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Abstract

A missense variant of the sushi, von Willebrand factor type A, EGF and pentraxin domain containing protein 1 (SVEP1) is
genome-wide significantly associated with coronary artery disease. The mechanisms how SVEP1 impacts atherosclerosis
are not known. We found endothelial cells (EC) and vascular smooth muscle cells to represent the major cellular source of
SVEPI in plaques. Plaques were larger in atherosclerosis-prone Svepl haploinsufficient (ApoE~~Svep1™'~) compared to
Svepl wild-type mice (ApoE~'~Svepl™'*) and ApoE~'~Svep1*'~ mice displayed elevated plaque neutrophil, Ly6C"" mono-
cyte, and macrophage numbers. We assessed how leukocytes accumulated more inside plaques in ApoE~'~Svepl™'~ mice
and found enhanced leukocyte recruitment from blood into plaques. In vitro, we examined how SVEP1 deficiency promotes
leukocyte recruitment and found elevated expression of the leukocyte attractant chemokine (C-X-C motif) ligand 1 (CXCLI)
in EC after incubation with missense compared to wild-type SVEP1. Increasing wild-type SVEP1 levels silenced endothelial
CXCLI release. In line, plasma Cxcll levels were elevated in ApoE~~SvepI*'~ mice. Our studies reveal an atheroprotective
role of SVEPI1. Deficiency of wild-type Svepl increased endothelial CXCLI expression leading to enhanced recruitment
of proinflammatory leukocytes from blood to plaque. Consequently, elevated vascular inflammation resulted in enhanced
plaque progression in Svepl deficiency.
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Introduction exome-wide association study, a coding missense variant

in SVEPI (15111245230, p.D2702G) is genome-wide sig-
Coronary artery disease (CAD) and myocardial infarction  nificantly associated with CAD/MI (Odds Ratio 1.14 per
(MI) are the leading causes of death in industrialized coun- risk allele) [24]. SVEP1 encodes sushi, von Willebrand fac-
tries [4]. Genome-wide association studies have identified  tor type A, EGF and pentraxin domain containing protein 1
more than 160 variants, mainly located in the non-coding (SVEP1), an extracellular matrix (ECM) protein that binds
genome, that are associated with CAD/MI [13]. In an  to integrin a9f1 [32], which is expressed in lymphatic sys-
tem endothelial cells (EC) [3]. Integrin a9p1 plays a role
in adhesion and transendothelial migration of peripheral
neutrophils, hence promoting inflammatory processes. In
Hendrik B. Sager and Thorsten Kessler contributed equally. context of stroke, impairing the function of integrin a9p1
led to reduced thrombosis and inflammation and limited
short- and long-term brain damage [10]. Svepl and inte-
grin Bl-pathways are also involved in maintaining vascu-
lar integrity. This is achieved by induction of Tiel expres-
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expression leads to vascular destabilization and Svepl was
found to be crucial to maintain vascular integrity under base-
line conditions [19]. Integrin B1 pathways are also involved
in cell migration to the lymphatic system. In line, absence of
Svep1 has been found to impair lymphatic vessel formation
in zebrafish [17] and mice [23].

Despite its strong association with CAD, the role of
SVEP1 in atherosclerosis has yet to be determined. In this
project, we sought to investigate the functional involvement
of SVEP1 in mice and patients with atherosclerosis.

Methods
SVEP1 expression in the STARNET study

The Stockholm-Tartu Atherosclerosis Reverse Networks
Engineering Task study (STARNET) subjects recruit-
ment and tissue collection were described previously [14].
Briefly, patients with coronary artery disease (CAD) who
were eligible for open-thorax surgery at the Department of
Cardiac Surgery, Tartu University Hospital in Estonia as
well as control subjects without CAD were enrolled after
informed consent. Tissue biopsies were obtained to study
tissue-specific gene expression and the disease. Tissues were
rinsed and RNA was extracted as described previously [14].
In the case—control matched study, cases and controls with
matched age, gender, and BMI were selected and sequenced
for whole transcriptome. Samples were sequenced with
poly(A)+selection on Illumina HiSeq with single-end at read
lengths of 100 base pairs. Quality control was performed
using FASTQC [1] checking raw sequence data for per-base
quality, per-sequence quality, number of duplicate reads,
number of reads with an adaptor, sequence length distri-
bution, per-base GC content, per-sequence GC content and
Kmer content. GENCODE was used as reference annotation
to quantify gene and isoform expression. Sequencing reads
(fastq files) were mapped with STAR [12] onto the human
genome. Raw reads were summarized by feature counts [20].
Differential gene expression between cases and controls was
analyzed using R package limma [22].

Human carotid artery plaque specimen,
immunohistochemistry, and single-cell RNA
sequencing

Human carotid arterial plaque material of the Munich Vas-
cular Biobank [29] was sampled during carotid endarterec-
tomy (CEA), fixed for 48 h in 2% zinc—paraformaldehyde at
room temperature, paraffin-embedded, and finally cut into
5-pm thick slides. Per carotid plaque specimen, four slides
were stained with hematoxylin and eosin (HE) as well as
Elastica van Gieson’s staining. For immunohistochemical
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analysis, consecutively cut tissue sections of 3 um thickness
were deparaffinized, permeabilized with H,0, and blocked
in milk powder. Sections were then incubated for 1 h at
room temperature with primary antibodies against SVEP1
(HPA020610, Sigma-Aldrich, St. Louis, MO, USA), CD31
(M0814, DAKO, Carpinteria, CA, USA), CD68 (M0823,
DAKO, Carpinteria, CA, USA), smooth muscle a-actin/
SMA (M0635, DAKO, Carpinteria, CA, USA). SVEP1
staining was established and compared to isotype control
IgG antibody/no primary control (Suppl. Fig. S1). Second-
ary antibodies were provided with the DAKO REAL Detec-
tion Kit Rabbit/Mouse (DAKO, Carpinteria, CA, USA).
Detection was mediated by a 3,3’-diaminobenzidine-cou-
pled reaction according to the manufacturer’s instructions.
Nuclear staining with hematoxylin was performed before
dehydrating the slides in an increasing ethanol row followed
by xylene. Slides were finally mounted with EUKITT (Kin-
dler, Bobingen, Germany) and imaged.

Single-cell RNA sequencing data from 18 (14 male and
4 female) individuals were obtained from Depuydt et al.
[9] within the Athero-Express Biobank Study (www.ather
oexpress.nl) [36], an ongoing biobank study at the Univer-
sity Medical Centre Utrecht (UMCU). Details are available
in the Supplemental Material.

Primary cells

Human coronary artery smooth muscle cells (CASMC),
human aortic adventitial fibroblasts (AAF), human aortic
endothelial cells (AEC), human aortic smooth muscle cells
(ASMC), human coronary artery endothelial cells (CAEC),
human coronary artery smooth muscle cells (CASMC), and
human umbilical vein endothelial cells (HUVEC) were pur-
chased from commercial suppliers (CASMSC: Cell Applica-
tions, San Diego, CA, USA; AAF, AEC, CAEC, CASMC:
from ScienCell, Carlsbad, CA, USA; HUVEC: PromoCell,
Heidelberg, Germany). Monocytes were isolated from whole
blood from one healthy individual using a combined Ficoll-
Paque density gradient and a CD14 magnetic bead separa-
tion approach. Details on isolating blood monocytes as well
as the investigated primary cells are available in the Sup-
plemental Material.

Isolation of nucleic acids, cDNA synthesis,
and (quantitative) polymerase chain reaction

RNA from isolated blood monocytes was extracted using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) according to
the manufacturer’s recommendations. Otherwise, cells were
washed with Dulbecco’s PBS (Biochrom, Berlin, Germany),
lysed by addition of 500 ul TRIzol (Thermo Fisher Scien-
tific, Waltham, MA, USA) and stored at — 80 °C. After thaw-
ing, 120 ul DEPC treated H,O (Invitrogen, Carlsbad, CA,
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USA) and 100 pl chloroform were added. After 10 min incu-
bation at room temperature, the mixture was transferred to
pre-chilled phase lock tubes (Quantabio, Beverly, MA, USA)
and centrifuged at 13,000 rpm and 4 °C for 10 min. 280 pl of
isopropanol and 1.5 pl of GlycoBlue (Invitrogen, Carlsbad,
CA, USA) were added to the aqueous phase. The isolated
RNA was incubated at — 20 °C for 30 min and pelleted by
centrifugation at 14,000 rpm for 30 min at 4 °C and washed
twice with 75% ethanol. After evaporation of ethanol, RNA
pellet was resuspended in 14 ul of DEPC treated water. After
DNA digestion with DNase I (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s rec-
ommendation, cDNA was synthesized by reverse transcrip-
tion utilizing the Maxima H Minus Reverse Transcriptase
kit (Thermo Fisher Scientific, Waltham, MA, USA). For
endpoint polymerase chain reaction (PCR), 20 ng of cDNA
were used in each reaction with Quick-Load® Taq 2 X Mas-
ter Mix (New England Biolabs, Ipswich, MA, USA) and
the following oligonucleotide primers: SVEPI-for 5'-GCA
ACT TGG GCG TGG TTA TG-3', SVEP-rev 5'-CAC ACC
GCT GAC CTG TGT AA-3'; Svepi-for: 5'-ACC ATA CAC
GGG AGA TGG GA-3"; Svepl-rev: 5'-GGG TGT AGC CCT
CTT TGC AT-3'; RPLPO-for 5'-GGC ACC ATT GAA ATC
CTG AGT G-3', RPLPO-rev 5'-GAT GAC CAG CCC AAA
GGA GAA G-3'; RplpO-for: 5'-TCA CTG TGC CAG CTC
AGA AC-3'; RplpO-rev: 5'-ATC AGC TGC ACA TCA CTC
AGA-3'. Reactions were performed over 40 cycles (15 s at
95 °C, 30 s at 60 °C, 1 min at 68 °C). and loaded to 1%
(w/v) agarose gels dyed with peqGREEN (VWR, Darmstadt,
Germany).

