D. A., Bidder, M., Latifi, T., Coleman, T. & Semenkovich, C. F.
Diet-induced diabetes activates an osteogenic gene regulatory
program in the aortas of low density lipoprotein receptor-deficient
mice. J. Biol. Chem. 273, 30427–30434 (1998).

56. Aikawa, E. et al. Multimodality molecular imaging identifies pro-
teolytic and osteogenic activities in early aortic valve disease. Cir-
culation 115, 377–386 (2007).

57. Nigam, V. & Srivastava, D. Notch1 represses osteogenic pathways in
aortic valve cells. J. Mol. Cell Cardiol. 47, 828–834 (2009).

58. Nus, M. et al. Diet-induced aortic valve disease in mice hap-
loinsufficient for the Notch pathway effector RBPJK/CSL. Arter-
ioscler. Thromb. Vasc. Biol. 31, 1580–1588 (2011).

59. Kronenberg, F. Humangenetics and the causal role of lipoprotein(a)
for various diseases. Cardiovasc. Drugs Ther. 30, 87–100 (2016).

60. Bergmark, C. et al. A novel function of lipoprotein [a] as a pre-
ferential carrier of oxidized phospholipids in humanplasma. J. Lipid
Res. 49, 2230–2239 (2008).

61. Bouchareb, R. et al. Autotaxin derived from lipoprotein(a) and valve
interstitial cells promotes inflammation and mineralization of the
aortic valve. Circulation 132, 677–690 (2015).

62. Capoulade, R. et al. Oxidized phospholipids, lipoprotein(a), and
progression of calcific aortic valve stenosis. J. Am. Coll. Cardiol.66,
1236–1246 (2015).

63. Kamstrup, P. R., Tybjaerg-Hansen, A.&Nordestgaard, B. G. Elevated
lipoprotein(a) and risk of aortic valve stenosis in the general popu-
lation. J. Am. Coll. Cardiol. 63, 470–477 (2014).

64. Thanassoulis, G. et al. Genetic associations with valvular calcifica-
tion and aortic stenosis. N. Engl. J. Med. 368, 503–512 (2013).

65. Zheng, K. H. et al. Lipoprotein(a) and oxidized phospholipids pro-
mote valve calcification in patients with aortic stenosis. J. Am. Coll.
Cardiol. 73, 2150–2162 (2019).

66. Bjorklund, M. M. et al. Induction of atherosclerosis in mice and
hamsters without germline genetic engineering. Circ. Res. 114,
1684–1689 (2014).

67. Stuart, T. et al. Comprehensive integration of single-cell data. Cell
177, 1888–1902.e1821 (2019).

68. Qiu, X. et al. Reversed graph embedding resolves complex single-
cell trajectories. Nat. Methods 14, 979–982 (2017).

69. Korotkevich, G. et al. Fast gene set enrichment analysis. Preprint at
bioRxiv, https://doi.org/10.1101/060012 (2021).

70. Gould, R. A. & Butcher, J. T. Isolation of valvular endothelial cells. J.
Vis. Exp. 2158 (2010).

71. Lukowski, S. W. et al. Single-cell transcriptional profiling of aortic
endothelium identifies a hierarchy from endovascular progenitors
to differentiated cells. Cell Rep. 27, 2748–2758.e2743 (2019).

72. Kalucka, J. et al. Single-cell transcriptome atlas of murine endo-
thelial cells. Cell 180, 764–779.e720 (2020).

Acknowledgements
We acknowledge Taek Chang Lee from Korea Research Institute of
Bioscience and Biotechnology (KRIBB) and Sookyoung Kim from Sam-
sungGenome Institute, for their technical supports.We acknowledge Jia
Park from D-Lab of Hanyang Institute of Technology for designing the
graphical summary of the proposed pathogenesis model. We also
acknowledge the KREONET/GLORIAD service provided by the Korea
Institute of Science and Technology Information. This work was sup-
ported by the National Research Foundation of the Korea grant (NRF
2016M3A9D5A01952413; J.-H.C., 2021R1A2C3004586; J.-H.C., and
2016R1A5A1011974; H.-O.L.) and the National Institutes of Health (R01
DK126753; K.-W.K.).

