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BASIC SCIENCES

Endothelial ENPP2 (Ectonucleotide

Pyrophosphatase/Phosphodiesterase 2) Increases
Atherosclerosis in Female and Male Mice

Ela Karshovska,” Rokia Mohibullah;” Mengyu Zhu (k2'#i), Farima Zahedi, Dominique Thomas, Christiana Magkrioti,
Claudia Geissler, Remco TA. Megens, Mariaelvy Bianchini, Maliheh Nazari-Jahantigh'®, Nerea Ferreirds, Vassilis Aidinis(®,
Andreas Schober

BACKGROUND: Maladapted endothelial cells (ECs) secrete ENPP2 (ectonucleotide pyrophosphatase/phosphodiesterase
2; autotaxin)—a lysophospholipase D that generates lysophosphatidic acids (LPAs). ENPP2 derived from the arterial wall
promotes atherogenic monocyte adhesion induced by generating LPAs, such as arachidonoyl-LPA (LPA20:4), from oxidized
lipoproteins. Here, we aimed to determine the role of endothelial ENPP2 in the production of LPAs and atherosclerosis.

METHODS: We quantified atherosclerosis in mice harboring loxP-flanked Enpp2 alleles crossed with Apoe™~ mice expressing
tamoxifen-inducible Cre recombinase under the control of the EC-specific bone marrow X kinase promoter after 12 weeks
of high-fat diet feeding.

RESULTS: A tamoxifen-induced EC-specific EnppZ2 knockout decreased atherosclerosis, accumulation of lesional macrophages,
monocyte adhesion, and expression of endothelial CXCL (C-X-C motif chemokine ligand) 1 in male and female Apoe™~ mice. In
vitro, ENPP2 mediated the mildly oxidized LDL (low-density lipoprotein)-induced expression of CXCL 1 in aortic ECs by generating
LPA20:4, palmitoyl-LPA (LPA16:0), and oleoyl-LPA (LPA18:1). ENPP2 and its activity were detected on the endothelial surface
by confocal imaging. The expression of endothelial Enpp2 established a strong correlation between the plasma levels of LPA16:0,
stearoyl-LPA (LPA18:0), and LPA18:1 and plaque size and a strong negative correlation between the LPA levels and ENPP2
activity in the plasma. Moreover, endothelial Enpp2 knockout increased the weight of high-fat diet—fed male Apoe™ mice.

CONCLUSIONS: We demonstrated that the expression of ENPP2 in ECs promotes atherosclerosis and endothelial inflammation
in a sex-independent manner. This might be due to the generation of LPA20:4, LPA16:0, and LPA18:1 from mildly oxidized
lipoproteins on the endothelial surface.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: alleles m atherosclerosis ® bone marrow ® endothelial cells ® lysophospholipids

opment of atherosclerosis. Disruption of laminar

blood flow at predilection sites of atherosclerosis,
such as branching points and curved aortic segments,
is characterized by continuous, random changes in the
shear stress direction, which makes the adaption of ECs
to hemodynamic stress impossible.! The intrinsic inadapt-
ability of ECs at predilection sites results in their apoptosis

Endothelial cells (ECs) play a critical role in the devel-

and inflammatory activation, which is compensated by a
chronic repair process involving the regenerative prolifer-
ation of the endothelium. However, maladapted ECs are
susceptible to additional injuries, such as hyperlipidemia,
high glucose levels, and high blood pressure, promoting
the formation of atherosclerotic plaques.?