Real-time quantitative PCR was performed using
TagMan Universal Master Mix II (Thermo Fisher Scien-
tific, Waltham, MA, USA) in a total volume of 20 pl using
MicroAmp Fast 96-Well 0.1 ml reaction plates (Thermo
Fisher Scientific, Waltham, MA, USA). All reactions were
conducted over 40 cycles and performed in duplicates on a
ViiA 7 system using Tagman probes (both Thermo Fisher
Scientific, Waltham, MA, USA). The Tagman probes which
were used to detect genes of interest are listed in Suppl.
Table S2. GAPDH/Gapdh or RPLPO/Rplp0 were used as
housekeeping genes. Expression of genes of interest com-
paring SVEP1 and SVEP1_p.D2702G was analyzed using
the 2722¢" method. Absolute mRNA levels were compared
using 272 values.

Mouse studies

B6N(Cg)-Svep 1™ HEUCOMMHmgu } (reporter-tagged deletion
allele, https://www.informatics.jax.org/allele/MGI:55090
58; Svepl*’7), Ubc-GFP mice (C57BL/6-Tg(UBC-
GFP)30Scha/J), and B6.129P2-Apoe™"/] (ApoE~"")
mice were purchased from the Jackson Laboratory (Bar
Harbor, ME, USA). Svepl*'~ mice and ApoE~~ mice

were crossbred to generate ApoE~'~Svep ™'~ mice. For
experiments, ApoE~'~SvepI™~ mice were mated with
ApoE~'=Svep1** mice for at least four generations to
receive ApoE~'~SvepI*'~ and ApoE~'~SvepI*'* littermates
in a 1:1 ratio. All animal experiments were approved by
the local animal welfare committee (55.2-1-54-2532-49-
2016). To study atherosclerotic plaque formation, 8§ weeks
old ApoE~'~SvepI*'~ and ApoE~'~SvepI*'* mice of both
genders were fed a high cholesterol diet (TD88137; Envigo,
Huntingdon, United Kingdom) for 12 weeks. Weight meas-
urements were performed at beginning and end as well as
weekly during the diet. After 12 weeks of high cholesterol
diet, mice were sacrificed. Blood was collected by cardiac
puncture using a 50 mM ethylenediaminetetraacetic acid
(EDTA) solution (St. Louis, MO, USA) as anticoagulant
and used for measurements of total cholesterol using routine
methods in the institutional clinical chemistry department as
well as flow cytometry analyses of blood leukocyte counts.
Plasma was also stored for subsequent analyses.

Histology

The aortic root was embedded in Tissue-Tek O.C.T. Com-
pound (Sakura Finetek, Alphen aan den Rijn, Netherlands)
and snap-frozen in a methylbutane bath cooled with dry ice.
Cryosections of 5 um were obtained and used for hema-
toxylin—eosin (Carl Roth, Karlsruhe, Germany), Masson’s
trichrome (Sigma-Aldrich, St. Louis, MO, USA) as well as
monocyte and macrophage (MOMA-2; ab33451, Abcam,
Cambridge, UK) and myeloid cell (CD11b; 101,202, Bio-
Legend, San Diego, CA, USA) stainings according to the
manufacturer’s recommendations. For Oil Red O staining
a 0.5% (w/v) stock solution of Oil Red O (Sigma-Aldrich,
St. Louis, MO, USA) in isporopanol (> 99.8%) was filtered
through Whatman paper. A working solution was prepared
by mixing 6 parts of stock solution with 4 parts of water.
Lipids were stained in freshly filtered working solution of
Oil red O, cell nuclei in Mayer’s Haematoxylin (Carl Roth,
Karlsruhe, Germany). Atherosclerotic plaque formation was
assessed investigating all cryosections including the cusps of
the aortic valve (>5 sections per animal) by an investigator
blinded for the genotype. The mean plaque burden of every
mouse was calculated and used for further analyses. CD11b
and MOMA-2 stainings were analyzed by quantifying the
positive area per total plaque area.

Flow cytometry

The aorta of each mouse was used to obtain single-cell
suspensions. Aortae were extensively flushed with phos-
phate buffered saline to remove blood leukocytes and then
excised from aortic root to iliac bifurcation. However, a mar-
ginal contamination with blood cells cannot be ruled out.
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Perivascular tissue was carefully removed using a micro-
scope (microdissection). Subsequently, aortae were minced
with scissors and digested in collagenase I (450 U/ml), col-
lagenase XI (125 U/ml), DNasel (60 U/ml), and hyaluro-
nidase (60 U/ml) (Sigma-Aldrich, St. Louis, MO, USA) at
37 °C and 750 rpm for 1 h for staining of myeloid cells as it
has been described previously [31]. Unlike histology, flow
cytometry does not allow to distinguish between intimal
and adventitial leukocytes. Consequently, changes in plaque
leukocyte numbers—assessed by flow cytometry—may not
solely be driven by intimal leukocytes, but also by adventi-
tial leukocytes.

Myeloid cell staining was carried out as described pre-
viously [31]. In brief, cells were first stained with mouse
hematopoietic lineage markers covering phycoerythrin (PE)
anti-mouse antibodies directed against B220 (clone RA3-
6B2, BD Biosciences, Franklin Lakes, NJ, USA), CD90
(clone 53-2.1, BioLegend, San Diego, CA, USA), CD49b
(clone DXS5, BD Biosciences, Franklin Lakes, NJ, USA),
Ly-6G (clone 1A8, BD Biosciences, Franklin Lakes, NJ,
USA), NK1.1 (clone PK136, BioLegend, San Diego, CA,
USA), and Ter-119 (clone TER-119, BD Biosciences, Frank-
lin Lakes, NJ, USA). Subsequently, a second staining was
carried out including CD45.2 (clone 104, BD Biosciences,
Franklin Lakes, NJ, USA), CD11b (clone M1/70, BD Bio-
sciences, Franklin Lakes, NJ, USA), CD115 (cloneAFS98,
BioLegend, San Diego, CA, USA), CDI1l1c (clone HL3
BD Biosciences, Franklin Lakes, NJ, USA), F4/80 (clone
BMS&, BioLegend, San Diego, CA, USA), MHCII (clone
M5/114.15.2, BioLegend, San Diego, CA, USA), and Ly6C
(clone AL-21, BD Biosciences, Franklin Lakes, NJ, USA).

Neutrophils were identified as (CD90/B220/CD49b/
NK1.1/Ter119)°¥ (CD45.2/CD11b)"e" CD115"Y Ly6Ghieh
[31]. Monocytes were identified as (CD90/B220/CD49b/
NK1.1/Ter119)°” CD11bMeh (F4/80/CD11c)" Ly-6Chieh
low or (CD45.2/CD11b)MeM Ly6G*” CD115Meh Ly-6Chigh/low
[31]. Macrophages were identified as (CD90/B220/CD49b/
NK1.1/Ter119)'°" CD11bMeh Ly6Clov/int Ly6G'o™ F4/80Meh
[31]. A viability dye was not routinely used in our stain-
ings, because respective channels were already occupied by
other dyes necessary to identify leukocyte subsets of inter-
est. Hence, viable leukocytes were identified based on size/
volume (forward scatter, FSC) and complexity/granularity
(side scatter, SSC) in the very first gate. However, a marginal
contamination with dead cells cannot be excluded.

To obtain purified neutrophils and monocytes for adop-
tive transfer experiments, cells were isolated from the
bone marrow of Ubc-GFP donor animals using Ly6G-PE
(127608, clone 1A8) and CD115-biotin (135508, clone
AFS98, both BioLegend, San Diego, CA, USA) that
allowed coupling to magnetic beads (anti-PE and strepta-
vidin microbeads, 130-048-801 and 130-048-101, Miltenyi
Biotec, Bergisch Gladbach, Germany) and separation of
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cells via magnetic-activated cell separation columns (130-
042-401, Miltenyi Biotec, Bergisch Gladbach, Germany).
Equal amounts of purified neutrophils and monocytes were
injected i.v. into ApoE~'~SvepI*'~ or ApoE~'~ mice which
were fed a high-cholesterol diet for 6 weeks. The aortae were
harvested and analyzed as described above. The number of
CD11bMe"GFPMe" cells within the aortae was quantified
using flow cytometry.