Author contributions
Conceptualization, S.H.L.-1, N.K., M.K., H.-O.L., and J.-H.C.; Metho-
dology, S.H.L.-1, N.K., M.K., H.-O.L., and J.-H.C.; Formal analysis,
S.H.L.-1, N.K., andM.K.; Investigation, S.H.L.-1, N.K., M.K., S.-H.W., I.H.,
J.P., K.K.-1, K.S.P., K.K.-2, D.S., S.P., J.Y.Z., and T.K.K.; Resources,
D.-M.G., D.-Y.K., W.K.Y., S.-P.L., J.C., K.-W.K., J.H.P., S.H.L.-2, S.L., S.A.,
S.-H.L., H.-S.A., S.C.J., G.T.O., and W.-Y.P.; Writing—Original draft,
S.H.L.-1, N.K., M.K., H.-O.L., and J.-H.C.; Writing—Review and editing,
S.H.L.-1, N.K., M.K., H.-O.L., and J.-H.C.; Visualization, S.H.L.-1, N.K.,
and M.K.; Supervision, H.-O.L., and J.-H.C.; Funding acquisition,
K.-W.K., H.-O.L., and J.-H.C.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-33202-2.

Correspondence and requests for materials should be addressed to
Hae-Ock Lee or Jae-Hoon Choi.

Peer review information Nature Communications thanks Veronique
Angeli and the other anonymous reviewer(s) for their contribution to the
peer review of this work. Peer review reports are available.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-33202-2

Nature Communications |         (2022) 13:5461 21

https://doi.org/10.1101/060012
https://doi.org/10.1038/s41467-022-33202-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1Department of Life Science, College of Natural Sciences, Hanyang Institute of Bioscience and Biotechnology, Research Institute for Natural Sciences,
Hanyang University, Seoul 04763, Republic of Korea. 2Department of Microbiology, College of Medicine, The Catholic University of Korea, Seoul 06591,
Republic of Korea. 3Department of Biomedicine and Health Sciences, Graduate School, The Catholic University of Korea, Seoul 06591, Republic of Korea.
4Department of Veterinary Pathology, College of Veterinary Medicine, Seoul National University, Seoul 08826, Republic of Korea. 5Laboratory Animal
Resource Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Cheongju 28116, Republic of Korea. 6Cardiovascular Center and
Department of Internal Medicine, Seoul National University Hospital, Seoul National University College of Medicine, Seoul 03080, Republic of Korea.
7Samsung Genome Institute, Samsung Medical Center, Seoul 06351, Republic of Korea. 8Department of Pharmacology and Regenerative Medicine, The
University of Illinois College of Medicine, Chicago, IL 60612, USA. 9Division of Endocrinology and Metabolism, Department of Internal Medicine, Hanyang
University College of Medicine, Seoul 04763, Republic of Korea. 10Division of Cardiovascular Surgery, Department of Thoracic and Cardiovascular Surgery,
Severance Hospital, Yonsei University College of Medicine, Seoul 03722, Republic of Korea. 11Integrative Research Center for Cerebrovascular and Cardi-
ovascular Diseases, Yonsei University College of Medicine, Seoul 03722, Republic of Korea. 12Division of Cardiology, Department of Internal Medicine,
Severance Hospital, Yonsei University College of Medicine, Seoul 03722, Republic of Korea. 13Division of Cardiology, Department of Internal Medicine,
Uijeongbu St. Mary’s Hospital, College of Medicine, The Catholic University of Korea, Uijeongbu 11765, Republic of Korea. 14Catholic Research Institute for
Intractable Cardiovascular Disease (CRID), College of Medicine, The Catholic University of Korea, Seoul 06591, Republic of Korea. 15Department of Thoracic
andCardiovascular Surgery, UijeongbuSt.Mary’sHospital,CollegeofMedicine, TheCatholicUniversityof Korea, Uijeongbu 11765,Republic of Korea. 16Heart-
Immune-Brain Network Research Center, Department of Life Science, EwhaWomans University, Seoul 03760, Republic of Korea. 17Department of Molecular
Cell Biology, Sungkyunkwan University School of Medicine, Suwon 16419, Republic of Korea. 18Department of Health Sciences and Technology, Samsung
Advanced Institute for Health Sciences &Technology, Sungkyunkwan University, Seoul 06355, Republic of Korea. 19These authors contributed equally:
SeungHyun Lee, Nayoung Kim,Minkyu Kim. 20These authors jointly supervised thiswork: Hae-Ock Lee, Jae-HoonChoi. e-mail: haeocklee@catholic.ac.kr;
jchoi75@hanyang.ac.kr