Endothelial maladaptation is associated with the
accumulation of lipoproteins, mainly LDLs (low-density
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Nonstandard Abbreviations and Acronyms

Highlights

CXCL C-X-C motif chemokine ligand
EC endothelial cell

ENPP2 ectonucleotide pyrophosphatase/phos-
phodiesterase 2

HFD high-fat diet

LDL low-density lipoprotein

LPA lysophosphatidic acid

Lpar lysophosphatidic acid receptor

LPC lysophosphatidylcholine

Ly6G lymphocyte antigen 6 complex locus G6

MAEC murine aortic endothelial cell

moxLDL  mildly oxidized low-density lipoprotein

NF-xB nuclear factor kappa light-chain
enhancer of activated B cells

nLDL native low-density lipoprotein

oxLDL oxidized low-density lipoprotein

TNFa tumor necrosis factor alpha

lipoproteins), in the intimal space, and vascular cells,
including ECs, drive the oxidative modification of depos-
ited LDL3® Mild oxidation of LDL generates various
bioactive lipid compounds, such as lysophosphatidic
acids (LPAs).5® LPAs are phospholipids that contain a
free phosphate group and a single fatty acyl chain in the
glycerol backbone®'® The predominantly 16-, 18-, and
20-carbon long fatty acids are either saturated, mono-
unsaturated, or polyunsaturated.”® LPAs act via the 6
G-protein—coupled LPA receptors, Lpar (lysophospha-
tidic acid receptor) 1 to 6, which have different binding
affinities to the individual LPA species."" Unsaturated
LPA20:4 increases atherosclerosis by upregulating
CXCL (C-X-C motif chemokine ligand) 1 in ECs in an
Lpar1/3-dependent manner.'?'3 Accordingly, blocking
Lpar1/3 reduces atherosclerosis in mice.'>'* Thus, mild
LDL oxidation might induce the inflammatory activation
of maladapted ECs by producing LPAs, in turn initiating
and enhancing atherosclerosis.

In the extracellular space, LPAs are produced mainly
by the secreted enzyme ENPP2 (ectonucleotide pyro-
phosphatase/phosphodiesterase 2; also known as auto-
taxin) through its lysophospholipase D activity.'®'® More
specifically, ENPP2 converts lysophospholipids, such as
lysophosphatidylcholine (LPC), to LPAs.""'® Moreover,
ENPP2 acts as a carrier protein for LPAs by providing
a hydrophobic environment, efficiently delivering LPAs
to their cognate receptors through binding to the cell
surface.'®'920 Thus, ENPP2 not only produces LPAs
but also regulates their signaling.’®?® Notably, ENPP2
secreted from ECs increases the motility of lympho-
cytes and ECs by generating LPAs on the EC surface,
indicating that it acts locally rather than systemically.?'
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« Endothelial ENPP2 (ectonucleotide pyrophospha-
tase/phosphodiesterase 2) expression promotes
atherosclerosis in both sexes.

+ Endothelial ENPP2 generates a strong correlation
between LPA16:0, LPA18:0, and LPA18:1 plasma
levels and plaque size.

« Mildly oxidized LDL (low-density lipoprotein)
increases ENPP2-mediated LPA16:0, LPA18:1,
and LPA20:4 production by endothelial cells.

* The local generation of lysophosphatidic acids on
the surface of endothelial cells may contribute to
the uncoupling of the ENPP2 activity from the lyso-
phosphatidic acid levels in the circulation.

Inflammatory signaling, for example, by TNFa (tumor
necrosis factor alpha), through the NF-xB (nuclear factor
kappa light-chain enhancer of activated B cells) pathway
upregulates the expression of ENPP22225 Moreover,
LDL impairs angiogenesis by downregulating the endo-
thelial expression of ENPP2 and production of LPAs.2* In
contrast, hyperlipidemia increases the levels of LPAs and
activity of adipocyte-derived ENPP2 in the plasma.?®2¢
Furthermore, the mildly oxidized LDL (moxLDL)-induced
atherogenic adhesion of monocytes requires ENPP2
from the vascular wall, probably secreted from ECs."?
However, whether endothelial ENPP2 contributes to
atherosclerosis is not fully understood.

Our study showed that knockout of endothelial
ENPP2 reduced atherosclerosis, macrophage recruit-
ment, and endothelial expression of Cxc/7in Apoe”~ mice.
This effect might have been due to the moxLDL-depen-
dent generation of LPA16:0, LPA18:1, and LPA20:4 by
EC-derived ENPP2. Thus, we assumed that endothelial
ENPP2 plays a crucial role in atherosclerosis.