Cloning of SVEP1 constructs

A vector containing the SVEPI open reading frame fol-
lowed by a Myc-DDK-tag (NM_153366, RC214271;
pCMV_SVEPI) was purchased from OriGene Technolo-
gies (Rockville, MD, USA). The p.D2702G amino acid
change (pPCMV_SVEP1_p.D2702G) was introduced using
in vitro site-directed mutagenesis (QuikChange II XL; Agi-
lent Technologies, Santa Clara, CA, USA) according to the
supplier’s protocol and using the following mutagenesis
primers: SVEPIvar_for: 5'-GCC ATT CCA AGT TCC ACC
TTC CTG GCA GAT CAG-3', SVEPIvar_rev: 5'- CTG
ATC TGC CAG GAA GGT GGA ACT TGG AAT GGC-3".
Coding sequence of human SVEP1 was then cloned into
a pcDNA-pDEST40 expression vector C-terminally tagged
with a HA-tag (Life Technologies, Carlsbad, CA, USA). The
expression plasmids were sequenced on both strands prior
to transfection of eukaryotic cells.

Overexpression of SVEP1 constructs and generating
concentrated conditioned media

Human embryonic kidney (HEK) 293 E cells were seeded at
a density of 6 million cells per 100 mm cell culture dish 24 h
prior to transfection. FuGENE HD Transfection Reagent
(Promega, Madison, WI, USA) was used for transfection
according to the manufacturer’s recommendation. Medium
was exchanged for 10 ml serum-free DMEM just before
transfection. Per dish, 5 pg of plasmid (pcDNA-DEST40_
SVEP1-HA, pcDNA-DEST40_SVEP1_p.D2702G-HA)
were incubated with 20 pl FuGENE HD Transfection Rea-
gent and 800 pl Opti-MEM I Reduced Serum Medium
(Gibco by Life Technologies, Carlsbad, CA, USA) for
15 min at room temperature. Afterwards, DNA-FuGENE
complexes were added to the cells. 48 h after transfec-
tion, conditioned medium was collected and centrifuged at
4800g for 20 min to eliminate suspended cells. After filter-
ing through 22 pm PES filter (Carl Roth, Karlsruhe, Ger-
many), the filtrate was concentrated in Amicon Ultra® 100 k
MWCO filter units (Merck Millipore, Billerica, MA, USA)
according to the manufacturer’s protocol to a final volume of
200 pl. To generate cell lysates, cells were washed with PBS
and resuspended in RIPA buffer (Cell Signaling Technology,
Danvers, MA, USA). After incubating for 30 min at — 80 °C
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and thawing on ice, cell suspensions were transferred to cen-
trifugal tubes and sonicated for 3-30 s with intermittent 30 s
incubations on ice. Lysates were subsequently centrifuged
for 30 min at 20,000g.

CXCL1 enzyme-linked immunosorbent assays

CXCL1 enzyme-linked immunosorbent assays (ELISA)
were used to determine human (ab100530) and murine
(ab216951; both Abcam, Cambridge, UK) CXCLI1 pro-
tein levels in cell culture supernatant and plasma samples,
respectively, according to the suppliers’ recommendations.

Stimulating HUVEC with SVEP1 or SVEP1
and interleukin 18

HUVEC (PromoCell, Heidelberg, Germany) were seeded
at a density of 200,000 cells in 12-well cell culture plates.
24 h after seeding the cells were stimulated with concen-
trated conditioned media containing either SVEP1-HA,
SVEP1-D2702G-HA or mock control. After 24 h, cells
were harvested for RNA isolation. To investigate interleu-
kin 1p-induced CXCLI expression, HUVEC were seeded at
a density of 160,000 cells in 24-well cell culture plates. Two
h after seeding the cells were stimulated with a final con-
centration of 12.5 ng/ul recombinant human interleukin 1§
(R&D systems, Minneapolis, MN, USA) and concentrated
conditioned media either containing SVEP1 or mock con-
trol. After 24 h, supernatants were collected for subsequent
analyses. Samples were frozen in liquid nitrogen and stored
at — 80 °C.

Phenome-wide association study of SVEP1 variants
in UK Biobank

Phenome-wide association analysis for rs111245230 was con-
ducted using the UK Biobank dataset. We integrated the Inter-
national Classification of Disease ICD9, 10, OPCS-4 (Office
of Population, Censuses and Surveys: Classification of inter-
ventions and Procedures, version 4) and self-reported informa-
tion to define individual condition with different phenotypes.
Disease classification was used to better navigate through the
data, and we grouped phenotypes into cardiovascular, endo-
crine, neurological, digestive, genito-urinary, musculoskel-
etal, respiratory, eye, cancer and others [11, 26]. Finally, we
identified 64 phenotypes and grouped them into nine classes.
We extracted the genotype for rs111245230 from the full UK
Biobank imputed dataset on 487,406 participants and did a
quality control to filter samples with high kinship coefficient
(>0.088) and more than ten putative third-degree relatives
in the kinship table. Samples without clear disease definition
were also removed during analysis. We used PLINK [7] to
test the association between rs111245230 and each phenotype

independently based on logistic regression with the additive
genetic model. The adjustment of population stratification
includes age, gender and the top two principal components.
A Bonferroni corrected threshold (p <0.0008) was used to
determine significantly related phenotypes.

Statistical analysis

Data distribution was assessed using the Kolmogo-
rov—Smirnov test. Data were analyzed using Student’s/
Welch’s unpaired/paired/one-column t test (in case of nor-
mally distributed data) or Mann—Whitney/Wilcoxon test
(in case of not normally distributed data), as appropriate
and indicated in the figure legends. p values <0.05 were
regarded as significant. GraphPad Prism version 8 for Mac
OS X (GraphPad Software, La Jolla, CA, USA) was used.

Results

SVEP1 is expressed in vascular and metabolic
tissues

Currently, SVEP1’s role in CAD has not yet been dem-
onstrated. To test whether SVEPI is localized in vascular
tissue, we explored relevant SVEP] expression in human
tissues. Here, we evaluated SVEPI mRNA levels in RNA
sequencing (RNAseq) data from the STARNET study which
examined gene expression in seven metabolic and vascular
tissues [14]. We found the highest SVEPI expression levels
in adipose tissue (visceral adipose tissue and subcutaneous
fat) and vessels (aorta and mammary artery) (Fig. 1a). Of
note, these tissues also show highest SVEP1 expression lev-
els in the GTEx database [16] (Suppl. Fig. S2). The strongest
difference in SVEPI expression was detected in aortae of
patients with CAD as compared to those from controls with
lower levels in cases (Fig. 1b). In addition to mRNA, we next
examined whether also SVEP1 protein is detectable in vas-
cular tissues. Using immunohistochemistry in carotid artery
plaques from patients undergoing carotid artery endarterec-
tomy, we detected SVEP1 in proximity to smooth muscle
cells (SMC), endothelial cells (EC), and CD68-positive cells
as monocytes/macrophages/secretory VSMC (using alpha-
smooth muscle actin, CD31, and CD68 as markers respec-
tively) (Fig. 1c; Suppl. Figs. S3, 4). These data indicate that
SVEP1 is present in the vasculature with reduced levels in
patients with atherosclerosis, i.e. CAD cases.

Endothelial cells and smooth muscle cells represent
a major cellular source of SVEP1 in the vasculature

As SVEP1 is an ECM protein and hence released from cells,

immunohistochemistry is less suitable to precisely determine
the cellular sources of SVEP1. We thus examined SVEPI
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Fig.1 SVEPI expression in vascular and metabolic tissues a SVEPI
is expressed in subcutaneous fat, visceral fat, aorta, and mammary
artery. SVEPI expression is low in liver and skeletal muscle and its
expression is extremely low in macrophage and foam cells. b SVEPI
is differentially expressed in the aortae of CAD cases versus controls
(n=102 cases/79 controls). ¢ Immunohistochemistry staining of ath-
erosclerotic plaques from human carotid arteries using antibodies

expression in single cell RNAseq (scRNAseq) data from
human carotid artery plaques to determine the cellular source
of SVEP1 in the vessel wall. We found EC and vascular SMC
had the highest expression levels (Fig. 2a; Suppl. Fig. S5). In
addition, we analyzed SVEPI mRNA in primary fibroblasts,
SMC, and EC in cell culture, as well as in classical mono-
cytes isolated from human whole blood. Strong expression
of SVEPI was detected in primary fibroblasts, SMC, and
EC, whereas blood monocytes showed only weak expression
(Fig. 2b). Taken together, these data indicate that SVEP1 is
mainly produced by EC and vascular SMC within vascular
and atherosclerotic tissue.
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against SVEP1, CD31, alpha-SMA, and CD68. An overview image
of the atherosclerotic plaque is shown in Suppl. Fig. S3. Sections
of further atherosclerotic plaques staining positive for SVEP1 are
depicted in Suppl. Fig. S4. alpha-SMA, alpha-smooth muscle actin;
AOR, aorta; FC, foam cells; LIV, liver; MAM, mammary artery; MP,
macrophages; RPKM, reads per kilobase million; SF, subcutaneous
fat; SKLM, skeletal muscle; VAF, visceral fat

Svep1 knockdown promotes atherosclerotic plaque
formation

To better explore the impact of SVEP1 on atheroscle-
rosis, we crossbred ApoE~'~ mice with Svepl™* or
SvepI*'~ mice and hence generated atherosclerosis-prone
mice with either normal (ApoE~'~Svep1*'*) or reduced
(ApoE~"=Svep1*'~) wildtype Svepl levels. Complete
Svepl deficiency (Svepl ") is known to be lethal [23].
SvepI™'~ mice did not show an obvious phenotype and
behaved normally as described previously [23]. Fur-
thermore, Svep]*”' mice have not been reported to
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show cardiovascular phenotypes under baseline con-
ditions (Suppl. Fig. S6). Compared to SvepI™" mice,
Svepl*'~ mice displayed reduced Svepl mRNA levels
in lungs [52.2+7.7 vs. 104.2+9.6 (279, p <0.001]
and aortae [27.5+2.7 vs. 70.4 +4.0 (279, p <0.001]
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(Fig. 3a). To investigate the impact of Svepl on athero-
sclerotic plaque formation, 8 weeks old ApoE~~Svepl*'*
and ApoE~'~SvepI™'~ mice were fed a western diet (WD)
for 12 weeks followed by histological analysis of the aor-
tic root. Total plasma cholesterol levels rose similarly