Article https://doi.org/10.1038/s41467-022-33202-2

Nature Communications |         (2022) 13:5461 22

mailto:haeocklee@catholic.ac.kr
mailto:jchoi75@hanyang.ac.kr

	Single-cell transcriptomics reveal cellular diversity of aortic valve and the immunomodulation by PPARγ during hyperlipidemia
	Results
	Ldlr−/− mice have more prominent valvular lipid accumulation than do Apoe−/− mice
	LDL is the main lipoprotein accumulated in the aortic valve
	Ldlr−/− mice have a higher percentage of valvular leukocytes and associated subsets than do Apoe−/− mice, in hyperlipidemic conditions
	High blood LDL level induced by hepatic PCSK9 overexpression increases the accumulation of lipids and macrophages in the aortic valve
	Ezetimibe-induced lipid reduction ameliorates lipid accumulation and inflammation in the aortic valve
	scRNA-seq analysis reveals cellular heterogeneity in aortic valves from normal and hyperlipidemic mice
	The aortic valve contains two major macrophage populations, and monocyte-derived MHC-IIhi macrophages accumulate during hyperlipidemia
	MHC-IIhi valvular macrophages express pro-inflammatory genes whereas Lyve1+ macrophages show anti-inflammatory gene profiles
	VICs contain heterogeneous cell populations with distinct gene expression profiles and increase pro-inflammatory gene expression during hyperlipidemic condition
	VECs contain three major populations and Cd36+ VECs are markedly increased in hyperlipidemic condition
	PPARγ pathway is activated in Cd36+ VECs
	PPARγ activity is conserved in non-calcified human aortic valves
	PPARγ activation protects the aortic valve against hyperlipidemia-induced inflammation

	Discussion
	Methods
	Human samples
	Animal experiments
	Flow cytometry
	VIC isolation and culture conditions
	In vitro lipoproteins uptake assay
	CD36 and SR-BI Inhibition
	Monocyte migration assay
	Ex vivo lipoprotein uptake assay
	Ex vivo monocyte adhesion assay
	Fluorescence-activated cell sorting (FACS)
	scRNA-seq and read processing
	Single-cell data quality control and normalization
	Unsupervised dimensional reduction and clustering
	Differentially expressed marker gene analysis
	Trajectory analysis
	Projection of functional features of macrophage
	Pathway analysis
	Transcription factor activity analysis
	Selection of cells with high PPARγ regulon expression and their specific genes
	Sample preparation and bulk tissue RNA sequencing of mouse aortic valves
	Human aortic VEC isolation and culture conditions
	PPARG gene silencing in human aortic VECs by siRNA transfection
	Library construction and RNA sequencing of human aortic VECs
	Bulk RNA sequencing data processing
	PPARG knockdown-specific gene analysis
	scRNA-seq analysis of human aortic valve
	Meta-analysis of endothelial cell diversity
	Histology and plasma lipid measurement
	Immunostaining
	Western blotting analysis
	RNA in�situ hybridization (RNAscope)
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