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Please see the Major Resources Table in the Supplemental
Material.

Mouse Model

Mice harboring loxP-flanked Enpp2 alleles (Enpp2'™/"™) were
crossed with Apoe”~ mice expressing tamoxifen-inducible
Cre recombinase under the control of the EC-specific bone
marrow X kinase promoter (BMX-Cre; Apoe”/BMX-Cre*/
Enpp2e<fes C57Bl/6JEC-Enpp27/7).2" BMX-Cre* mice with-
out Enpp2 loxP-flanked alleles (Apoe™~/BMX-Cre*/Enpp2+/*;
EC-Enpp2*) were used as controls. Tamoxifen (2 mg per 20
g of body weight; Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) dissolved in medium-chain triglycerides (Miglyol
812; Caesar & Loretz GmbH, Hilden, Germany) was intraperito-
neally injected in mice for b consecutive days. Seven days after
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the last injection, the mice were fed a high-fat diet (HFD) con-
taining 21% fat, 19.5% casein, and 0.15% cholesterol (ssniff
Spezialdiaten GmbH, Soest, Germany) for 12 weeks. Blood
was taken from the retro-orbital plexus and incubated with
200 U/mL lepirudin. Following centrifugation at 2.000g for 20
minutes, plasma was transferred to siliconized microcentrifuge
tubes (Sigma-Aldrich). All animal experiments were approved
by local authorities (District Government of Upper Bavaria) to
comply with the German animal protection laws.

Immunostaining

After antigen retrieval using citrate buffer, aortic root sections were
reacted with anti-Mac2 antibodies (clone M3/38; Cedarlane,
Burlington, Canada), anti—a-SMA (smooth muscle actin) antibod-
ies (1:200; clone 1A4; Agilent Technologies, Santa Clara, CA),
anti-CD3 (clusters of differentiation) antibodies (1:100; Bio-Rad
Laboratories GmbH, Feldkirchen, Germany), anti—von Willebrand
Factor antibodies (1:1000; Abcam, Cambridge, United Kingdom),
anti-CD31 antibodies (1:75; M20; Santa Cruz Biotechnology,
Santa Cruz, CA), anti-Cxcl1 antibodies (ab86436; Abcam), anti—
Ly-6G/Ly-6C antibodies (RB6-8C5; 1:50; eBioscience), and
anti-KiB7 antibodies (ab15580; 1:1500; Abcam). Mac2 immu-
nostaining was combined with terminal deoxynucleotidyl transfer-
ase dUTP nick end labeling assay (Roche). ENPP2 was detected
in cryosections of the aortic roots fixed with BD Cytofix Fixation
Buffer (BD Biosciences, Heidelberg, Germany) and in longitudi-
nal sections of aortae fixed with PAXgene (Qiagen), after cook-
ing in citrate buffer, with polyclonal rabbit anti-ENPP2 antibodies
(PAB-12478; Thermo Fisher Scientific, Waltham, MA). Primary
antibodies were detected after incubation with DyLight-488-
conjugated, DyLight-550-conjugated, DyLight-650—conjugated
(Abcam), or FITC/Cy3-conjugated (Jackson ImmunoResearch,
Cambridgeshire, United Kingdom) secondary antibodies.
Additional sections on the same slide were incubated with the
appropriate IgG controls (Santa Cruz Biotechnology), followed by
incubation with secondary antibodies. Nuclei were counterstained
with 4’,6-diamidino-2-phenylindole. Images were recorded using
a fluorescence microscope (DMB000B) connected to a mono-
chrome digital camera (DFC365FX). The Mac2 and a-SMA posi-
tive area was quantified as a percentage of the plaque area, and
CD3* cells were quantified as a percentage of all plaque cells
using the Imaged software (https://imagej.nih.gov).