- -
ApoE"-Svep1 E

collagen content
[% of plaque size]

WD in ApoE~"SvepI*™* and ApoE~'~Svepl*"~ mice. f, g Collagen
content of atherosclerotic plaques in the aortic root after WD in
ApoE™"SvepI™™* and ApoE~~Svepl*~ mice (Masson’s trichrome).
Data are mean and s.e.m. Unpaired ¢ test (a—c, e, g). e, g Filled cir-
cles, male mice; unfilled circles, female mice. ORO, Oil Red O
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in both genotypes [ApoE~~Svepl*'~ 1,401 +61.5 vs.
ApoE™'=Svep1*'* 1404 + 130.2 (mg/dl), p=0.98; Fig. 3b].
Further, both genotypes displayed a consistent increase
in body weight during WD feeding [ApoE~~Svep1*'~ vs.
ApoE~'=SvepI*'*; baseline: 24.5+0.7 vs. 25.4+ 1.5 (g),
p =0.68; after diet: 35.9+ 1.7 vs. 35.7+2.7 (g),
p=0.93; Fig. 3c]. Atherosclerotic plaques were larger
in ApoE~"=SvepI*'~ mice compared to ApoE~~Svepl*/*
mice as determined by Oil Red O staining [411.8 +22.9
vs. 325.1 +22.0 (10° um?), p=0.01; Fig. 3d, e). Colla-
gen content was similar in ApoE~'~SvepI*'~ compared
to ApoE~'~SvepI™'* mice [32.3+3.5 vs. 36.1 +2.9 (% of
plaque), p =0.40; Fig. 3f, g].
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Fig.4 Svepl knockdown increases vascular inflammation. a, b Flow
cytometric gating (a) and quantification (b) of plaque leukocyte
subsets in ApoE~~SvepI*'* and ApoE~'~SvepI*"~ mice on WD for
12 weeks. ¢, d Monocyte and macrophage staining (Monocyte + Mac-
rophage antibody (MOMA-2)) of aortic roots from ApoE™'~SvepI*'*
and ApoE~'~Svepl™" mice. e, f Flow cytometric gating (e) and quan-
tification (f) of blood leukocyte subsets in ApoE~'~Svepl** and
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Svep1 knockdown increased leukocyte recruitment
to the vascular wall in vivo

Since vascular inflammation is a major contributor to
plaque initiation and progression, we assessed plaque leu-
kocyte accumulation in aortae of ApoE~'~SvepI*'™ and
ApoE~'=Svep1*~ mice using flow cytometry. Plaque mac-
rophage [10,573 + 1,110 vs. 5439+ 635 (cells), p<0.01],
Ly6CMe" monocyte [1735+219 vs. 736+ 199 (cells),
p<0.01], and neutrophil [933+ 161 vs. 429+ 79 (cells),
p=0.03] numbers increased in ApoE~'"Svepl*'~ over
ApoE~'=Svep1*'* mice (Fig. 4a, b). In accordance, immu-
nohistochemical stainings for leukocytes (Suppl. Fig. S7)
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represents one mouse



Basic Research in Cardiology (2020) 115:67

Page9of15 67

as well as monocytes and macrophages confirmed higher
numbers of inflammatory immune cells inside athero-
sclerotic plaques (Fig. 4c, d). Of note, we also observed
higher numbers of non-classical (Ly6C°") monocytes/
macrophages in plaques of ApoE~'~SvepI*'~ mice (Suppl.
Fig. S8). Whether this population derives from recruited
Ly6C!ovMhigh blood monocytes or from Ly6C®" lesional
macrophages is currently poorly understood [5, 6]. We
next explored how plaque leukocytes increased in number
in Svepl knockdown mice. Numbers of total blood leuko-
cytes [1,534,545+ 127,069 vs. 1,791,429 + 153,879 (cells/
ml blood), p=0.21], blood neutrophils [251,544 +25,520
vs. 285,573 +£27,073 (cells/ml blood), p=0.38], blood
Ly6Chie" monocytes [91,985+ 11,156 vs. 128,917 +23,614
(cells/ml blood), p=0.12], and blood Ly6C* monocytes
[115,241+ 18,417 vs. 138,333 + 19,283 (cells/ml blood),
p=0.41] were comparable between ApoE~'~Svepl*'~ and
ApoE~'~Svep1*'* mice (Fig. 4e, f), thereby indicating
that Svepl deficiency did not impact inflammatory leuko-
cyte supply. Thus, we tested whether Svepl might impact
inflammatory blood leukocyte recruitment to atherosclerotic
plaques.

To address this, we retrieved green fluorescence
protein positive (GFP"&") monocytes and neutrophils
from naive transgenic mice (Ubc-GFP) and adoptively
transferred these cells into either ApoE~'~SvepI™~ or
ApoE~'=Svep1*'* mice which were fed a WD for 6 weeks
(Suppl. Fig. S9). Using flow cytometry 24 h after the trans-
fer, we detected more GFP"€" myeloid cells inside plaques
in ApoE™'~SvepI*'~ in comparison to ApoE~'~Svep1*'* mice
[105.8 80 vs. 48.9 + 18 (cells), p=0.03] indicating that
SVEPI affects leukocyte recruitment (Fig. 4g, h).

SVEP1 silences CXCL1 expression in endothelial cells
Leukocyte recruitment is a process in which EC and circu-

lating leukocytes act in concert to mediate rolling, adhe-
sion, and transmigration [15]. Hence, we tested whether
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SVEPI1 impacts endothelial cell phenotypes. HUVEC,
which exhibit weak endogenous SVEP1 expression (Suppl.
Fig. S10), were incubated with either wild-type SVEP1 or
missense SVEP1 (SVEP1_p.D2702G). While investigating
a panel of inflammatory transcripts, we found that incuba-
tion with SVEP1_p.D2702G, i.e. mutant SVEP1 without
wild-type SVEPI, led to an increase in chemokine (C-X-C
motif) ligand 1 (CXCLI) mRNA levels [+49.2 +0.15 (%),
p=0.03; Fig. 5a] compared to wild-type SVEP1. CXCL1
is a strong chemoattractant for both neutrophils and mono-
cytes [15]. As the CAD-associated risk variant—which
leads to a lack of wild-type SVEPI in patients—elevated
CXCLI expression and Svepl-deficient mice showed
enlarged plaque sizes, we wondered whether SVEPI
directly impacts endothelial CXCLI expression. After
incubation with concentrated conditioned media contain-
ing wild-type SVEP1, CXCL1 protein levels in EC super-
natant decreased when exposed to SVEP1 compared to con-
trol (Fig. 5b). In line, we found elevated plasma CXCL1
levels in ApoE~~Svep1*'~ compared to ApoE™'~Svepl*'*
mice [43.0+3.8 vs. 29.2+2.4 (pg/ml), p <0.01; Fig. 5c].

In addition to the chemokine CXCL1, we also detected
lower SELE expression in EC when exposed to wild-type
SVEPI compared to control (Suppl. Fig. S11). SELE
encodes E-selectin, a cell adhesion molecule that together
with chemokines is pivotal in mediating leukocyte recruit-
ment [15]. Our data indicate that wild-type SVEP1 controls
EC leukocyte recruitment capacities and that the CAD risk
variant SVEP1_p.D2702G mimics reduced intact wild-type
SVEPI levels.

Phenome-wide association study of SVEP1

Phenome-wide association studies are powerful tools to
evaluate whether either inhibition or activation of genes
might beneficially or deleteriously affect other pheno-
types. Therefore, we performed a SVEPI phenome-wide
association study (PheWAS) in 445,504 individuals

C
p<0.001 80 p<0.01.
w 3 60 ..
g :
& © — 40 o2e
EE | =
‘_u; g 20 e
0
mock  SVEP1
CCM  ccMm

[0 ApoE'-Svept**
B ApoE’-Svept*-

after incubation of interleukin 1p-primed HUVEC with concentrated
media containing SVEPI in five experiments. Data are mean and
s.e.m. Unpaired  test. ¢ Plasma Cxcll levels in ApoE~'~Svepl** and
ApoE™'~SvepI™"~ mice. Welch’s ¢ test. Data are mean and s.e.m. WT,
wild type

@ Springer



67 Page 10 of 15

Basic Research in Cardiology (2020) 115:67

included in UK Biobank [21]. After Bonferroni correc-
tion, rs111245230 genotype was, in addition to CAD,
associated with an increased risk of hypertension (OR
1.07, 95% CI 1.03-1.10, Padi =0.02) and inguinal hernia
(OR 1.12, 95% CI 1.05-1.19, p,4;=0.03) but a reduced
risk of uterine fibroids (OR 0.86, 95% CI 0.78-0.93,
Paqj=0.03) (Fig. 6, Suppl. Table S1).