Quantitative Real-Time PCR

Total RNA was extracted using the NucleoSpin RNA kit
(Macherey-Nagel, Dueren, Germany). Reverse transcription
was performed using a high-capacity cDNA reverse transcrip-
tion kit (Thermo Fisher Scientific). Transcripts of mMRNAs were
amplified using specific primers (Table S1) and GoTaq gPCR
Master Mix (Promega, Fitchburg, WI) and quantified (7900HT
PCR System; Applied Biosystems). B2m was used as a refer-
ence gene. The relative expression levels were normalized to a
single gene, scaled to the sample with the lowest expression,
and logarithmically transformed (Qbase Software; Biogazelle,
Gent, Belgium).

Preparation of moxLDL and Native LDL

Human LDL (1 mg/MI; Merck, Darmstadt, Germany) was dia-
lyzed for 24 hours to remove EDTA using a D-tube dialyzer
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(Merck). The LDL was then incubated with 5 uM CuSO, (Merck)
at 37°C, and the degree of formation of conjugated diene dur-
ing oxidation was monitored via spectrophotometry at 234 nm
(UV-Vis module; Nanodrop). The reaction was stopped at the
end of the lag phase when absorption started to increase expo-
nentially (usually within 1 hour) by adding 10 umol/L EDTA
(Thermo Fisher Scientific).22 Native LDL (nLDL) was obtained
by applying the same protocol without adding CuSO,. Finally,
moxLDL and nLDL were passed through PD-10 desalting col-
umns (Cytiva).

Statistical Analysis

Statistical analysis was performed using Prism 9.0
(GraphPad Software, San Diego, CA). Data are represented
as the mean=SD. Data have been analyzed for normality
and equal variances. Comparisons between 2 groups were
performed using the unpaired parametric 2-tailed Student
t test or multiple t tests with correction for multiple com-
parisons (Holm-Sidak). Comparisons between >2 groups
were performed using a 1-way ANOVA followed by a post
hoc analysis using the Dunnett test or Tukey test to correct
for multiple comparisons or a Brown-Forsythe and Welch
ANOVA test followed by an unpaired t test with Welch cor-
rection. Two-factor statistical analysis was performed using
a 2-way ANOVA followed by Sidak multiple comparison
test. Differences were considered statistically significant
at P<0.05. The nonparametric Spearman correlation coef-
ficient and P testing the null hypothesis that no correla-
tion between the two variables exists was also calculated.
Sample sizes between 3 and b are potentially a limitation
for parametric statistical tests.

RESULTS

Effect of Endothelial ENPP2 on lts Activity and
Levels of LPAs in the Plasma

Immunostaining analysis revealed the absence of
ENPP2 in aortic ECs of EC-Enpp2~ mice compared
with EC-Enpp2* mice 7 days after the last injection
of tamoxifen (Figure 1A). In contrast, ENPP2 in smooth
muscle cells did not differ between the groups (Fig-
ure 1A). Additionally, the level of expression of Enpp2
was reduced in aortic ECs from EC-Enpp2~ mice com-
pared with those from EC-Enpp2*/+ mice fed an HFD for
4 weeks (Figure 1B).

We observed that knocking out of endothelial Enpp2
did not substantially alter the activity of plasma ENPP2
(Figure 1C) or plasma levels of LPAs (Figure 1D) in
male and female mice after 12 weeks of HFD feed-
ing. In contrast to the level of LPAs, we determined that
the ENPP2 activity was higher in male compared with
female EC-Enpp2/*mice and EC-Enpp27~ mice (Fig-
ure 1C and 1D). Accordingly, a strong negative cor-
relation was detected between the activity of plasma
ENPP2 and total level of plasma LPA levels in EC-
Enpp2+mice (Figure 1E). This negative correlation
was weaker in EC-Enpp2~~ mice (Figure 1E).
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Figure 1. Effect of endothelial ENPP2 (ectonucleotide pyrophosphatase/phosphodiesterase 2) on the ENPP2/lysophosphatidic
acid (LPA) axis in the plasma of Apoe~~ mice.