Fig.6 Phenotype-wide asso-
ciation study of SVEP1_p.
D2702G. The CAD risk
variant was associated with

an increased risk of hyperten-
sion and inguinal hernia but a
reduced risk of uterine fibroid
after correction for multiple
testing (red). Furthermore, there
was a nominally significant
trend toward higher risk of
leukemia, but reduced risk for
uterine cancer (orange). Odds
ratios and unadjusted p values
are depicted in Suppl. Table S2
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Discussion

Knowledge of the molecular and cellular functions of
SVEPI is limited. Besides its role in lymphatic vessel
formation [17, 23], SVEP1 has been investigated in the
context of septic shock and endotoxinemia [25, 34]. The
fact that homozygous loss of Svep! is lethal [17, 23] sug-
gests an important role in developmental processes. Our
data provide a first insight into the role of SVEP1 in ath-
erosclerosis. In a series of in vitro and in vivo experiments,
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we explored the role of the recently identified CAD gene.
We found that SVEP1 was detectable in human athero-
sclerotic plaques and produced by various vascular wall
cell types, including vascular SMC but particularly EC.
Under proatherogenic conditions, ApoE~'~ mice with
Svepl haploinsufficiency developed larger atherosclerotic
plaques compared to ApoE~'~ mice with normal Svepl
levels. In addition, plaque leukocytes were more numerous
in ApoE~'~SvepI*'~ compared to ApoE~'~SvepI*'* mice.
In adoptive transfer experiments, we demonstrated that
plaque leukocyte expansion is a consequence of enhanced
leukocyte recruitment in the presence of reduced Svepl
levels. EC are critically involved in leukocyte recruitment
under proatherogenic conditions [15, 35]. This and the fact
that SVEPI is located extracellularly led to the hypothesis
that it might influence EC phenotypes. To get a first insight
into whether the CAD risk variant SVEP1_p.D2702G
(like Svep]“‘ mice, carriers of this missense variant also
lack wild-type SVEP1) leads to decreased SVEP1 func-
tion, we analyzed EC phenotypes after incubation with
either SVEP1 or SVEP1_p.D2702G. Adding SVEP1_p.
D2702G was associated with increased expression of the
chemokine CXCLI and the adhesion molecule SELE sug-
gesting wild-type SVEP1 plays a rather atheroprotective
role that was altered in the presence of the SVEP1_p.
D2702G variant. In CAD cases, we further found reduced
SVEPI mRNA levels compared to controls. In addition,
our data show that SVEP1 exerts regulating effects on
EC resulting in decreased CXCLI and SELE expression
in the presence of higher SVEPI levels in vitro. Both
CXCLI1 and E-selectin mediate leukocyte recruitment
from blood to plaques and hence play a crucial role in
the early stages of atherosclerosis when dysfunctional EC
secrete chemokines/upregulate adhesion molecules and
thereby induce monocyte and neutrophil adhesion [15,
37]. In particular, EC-derived CXCL1 has been shown to
promote leukocyte recruitment under proatherogenic con-
ditions [37]. SVEPI led to a dose-dependent decrease in
CXCLI1 protein levels, demonstrating that SVEP1 likely
helps regulate EC phenotypes. This hypothesis is further
supported by the finding that mice with a heterozygous
loss of Svepl also displayed elevated Cxcll plasma lev-
els under proatherogenic conditions. Also, the observed
increased atherosclerotic plaque formation and more
numerous neutrophils, Ly6C"&" monocytes, and mac-
rophages inside plaques of ApoE™'~SvepI™~ compared to
ApoE™=SvepI™* mice accord with the downstream effects
of CXCL1 and E-selectin in atherosclerosis [15, 37]. Of
note, we previously identified SVEP1 as a target of the
protease ADAMTS-7 [18]. The ADAMTS7 gene has been
linked to atherosclerotic plaque formation in humans [8,
30, 33] and mice [2]. While the molecular and cellular
mechanisms involving ADAMTS-7 in atherosclerosis

have not yet been elucidated, SVEP1 degradation may be
involved.

Drug targets identified by genetic analyses reportedly
have higher success rates in the drug development pipeline
[27]. Our findings raise the question of whether increas-
ing wild-type SVEP1 protein levels, e.g. via inhibiting its
degradation, might also have beneficial effects regarding
other disorders and phenotypes. To explore this, we con-
ducted a PheWAS in UK Biobank. We replicated the asso-
ciation between the CAD risk variant and hypertension;
this risk variant was also associated with a higher risk of
inguinal hernia and trend for leukemia. When evaluating
this concept’s therapeutic potential, it is important to also
consider possible detrimental effects. The CAD risk allele
was associated with a reduced risk of uterine fibroids and
trend for uterine cancer. While uterine fibroids are consid-
ered benign, familial prevalence of fibroids has been linked
with a higher risk of uterine cancer [28]. However, reliable
data are scarce. While modulating SVEP1 may be consid-
ered as a novel treatment strategy its consequences on other
phenotypes, especially malignancies, nevertheless warrant
further investigation.

In summary, we hypothesize that SVEP1 which is pro-
duced by vascular cell types and secreted to the ECM of the
vascular wall acts as a silencing factor on EC activity by
reducing the expression of chemokines and cell adhesion
molecules, e.g., CXCL1 and E-selectin. If wild-type SVEP1
protein levels are reduced, e.g. via degradation by MMPs,
or in the presence of mutant SVEP1 (SVEP1_p.D2702G
missense variant), CXCL1 and E-selectin expression rises
leading to enhanced inflammatory cell influx. Figure 7 dis-
plays this hypothesized functional cascade.

Whereas in this study, we postulate an atheroprotective
effect of SVEP1 on EC, we cannot exclude further func-
tions of SVEP1, particularly in other cell types. Specifically,
the CAD risk variant has been shown to be associated with
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Fig.7 Schematic illustration of the role of SVEP1 and EC in ath-
erosclerosis. In the presence of SVEP1 (blue), CXCLI expression
is silenced. After SVEP1 degradation (light blue) or in the presence
of SVEP1_p.D2702G (red), CXCL1 expression and secretion are
increased, resulting in higher recruitment of inflammatory cells
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slight effects on blood pressure [24]. As SVEP1 is expressed
in SMC, it might also influence SMC phenotypes. However,
the association with blood pressure could not explain the risk
variant’s association with CAD [24]. Furthermore, the role
of SVEPI in silencing CXCL1 and E-selectin expression by
EC is independent of blood pressure since experiments were
performed under no-flow, static conditions. Nevertheless,
further effects, e.g. lower blood pressure in the presence of
wild-type SVEP1, might provide additional atheroprotec-
tion. We also observed SVEP1 expression in plaque areas
that also stained positive for the macrophage marker CD68.
Although isolated blood monocytes only weakly express
SVEPI, other cell types might also produce SVEP1 and thus
influence plaque monocyte/macrophage phenotypes.

Study limitations

Our study has several limitations. First, we do not know
how SVEP1 mediates its effects on EC on a molecular level.
ECM proteins have diverse effects on adjacent cell types
that may surpass the known interaction with integrin a9p1.
Second, we investigated a heterozygous knockout of Svepl
which might not fully replicate the effects of the human risk
variant since loss of intact wild-type SVEP1 may vary. How-
ever, we detected reduced SVEPI mRNA levels in vascular
tissues from patients with CAD, as compared to controls, an
event reflected by the mouse model we used. Third, and most
importantly, findings from in vitro experiments do not neces-
sarily reflect in vivo situations. In most in vitro approaches,
the environment that naturally surrounds cells—in our case
the ECM—is missing. Consequently, in vitro assays are
somewhat artificial. We found that loss of SVEP1 leads to
increased CXCL1 levels, both in vitro and in vivo. This indi-
cates that at least with respect CXCLI1 release, our in vitro
data resemble our in vivo findings. It is of course possible
that soluble SVEP1 exerts further in vivo effects that are not
addressed in this study.

Acknowledgements We thank Kaley Joyes, PhD, for editing the arti-
cle. Figures 6 and 7 contain modified image material available at Ser-
vier Medical Art under a Creative Commons Attribution 3.0 Unported
License.

Author contributions H.S., H.B.S., and T.K. designed the study and
provided supervision. M.J.W., PM., AM.S., J W, HW, S.P.,, BM.,
J.H.,J.W., B.S., and U.G. performed experiments and analyses. M.M.,
M.L., SW.vdL., TR.W., EW.A., J.L.M.B., and L.M. provided bio-
specimen and performed analyses. H.B.S. and T.K. provided funding
and drafted the manuscript. All authors critically revised and finally
approved the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. This work was supported by the Corona Foundation as part
of the Junior Research Group Translational Cardiovascular Genom-
ics (S199/10070/2017, to T.K.) and the German Research Foundation

@ Springer

(DFQG) as part of the collaborative research centers SFB 1123 (B02,
to T.K. and H.S.); TRR 267 (B06, to H.S.); and STRESS_638675 (to
H.B.S.). Additional grants were received from the European Research
Council under the European Union’s Horizon 2020 research and inno-
vation program (grant agreement No 759272, to H.B.S.), the Else-
Kroner-Fresenius-Stiftung (2020_EKSE.07, to H.B.S.), the German
Heart Foundation (Deutsche Herzstiftung; F/28/17, to H.B.S.), and
the German Federal Ministry of Education and Research within the
framework of ERA-NET on Cardiovascular Disease (ERA-CVD: grant
JTC2017_21-040, to H.S., J.B., and F.W.A.) and within the scheme of
target validation (BlockCAD: 6GWO0198K, to H.S.). Additional support
was received from the British Heart Foundation/DZHK collaborative
project “Genetic discovery-based targeting of the vascular interface in
atherosclerosis”. F.W.A. is supported by UCL Hospitals NIHR Bio-
medical Research Centre. J.L.M.B. acknowledges research support
from the National Institutes of Health (ROIHL125863), the American
Heart Association (A14SFRN20840000), the Swedish Research Coun-
cil (2018-02529) and Heart Lung Foundation (20170265), the Founda-
tion Leducq (PlaqueOmics, 18CVD02) and by Astra-Zeneca through
Integrated Cardio Metabolic Centre, Karolinska Institutet, Sweden.

Data availability All data are presented in the text and the Supple-
mental Material.

Code availability Not applicable.

Compliance with ethical standards

Conflict of interest H.S. has received personal fees from MSD SHARP
& DOHME, AMGEN, Bayer Vital GmbH, Boehringer Ingelheim,
Daiichi-Sankyo, Novartis, Servier, Brahms, Bristol-Myers-Squibb,
Medtronic, Sanofi Aventis, Synlab, Pfizer, and Vifor T as well as grants
and personal fees from Astra-Zeneca outside the submitted work. H.S.
and T.K. are named inventors on a patent application for prevention of
restenosis after angioplasty and stent implantation outside the submit-
ted work. The other authors report no conflict of interest.

Ethical approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence 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 licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Andrews S (2010) FastQC: a quality control tool for high through-
put sequence data [Online]. Available online at: http://www.bioin
formatics.babraham.ac.uk/projects/fastqc/

2. Bauer RC, Tohyama J, Cui J, Cheng L, Yang J, Zhang X, Ou
K, Paschos GK, Zheng XL, Parmacek MS, Rader DJ, Reilly
MP (2015) Knockout of Adamts7, a novel coronary artery
disease locus in humans, reduces atherosclerosis in mice.


http://creativecommons.org/licenses/by/4.0/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Basic Research in Cardiology

(2020) 115:67

Page130of 15 67

10.

11.

Circulation 131:1202-1213. https://doi.org/10.1161/CIRCU
LATIONAHA.114.012669

Bazigou E, Xie S, Chen C, Weston A, Miura N, Sorokin L, Adams
R, Muro AF, Sheppard D, Makinen T (2009) Integrin-alpha9 is
required for fibronectin matrix assembly during lymphatic valve
morphogenesis. Dev Cell 17:175-186. https://doi.org/10.1016/j.
devcel.2009.06.017

Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway
CW, Carson AP, Chamberlain AM, Chang AR, Cheng S, Das SR,
Delling FN, Djousse L, Elkind MSV, Ferguson JF, Fornage M,
Jordan LC, Khan SS, Kissela BM, Knutson KL, Kwan TW, Lack-
land DT, Lewis TT, Lichtman JH, Longenecker CT, Loop MS,
Lutsey PL, Martin SS, Matsushita K, Moran AE, Mussolino ME,
O’Flaherty M, Pandey A, Perak AM, Rosamond WD, Roth GA,
Sampson UKA, Satou GM, Schroeder EB, Shah SH, Spartano NL,
Stokes A, Tirschwell DL, Tsao CW, Turakhia MP, VanWagner
LB, Wilkins JT, Wong SS, Virani SS, American Heart Associa-
tion Council on Epidemiology and Prevention Statistics Commit-
tee and Stroke Statistics Subcommittee (2019) Heart disease and
stroke statistics-2019 update: a report from the American Heart
Association. Circulation 139:e56-e528. https://doi.org/10.1161/
CIR.0000000000000659

Bianchini M, Duchene J, Santovito D, Schloss MJ, Evrard M,
Winkels H, Aslani M, Mohanta SK, Horckmans M, Blanchet X,
Lacy M, von Hundelshausen P, Atzler D, Habenicht A, Gerdes
N, Pelisek J, Ng LG, Steffens S, Weber C, Megens RTA (2019)
PD-L1 expression on nonclassical monocytes reveals their origin
and immunoregulatory function. Sci Immunol 4:eaar3054. https
://doi.org/10.1126/sciimmunol.aar3054

Buscher K, Marcovecchio P, Hedrick CC, Ley K (2017) Patrol-
ling mechanics of non-classical monocytes in vascular inflam-
mation. Front Cardiovasc Med 4:80. https://doi.org/10.3389/
fcvm.2017.00080

Chang CC, Chow CC, Tellier LC, Vattikuti S, Purcell SM, Lee JJ
(2015) Second-generation PLINK: rising to the challenge of larger
and richer datasets. GigaSci 4:559-616. https://doi.org/10.1186/
s13742-015-0047-8

Coronary Artery Disease C4D Genetics Consortium (2011) A
genome-wide association study in Europeans and South Asians
identifies five new loci for coronary artery disease. Nat Genet
43:339-344. https://doi.org/10.1038/ng.782

Depuydt MA, Prange KH, Slenders L, Ord T, Elbersen D, Boltjes
A, de Jager SC, Asselbergs FW, de Borst GJ, Aavik E, Lonnberg
T, Lutgens E, Glass CK, den Ruijter HM, Kaikkonen MU, Bot
I, Sliitter B, van der Laan SW, Yli-Herttuala S, Mokry M, Kui-
per J, de Winther MP, Pasterkamp G (2020) Microanatomy of
the human atherosclerotic plaque by single-cell transcriptomics.
Circ Res 135:e146—€229. https://doi.org/10.1161/CIRCRESAHA
.120.316770

Dhanesha N, Jain M, Tripathi AK, Doddapattar P, Chorawala
M, Bathla G, Nayak MK, Ghatge M, Lentz SR, Kon S, Chauhan
AK (2020) Targeting myeloid-specific integrin a9p1 improves
short- and long-term stroke outcomes in murine models with pre-
existing comorbidities by limiting thrombosis and inflammation.
Circ Res 126:1779-1794. https://doi.org/10.1161/CIRCRESAHA
.120.316659

Diogo D, Tian C, Franklin CS, Alanne-Kinnunen M, March M,
Spencer CCA, Vangjeli C, Weale ME, Mattsson H, Kilpeldinen
E, Sleiman PMA, Reilly DF, McElwee J, Maranville JC, Chat-
terjee AK, Bhandari A, Nguyen K-DH, Estrada K, Reeve M-P,
Hutz J, Bing N, John S, MacArthur DG, Salomaa V, Ripatti S,
Hakonarson H, Daly MJ, Palotie A, Hinds DA, Donnelly PJ, Fox
CS, Day-Williams AG, Plenge RM, Runz H (2018) Phenome-wide
association studies across large population cohorts support drug
target validation. Nat Commun. https://doi.org/10.1038/s4146
7-018-06540-3

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S,
Batut P, Chaisson M, Gingeras TR (2013) STAR: ultrafast uni-
versal RNA-seq aligner. Bioinformatics 29:15-21. https://doi.
org/10.1093/bioinformatics/bts635

Erdmann J, Kessler T, Munoz Venegas L, Schunkert H (2018) A
decade of genome-wide association studies for coronary artery
disease: the challenges ahead. Cardiovasc Res 114:1241-1257.
https://doi.org/10.1093/cvr/cvy084

Franzén O, Ermel R, Cohain A, Akers NK, Di Narzo A, Talukdar
HA, Foroughi Asl H, Giambartolomei C, Fullard JF, Sukhavasi
K, Koks S, Gan L-M, Giannarelli C, Kovacic JC, Betsholtz C,
Losic B, Michoel T, Hao K, Roussos P, Skogsberg J, Ruusalepp
A, Schadt EE, Bjorkegren JLM (2016) Cardiometabolic risk loci
share downstream cis- and trans-gene regulation across tissues
and diseases. Science 353:827-830. https://doi.org/10.1126/scien
ce.aad6970

Gerhardt T, Ley K (2015) Monocyte trafficking across the vessel
wall. Cardiovasc Res 107:321-330. https://doi.org/10.1093/cvr/
cvv147

GTEx Consortium (2013) The Genotype-Tissue Expression
(GTEX) project. Nat Genet 45:580-585. https://doi.org/10.1038/
ng.2653

. Karpanen T, Padberg Y, van de Pavert SA, Dierkes C, Morooka

N, Peterson-Maduro J, van de Hoek G, Adrian M, Mochizuki
N, Sekiguchi K, Kiefer F, Schulte D, Schulte-Merker S (2017)
An evolutionarily conserved role for polydom/Svepl1 during lym-
phatic vessel formation. Circ Res 120:1263-1275. https://doi.
org/10.1161/CIRCRESAHA.116.308813

Kessler T, Zhang L, Liu Z, Yin X, Huang Y, Wang Y, Fu Y, Mayr
M, Ge Q, Xu Q, Zhu Y, Wang X, Schmidt K, De Wit C, Erd-
mann J, Schunkert H, Aherrahrou Z, Kong W (2015) ADAMTS-7
inhibits re-endothelialization of injured arteries and promotes
vascular remodeling through cleavage of thrombospondin-1. Cir-
culation 131:1191-1201. https://doi.org/10.1161/CIRCULATIO
NAHA.114.014072