A, Expression of ENPP2 in the aortic root of endothelial cell (EC)-Enpp2*/+ and EC-Enpp2—/— mice at day 7 after the last injection of tamoxifen
(TMX) as determined by ENPP2 and VWF (von Willebrand Factor) immunostaining. Scale bars, 10 pm. Nuclei were counterstained using
4’,6-diamidino-2-phenylindole (DAPI). B, Level of expression of Enpp2 mRNA in ECs isolated from aortae of EC-Enpp2*"* and EC-Enpp2~'~ mice
fed a high-fat diet (HFD) for 4 weeks as determined by gRT-PCR (real-time quantitative polymerase chain reaction; n=3 mice per group). Activity
of ENPP2 (C; n=4-6 mice per group), concentration of total LPAs (D; n=4 mice per group), and correlation between the activity of ENPP2 and
levels of total LPAs (E; n=8 mice per group; circles, females; rectangles, males) in the plasma of EC-Enpp2*"* and EC-Enpp2~'~ mice fed the
HFD for 12 weeks. F, Plasma levels of LPA species in EC-Enpp2** and EC-Enpp2~"~ mice fed the HFD for 12 weeks (n=4 mice per group).
Error bars indicate SD. Unpaired Student t test (B) and 2-way ANOVA with multiple comparison correction using the Sidak method (C, D, and

F). Spearman correlation coefficient (r) was calculated (E).

Next, we investigated the effect of endothelial
ENPP2 on the plasma levels of LPAs. We found that
LPA18:1 and LPA18:2 were the most abundant LPA
species in the plasma of male EC-Enpp2+/*mice (Figure
S1A), whereas the plasma level of LPA18:1 was higher
than the other LPAs in female mice (Figure 1F; Figure
S1B). Knocking out Enpp2reduced the level of LPA18:1
by 50% in female but not in male mice (Figure 1F). The
level of LPA18:0 was higher in females than in male

1026 August 2022

EC-Enpp2*mice and EC-Enpp27~ mice, but knock-
ing out Enpp2 did not alter its level in the plasma (Fig-
ure 1F). Similarly, the level of LPA16:0 tended to be
higher in females; however, the difference was not
statistically significant (Figure 1F). Moreover, the lev-
els of LPA18:3 and LPA20:0 in male mice tended to
be reduced by knocking out Enpp2 without reaching
statistical significance (Figure S2). We observed similar
levels of LPA18:2 (Figure S2) and LPA20:4 (Figure 1F)

Arterioscler Thromb Vasc Biol. 2022;42:1023-1036. DOI: 10.1161/ATVBAHA.122.317682
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in female and male mice, and these were not altered by
the endothelial Enpp2 knockout.

We analyzed the effect of endothelial ENPP2 on the
correlation between the activity of ENPP2 and the levels of
individual LPA species in the plasma. We detected that the
strong negative correlation between the activity of ENPP2
and the levels of LPA16:0, LPA18:0, and LPA18:1 in EC-
Enpp2+/+mice (Figure 2A) was absent in EC-Enpp2~/~ mice
(Figure 2B). In contrast, knocking out endothelial Enpp2
did not alter the strong correlations between LPA16:0 and
LPA18:0 and LPA18:2 and LPA18:3 (Figure 2). The level
of LPA20:4 was not correlated with the plasma activity of
ENPP2 in EC-Enpp2*/* (Figure 2A) and EC-Enpp27~ mice
(Figure 2B). Interestingly, the level of LPA18:1 was mod-
erately correlated with the levels of LPA16:0 and LPA18:0
but not with those of LPA18:2, LPA18:3, LPA20:0, and
LPA20:4 in EC-Enpp2*+ (Figure 2A) and EC-Enpp2~/~
mice (Figure 2B). These results indicated that endothe-
lial ENPP2 expression generates a negative correlation
between the activity of plasma ENPP2 and the plasma
levels of LPA16:0, LPA18:0, and LPA18:1.