Korhonen EA, Lampinen A, Giri H, Anisimov A, Kim M, Allen
B, Fang S, D’Amico G, Sipild TJ, Lohela M, Strandin T, Vaheri A,
Yli-Herttuala S, Koh GY, McDonald DM, Alitalo K, Saharinen
P (2016) Tiel controls angiopoietin function in vascular remod-
eling and inflammation. J Clin Invest 126:3495-3510. https://doi.
org/10.1172/1C184923

Liao Y, Smyth GK, Shi W (2014) featureCounts: an efficient gen-
eral purpose program for assigning sequence reads to genomic
features. Bioinformatics 30:923-930. https://doi.org/10.1093/
bioinformatics/btt656

Littlejohns TJ, Sudlow C, Allen NE, Collins R (2019) UK
Biobank: opportunities for cardiovascular research. Eur Heart J
40:1158-1166. https://doi.org/10.1093/eurheartj/ehx254

Love MI, Huber W, Anders S (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15:550. https://doi.org/10.1186/s13059-014-0550-8
Morooka N, Futaki S, Sato-Nishiuchi R, Nishino M, Totani Y,
Shimono C, Nakano I, Nakajima H, Mochizuki N, Sekiguchi K
(2017) Polydom is an extracellular matrix protein involved in lym-
phatic vessel remodeling. Circ Res 120:1276-1288. https://doi.
org/10.1161/CIRCRESAHA.116.308825

Myocardial Infarction Genetics and Cardiogram Exome Consortia
Investigators, Stitziel NO, Stirrups KE, Masca NGD, Erdmann J,
Ferrario PG, Konig IR, Weeke PE, Webb TR, Auer PL, Schick
UM, Lu Y, Zhang H, Dube M-P, Goel A, Farrall M, Peloso GM,
Won H-H, Do R, van Iperen E, Kanoni S, Kruppa J, Mahajan
A, Scott RA, Willenberg C, Braund PS, van Capelleveen JC,
Doney ASF, Donnelly LA, Asselta R, Merlini PA, Duga S, Mar-
ziliano N, Denny JC, Shaffer CM, El Mokhtari NE, Franke A,
Gottesman O, Heilmann S, Hengstenberg C, Hoffman P, Holmen
OL, Hveem K, Jansson J-H, Jockel K-H, Kessler T, Kriebel J,

@ Springer


https://doi.org/10.1161/CIRCULATIONAHA.114.012669
https://doi.org/10.1161/CIRCULATIONAHA.114.012669
https://doi.org/10.1016/j.devcel.2009.06.017
https://doi.org/10.1016/j.devcel.2009.06.017
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1126/sciimmunol.aar3054
https://doi.org/10.1126/sciimmunol.aar3054
https://doi.org/10.3389/fcvm.2017.00080
https://doi.org/10.3389/fcvm.2017.00080
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1186/s13742-015-0047-8
https://doi.org/10.1038/ng.782
https://doi.org/10.1161/CIRCRESAHA.120.316770
https://doi.org/10.1161/CIRCRESAHA.120.316770
https://doi.org/10.1161/CIRCRESAHA.120.316659
https://doi.org/10.1161/CIRCRESAHA.120.316659
https://doi.org/10.1038/s41467-018-06540-3
https://doi.org/10.1038/s41467-018-06540-3
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/cvr/cvy084
https://doi.org/10.1126/science.aad6970
https://doi.org/10.1126/science.aad6970
https://doi.org/10.1093/cvr/cvv147
https://doi.org/10.1093/cvr/cvv147
https://doi.org/10.1038/ng.2653
https://doi.org/10.1038/ng.2653
https://doi.org/10.1161/CIRCRESAHA.116.308813
https://doi.org/10.1161/CIRCRESAHA.116.308813
https://doi.org/10.1161/CIRCULATIONAHA.114.014072
https://doi.org/10.1161/CIRCULATIONAHA.114.014072
https://doi.org/10.1172/JCI84923
https://doi.org/10.1172/JCI84923
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/eurheartj/ehx254
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1161/CIRCRESAHA.116.308825
https://doi.org/10.1161/CIRCRESAHA.116.308825

67

Page 14 of 15

Basic Research in Cardiology (2020) 115:67

25.

26.

217.

28.

29.

30.

31.

Laugwitz KL, Marouli E, Martinelli N, McCarthy MI, van Zuy-
dam NR, Meisinger C, Esko T, Mihailov E, Escher SA, Alver M,
Moebus S, Morris AD, Miiller-Nurasyid M, Nikpay M, Olivieri O,
Lemieux Perreault L-P, AlQarawi A, Robertson NR, Akinsanya
KO, Reilly DF, Vogt TF, Yin W, Asselbergs FW, Kooperberg C,
Jackson RD, Stahl E, Strauch K, Varga TV, Waldenberger M,
Zeng L, Kraja AT, Liu C, Ehret GB, Newton-Cheh C, Chasman
DI, Chowdhury R, Ferrario M, Ford I, Jukema JW, Kee F, Kuu-
lasmaa K, Nordestgaard BG, Perola M, Saleheen D, Sattar N,
Surendran P, Tregouet D, Young R, Howson JMM, Butterworth
AS, Danesh J, Ardissino D, Bottinger EP, Erbel R, Franks PW,
Girelli D, Hall AS, Hovingh GK, Kastrati A, Lieb W, Meitinger
T, Kraus WE, Shah SH, McPherson R, Orho-Melander M, Mel-
ander O, Metspalu A, Palmer CNA, Peters A, Rader D, Reilly
MP, Loos RJF, Reiner AP, Roden DM, Tardif J-C, Thompson JR,
Wareham NJ, Watkins H, Willer CJ, Kathiresan S, Deloukas P,
Samani NJ, Schunkert H (2016) Coding variation in ANGPTL4,
LPL, and SVEP1 and the risk of coronary disease. N Engl ] Med
374:1134-1144. https://doi.org/10.1056/NEJMo0al507652
Nakada T-A, Russell JA, Boyd JH, Thair SA, Walley KR (2015)
Identification of a nonsynonymous polymorphism in the SVEP1
gene associated with altered clinical outcomes in septic shock.
Crit Care Med 43:101-108. https://doi.org/10.1097/CCM.00000
00000000604

Nelson CP, Lai FY, Nath M, Ye S, Webb TR, Schunkert H,
Samani NJ (2019) Genetic assessment of potential long-term on-
target side effects of PCSK9 (proprotein convertase subtilisin/
kexin Type 9) inhibitors. Circ Genom Precis Med 12:e002196.
https://doi.org/10.1161/CIRCGEN.118.002196

Nelson MR, Tipney H, Painter JL, Shen J, Nicoletti P, Shen Y,
Floratos A, Sham PC, Li MJ, Wang J, Cardon LR, Whittaker JC,
Sanseau P (2015) The support of human genetic evidence for
approved drug indications. Nat Genet 47:856—860. https://doi.
org/10.1038/ng.3314

Okolo SO, Gentry CC, Perrett CW, Maclean AB (2005) Familial
prevalence of uterine fibroids is associated with distinct clinical
and molecular features. Hum Reprod 20:2321-2324. https://doi.
org/10.1093/humrep/dei049

Pelisek J, Hegenloh R, Bauer S, Metschl S, Pauli J, Glukha N,
Busch A, Reutersberg B, Kallmayer M, Trenner M, Wendorff H,
Tsantilas P, Schmid S, Knappich C, Schaeffer C, Stadlbauer T,
Biro G, Wertern U, Meisner F, Stoklasa K, Menges A-L, Radu O,
Dallmann-Sieber S, Karlas A, Knipfer E, Reeps C, Zimmermann
A, Maegdefessel L, Eckstein H-H (2019) Biobanking: objectives,
requirements, and future challenges-experiences from the munich
vascular biobank. J Clin Med 8:251. https://doi.org/10.3390/
jecm8020251

Reilly MP, Li M, He J, Ferguson JF, Stylianou IM, Mehta NN,
Burnett MS, Devaney JM, Knouff CW, Thompson JR, Horne BD,
Stewart AFR, Assimes TL, Wild PS, Allayee H, Diemert P, Patel
RS, Myocardial Infarction Genetics Consortium, Wellcome Trust
Case Control Consortium, Martinelli N, Girelli D, Quyyumi AA,
Anderson JL, Erdmann J, Hall AS, Schunkert H, Quertermous T,
Blankenberg S, Hazen SL, Roberts R, Kathiresan S, Samani NJ,
Epstein SE, Rader DJ (2011) Identification of ADAMTS7 as a
novel locus for coronary atherosclerosis and association of ABO
with myocardial infarction in the presence of coronary atheroscle-
rosis: two genome-wide association studies. Lancet 377:383-392.
https://doi.org/10.1016/S0140-6736(10)61996-4

Sager HB, Dutta P, Dahlman JE, Hulsmans M, Courties G, Sun
Y, Heidt T, Vinegoni C, Borodovsky A, Fitzgerald K, Wojtkie-
wicz GR, Iwamoto Y, Tricot B, Khan OF, Kauffman KJ, Xing
Y, Shaw TE, Libby P, Langer R, Weissleder R, Swirski FK,
Anderson DG, Nahrendorf M (2016) RNAI targeting multiple
cell adhesion molecules reduces immune cell recruitment and

@ Springer

32.

33.

34.

35.

36.