Endothelial ENPP2 and Atherosclerosis

Next, we investigated the role of endothelial ENPP2 in ath-
erosclerosis after 12 weeks of HFD feeding. We found that
ENPP2 was detectable in ECs covering atherosclerotic
lesions and in lesional macrophages in EC-Enpp2+* mice
(Figure 3A). Knocking out endothelial Enpp2 decreased
the plaque and necrotic core area in aortic roots in both
sexes (Figure 3B). Furthermore, the Oil Red O-stained
area in the aortic arch of male (Figure 3C) and female (Fig-
ure 3D) mice was reduced in EC-Enpp2”~ compared with
EC-Enpp2** mice, whereas the size of lesions in the tho-
racic and abdominal aortae did not differ between groups
(Figure 3C and 3D). These findings indicated that endo-
thelial ENPP2 plays a proatherogenic role in both sexes.

We detected higher plasma levels of cholesterol in
females than in male EC-Enpp2+/+ mice (Figure 3E). This
sex-related difference was not detected in EC-EnppZ2~~
mice (Figure 3E). Moreover, the endothelial Enpp2
knockout did not significantly affect the levels of choles-
terol in either sex (Figure 3E). Although the correlation
between the levels of cholesterol and plaque size was
strong in EC-Enpp2+/* mice (Figure 3F), it was moderate
in EC-Enpp2”~ mice (Figure 3G).

The EC-specific Enpp2 knockout reduced the lesional
content of macrophages but not smooth muscle cells
in female and male mice (Figure 4A). More specifically,
knocking out endothelial ENPP2 decreased the prolif-
eration of macrophages (Figure 4B) and reduced the
number of Ly6G (lymphocyte antigen 6 complex locus
G6)+ monocytes adhering to the surface of aortic root
lesions (Figure 4C) in both sexes. We did not detect any
differences in the apoptosis of macrophages (Figure
S3) and the CD3* T-cell content (Figure S4) between

Arterioscler Thromb Vasc Biol. 2022;42:1023-1036. DOI: 10.1161/ATVBAHA.122.317682
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EC-Enpp2”~ and EC-Enpp2** mice in either sex. These
data suggested that endothelial ENPP2 promotes ath-
erosclerosis primarily by enhancing the recruitment of
monocytes and the proliferation of macrophages.

The effect of endothelial ENPP2 on the inflammatory
activation of aortic ECs was investigated. After 4 weeks
of HFD feeding, the levels of expression of Cxcl! and
Cclb were reduced in aortic ECs from EC-Enpp2”~ mice
compared with those in EC-Enpp2+* mice (Figure 4D).
Whereas the levels of expression of Ccl2and Cx.cl7 did not
differ between the two groups, the level of expression of
Cxcl12was higher in ECs from EC-EnppZ~ mice than that
in ECs from EC-Enpp2+/+ mice (Figure 4D). In addition, the
mRNA levels of expression of the Lpar1, Lpar2, and Lpar4
LPA receptors and those of lcam1 and Vcam1 were not
different in the ECs between the two groups (Figure Sb).
Furthermore, the number of CXCL 1-expressing ECs in the
aortic root were lower in EC-Enpp2~ mice than that in EC-
Enpp2* mice after 12 weeks of HFD feeding, as deter-
mined by combined CXCL1 and CD31 immunostaining
(Figure 4E). Thus, endothelial ENPP2 promotes endothelial
inflammation by upregulating the expression of CXCL1.

Effect of ENPP2 on Endothelial Expression of
Chemokines

We then investigated the mechanism by which endo-
thelial ENPP2 regulates the expression of chemokines
in vitro. Immunostaining and 3-dimensional confocal
microscopy analysis revealed the presence of ENPP2
on the surface of murine aortic ECs (MAECs; Figure bA).
We found that stimulation of MAECs with the athero-
genic cytokine TNFa, which triggers the secretion of
ENPP2 from cancer cells,? increased the ENPP2 signal
on the cell surface (Figure BA). Live-cell imaging analy-
sis of the activity of ENPP2 in TNFa-stimulated MAECs
using the fluorogenic ENPP2 substrate FS-3 showed
a time-dependent increase of FS-3 hydrolysis on the
endothelial surface, resulting in the diffusion of the prod-
uct (Figure 5B). These findings indicated that ENPP2
deposited on the EC surface can locally produce LPAs.