37.

vascular inflammation after myocardial infarction. Sci Transl Med
8:342ra80-342ra80. https://doi.org/10.1126/scitranslmed.aaf1435
Sato-Nishiuchi R, Nakano I, Ozawa A, Sato Y, Takeichi M,
Kiyozumi D, Yamazaki K, Yasunaga T, Futaki S, Sekiguchi K
(2012) Polydom/SVEP1 is a ligand for integrin «9p1. J Biol Chem
287:25615-25630. https://doi.org/10.1074/jbc.M112.355016
Schunkert H, Konig IR, Kathiresan S, Reilly MP, Assimes TL,
Holm H, Preuss M, Stewart AFR, Barbalic M, Gieger C, Absher
DM, Aherrahrou Z, Allayee H, Altshuler D, Anand S, Andersen
K, Anderson JL, Ardissino D, Ball SG, Balmforth AJ, Barnes
TA, Becker DM, Becker LC, Berger K, Bis JC, Boekholdt SM,
Boerwinkle E, Braund PS, Brown MJ, Burnett MS, Buysschaert
I, Cardiogenics, Carlquist JF, Chen L, Cichon S, Codd V, Davies
RW, Dedoussis G, Dehghan A, Demissie S, Devaney JM, Diemert
P, Do R, Doering A, Eifert S, Mokhtari NEE, Ellis SG, Elosua R,
Engert JC, Epstein SE, de Faire U, Fischer M, Folsom AR, Freyer
J, Gigante B, Girelli D, Gretarsdottir S, Gudnason V, Gulcher
JR, Halperin E, Hammond N, Hazen SL, Hofman A, Horne BD,
Illig T, Iribarren C, Jones GT, Jukema JW, Kaiser MA, Kaplan
LM, Kastelein JJP, Khaw K-T, Knowles JW, Kolovou G, Kong
A, Laaksonen R, Lambrechts D, Leander K, Lettre G, Li M, Lieb
W, Loley C, Lotery AJ, Mannucci PM, Maouche S, Martinelli N,
Mckeown PP, Meisinger C, Meitinger T, Melander O, Merlini PA,
Mooser V, Morgan T, Miihleisen TW, Muhlestein JB, Miinzel T,
Musunuru K, Nahrstaedt J, Nelson CP, N6then MM, Olivieri O,
Patel RS, Patterson CC, Peters A, Peyvandi F, Qu L, Quyyumi
AA, Rader DJ, Rallidis LS, Rice C, Rosendaal FR, Rubin D, Salo-
maa V, Sampietro ML, Sandhu MS, Schadt E, Schifer A, Schil-
lert A, Schreiber S, Schrezenmeir J, Schwartz SM, Siscovick DS,
Sivananthan M, Sivapalaratnam S, Smith A, Smith TB, Snoep JD,
Soranzo N, Spertus JA, Stark K, Stirrups K, Stoll M, Tang WHW,
Tennstedt S, Thorgeirsson G, Thorleifsson G, Tomaszewski M,
Uitterlinden AG, van Rij AM, Voight BF, Wareham NJ, Wells GA,
Wichmann H-E, Wild PS, Willenborg C, Witteman JCM, Wright
BJ, Ye S, Zeller T, Ziegler A, Cambien F, Goodall AH, Cupples
LA, Quertermous T, Médrz W, Hengstenberg C, Blankenberg S,
Ouwehand WH, Hall AS, Deloukas P, Thompson JR, Stefansson
K, Roberts R, Thorsteinsdottir U, Odonnell CJ, McPherson R,
Erdmann J, Cardiogram Consortium, Samani NJ (2011) Large-
scale association analysis identifies 13 new susceptibility loci
for coronary artery disease. Nat Genet 43:333-338. https://doi.
org/10.1038/ng.784

Schwanzer-Pfeiffer D, Rossmanith E, Schildberger A, Falkenha-
gen D (2010) Characterization of SVEP1, KIAA, and SRPX2
in an in vitro cell culture model of endotoxemia. Cell Immunol
263:65-70. https://doi.org/10.1016/j.cellimm.2010.02.017
Swirski FK, Nahrendorf M (2013) Leukocyte behavior in ath-
erosclerosis, myocardial infarction, and heart failure. Science
339:161-166. https://doi.org/10.1126/science.1230719
Verhoeven BAN, Velema E, Schoneveld AH, de Vries J-PPM, de
Bruin P, Seldenrijk CA, de Kleijn DPV, Busser E, van der Graaf
Y, Moll F, Pasterkamp G (2004) Athero-express: differential ath-
erosclerotic plaque expression of mRNA and protein in relation to
cardiovascular events and patient characteristics. Ration Des Eur
J Epidemiol 19:1127-1133

Zhou Z, Subramanian P, Sevilmis G, Globke B, Soehnlein O,
Karshovska E, Megens R, Heyll K, Chun J, Saulnier-Blache JS,
Reinholz M, van Zandvoort M, Weber C, Schober A (2011) Lipo-
protein-derived lysophosphatidic acid promotes atherosclerosis by
releasing CXCL1 from the endothelium. Cell Metab 13:592-600.
https://doi.org/10.1016/j.cmet.2011.02.016


https://doi.org/10.1056/NEJMoa1507652
https://doi.org/10.1097/CCM.0000000000000604
https://doi.org/10.1097/CCM.0000000000000604
https://doi.org/10.1161/CIRCGEN.118.002196
https://doi.org/10.1038/ng.3314
https://doi.org/10.1038/ng.3314
https://doi.org/10.1093/humrep/dei049
https://doi.org/10.1093/humrep/dei049
https://doi.org/10.3390/jcm8020251
https://doi.org/10.3390/jcm8020251
https://doi.org/10.1016/S0140-6736(10)61996-4
https://doi.org/10.1126/scitranslmed.aaf1435
https://doi.org/10.1074/jbc.M112.355016
https://doi.org/10.1038/ng.784
https://doi.org/10.1038/ng.784
https://doi.org/10.1016/j.cellimm.2010.02.017
https://doi.org/10.1126/science.1230719
https://doi.org/10.1016/j.cmet.2011.02.016

Basic Research in Cardiology

(2020) 115:67

Page150f 15 67

Affiliations

Michael J. Winkler' . Philipp Miiller'? . Amin M. Sharifi'2 - Jana Wobst'2 - Hanna Winter?> - Michal Mokry* -
Lijiang Ma® - Sander W. van der Laan® - Shichao Pang' - Benedikt Miritsch'2 - Julia Hinterdobler' - Julia Werner'2 .
Barbara Stiller’ - Ulrich Giildener' - Tom R. Webb® - Folkert W. Asselbergs*” - Johan L. M. Bjorkegren®8? .

Lars Maegdefessel?** - Heribert Schunkert'2 - Hendrik B. Sager'? - Thorsten Kessler'

1

Department of Cardiology, German Heart Centre Munich,
Technical University of Munich, Munich, Germany

German Centre for Cardiovascular Research (DZHK e.V.),
Partner Site Munich Heart Alliance, Munich, Germany

Vascular Biology and Experimental Vascular Medicine Unit,
Department of Vascular and Endovascular Surgery, Klinikum
rechts der Isar, Technical University Munich, Munich,
Germany

Division of Heart and Lungs, Department of Cardiology,
University Medical Center Utrecht, Utrecht, The Netherlands

Department of Genetics and Genomic Sciences, Icahn
Institute for Genomics and Multiscale Biology, Icahn School
of Medicine at Mount Sinai, New York, NY, USA

6

Department of Cardiovascular Sciences, University

of Leicester, and National Institute for Health Research
(NIHR) Leicester Cardiovascular Biomedical Research
Centre, Leicester, UK

Institute of Cardiovascular Science, Faculty of Population
Health Sciences, and Health Data Research UK and Institute
of Health Informatics, University College London, London,
UK

Integrated Cardio Metabolic Centre, Department

of Medicine, Karolinska Institutet, Karolinska
Universitetssjukhuset, Huddinge, Sweden
Department of Physiology,

Institute of Biomedicine and Translational Medicine,
University of Tartu, Tartu, Estonia

@ Springer


http://orcid.org/0000-0003-3326-1621

	Functional investigation of the coronary artery disease gene SVEP1
	Abstract
	Introduction
	Methods
	SVEP1 expression in the STARNET study
	Human carotid artery plaque specimen, immunohistochemistry, and single-cell RNA sequencing
	Primary cells
	Isolation of nucleic acids, cDNA synthesis, and (quantitative) polymerase chain reaction
	Mouse studies
	Histology
	Flow cytometry
	Cloning of SVEP1 constructs
	Overexpression of SVEP1 constructs and generating concentrated conditioned media
	CXCL1 enzyme-linked immunosorbent assays
	Stimulating HUVEC with SVEP1 or SVEP1 and interleukin 1β
	Phenome-wide association study of SVEP1 variants in UK Biobank
	Statistical analysis

	Results
	SVEP1 is expressed in vascular and metabolic tissues
	Endothelial cells and smooth muscle cells represent a major cellular source of SVEP1 in the vasculature
	Svep1 knockdown promotes atherosclerotic plaque formation
	Svep1 knockdown increased leukocyte recruitment to the vascular wall in vivo
	SVEP1 silences CXCL1 expression in endothelial cells
	Phenome-wide association study of SVEP1

	Discussion
	Study limitations
	Acknowledgements 
	References