Next, we investigated the effect of ENPP2 on the expres-
sion of chemokines in MAECs. We observed that treatment
with moxLDL or oxidized LDL (oxLDL) increased the expres-
sion of Enpp2 mRNA in MAECs compared with nLDL (Fig-
ure 5C). Moreover, compared with nLDL, moxLDL increased
the expression of Cxcl1 (Figure 5D). We also found that
blocking ENPP2 by S32826 decreased the expression of
Cxcl1 in moxLDL-treated but not in nLDL-treated MAECs
(Figure 5D). In contrast, treatment with S32826 did not
affect the levels of expression of Ccl6 and Cxcl12in nLDL-
treated or moxLDL-treated MAECs (Figure 5D).

To determine which LPAs regulate the expression of
chemokines in ECs, we treated MAECs with LPA20:4,
LPA16:0, and LPA18:1. Treatment with LPA20:4,
LPA16:0, and LPA18:1 induced the expression of Cxcl1,
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compared with the control buffer (Figure BE). In contrast
to LPA20:4, which did not significantly alter their expres-
sion, LPA16:0 and LPA18:1 upregulated both Cc/5 and
Cxcl12 (Figure 5E). Furthermore, compared with nLDL,
treatment with moxLDL increased the level of LPA16:0,
whereas it reduced that of LPA20:4 (Figure 5F) and

1028  August 2022

LPA20:0 (Figure S6) in the medium of MAECs. S32826
treatment decreased LPA16:0 and LPA20:4 concen-
trations in the medium of nLDL- and moxLDL-treated
MAECs (Figure 5F). Whereas the level of LPA18:1 in the
medium of nLDL-treated MAECs varied greatly, treat-
ment with moxLDL resulted in an ENPP2-dependent
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Figure 3. Effect of endothelial ENPP2 (ectonucleotide pyrophosphatase/phosphodiesterase 2) on atherosclerosis.

A, Combined ENPP2, CD31 (clusters of differentiation), and Mac2 immunostaining in longitudinal sections of the aortic arch from Apoe~/-
mice after 12 weeks of high-fat diet feeding. Scale bars, 50 um. B, Plaque and necrotic core areas were determined in the aortic roots of mice
(n=7-10 mice per group). Representative images of aortic root sections stained with Elastic van Gieson are shown. Scale bars, 500 um. € and
D, Quantification of the lipid deposition in plaques of the aorta determined by Qil red O staining of en face prepared aortae. Representative
images are shown. The plaque area in the aortic arch and the thoracic and abdominal aorta is presented as a percentage of the whole aortic
area in male (C; n~=8-10 mice per each group) and female (D; n=7-8 mice per each group) endothelial cell (EC)-Enpp2*"* and EC-Enpp27'~
mice. E, Plasma levels of cholesterol and the correlation between the levels of cholesterol and plaque size in EC-Enpp2*"* (F) and EC-Enpp2~/~
mice (G). Spearman correlation coefficient r was calculated (F and G). Circles, female mice; rectangles, male mice. Multiple ¢ tests and multiple
comparison correction using the Holm-Sidak method (C and D) and 2-way ANOVA followed by Sidak multiple comparison correction (B and

E). Error bars indicate SD.
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Figure 4. Endothelial Enpp2 (ectonucleotide pyrophosphatase/phosphodiesterase 2) knockout affects accumulation of lesional
macrophages.

Aortic root sections from endothelial cell (EC)-Enpp2** and EC-Enpp2~"— mice fed the high-fat diet (HFD) for 12 weeks were analyzed.

A, Quantification of the macrophage area normalized to the plaque area as determined by Mac2 immunostaining (n=5 mice per group). B,
Quantification of macrophage proliferation by combined Ki67 and Mac2 immunostaining (n=4-7 mice per group). C, Adhesion of myeloid cells
to the plaque surface quantified in aortic root sections immunostained with Ly-6G antibodies (n=4-7 mice per group). A through C, Nuclei
were counterstained with 4’,6-diamidino-2-phenylindole (DAPI). Scale bars, 50 pm. D, Expression of chemokines quantified by gPCR (real-
time quantitative polymerase chain reaction) in aortic ECs isolated in nitrocellulose membrane from EC-Enpp2+* and EC-Enpp2~~ mice after
injection of tamoxifen (TMX) and 4 weeks of HFD feeding (n=3 mice per group). E, Percentage of CXCL (C-X-C motif chemokine ligand) 1-
expressing CD31* (clusters of differentiation) ECs in aortic root lesions of EC-Enpp2*"* and EC-Enpp2~"~ mice (n=5 mice per group) after 12
weeks of HFD feeding as determined by combined CXCL1 and CD31 immunostaining. Arrows indicate CXCL1+ ECs. Asterisks indicate the
vessel lumen. Nuclei were counterstained with DAPI. Scale bars, 25 pm. Two-way ANOVA followed by Sidak multiple comparison correction
(A-C) and Student ¢ tests (D and E) and multiple comparison correction using the Holm-Sidak method (D). Error bars indicate SD.
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Figure 5. Activity of endothelial
ENPP2 (ectonucleotide
pyrophosphatase/phosphodiesterase
2) and expression of chemokines.

A, Surface deposition of ENPP2 on murine
aortic endothelial cells (MAECs) treated
with control buffer (Ctrl) or TNFa. (tumor
necrosis factor alpha) was determined

by ENPP2 immunostaining and confocal
microscopy. Images are 3-dimensional
reconstructions of z stacks. The cell
membrane was stained using WGA (wheat
germ agglutinin). Scale bars, 7 pm. B,
Three-dimensional live-cell imaging of the
activity of ENPP2 in TNFa-stimulated
MAECs treated with the fluorogenic
ENPP2 substrate FS-3. Z stacks of
confocal microscopy images were used

for 3-dimensional reconstruction. Nuclei

P=0013

Cxcl12

0.5 were counterstained with SYTO41. Scale
0.0 bars, 50 um. C, Expression of Enpp2
mRNA in MAECs treated with native LDL
(nLDL), mildly oxidized LDL (moxLDL),

N and oxidized LDL (oxLDL; n=3 replicates
per group). D, Expression of chemokines
determined by gPCR (real-time quantitative
polymerase chain reaction) in nLDL- or

1.0 moxLDL-stimulated MAECs treated with

or without the ENPP2 inhibitor S32826

0.5 (n=3 biological replicates). E, Level of

expression of chemokines in MAECs
treated with different lysophosphatidic
acid (LPA) species (10 pg/mL for 6
h) as determined by gPCR (n=3-4
A replicates per group). F, Concentration of
different LPA species quantified by mass
spectrometry in the medium of MAECs
(n=8) treated with moxLDL or nLDL with
: or without S32826. Student ¢ test (A and
D), 1-way ANOVA and Dunnett multiple
comparisons test (C), Brown-Forsythe and
Welch ANOVA test followed by unpaired
ttest using Welch correction (E), and
VY multiple ¢ tests with multiple comparison
§ § correction using the Holm-Sidak method
@0 (F). Error bars indicate SD.
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production of LPA18:1 (Figure 5F). In contrast to mox-
LDL, nLDL-treated MAECs produced LPA20:0 in an
ENPP2-dependent manner (Figure S6). We detected
LPA18:0 only in one replicate of moxLDL-treated
MAECs (Figure S6), while LPA18:3 was not measurable
in any of the groups (data not shown). Thus, moxLDL-
induced upregulation of ENPP2 in ECs might increase
the expression of CXCL1 through the generation of
LPAs, such as LPA16:0, LPA18:1, and LPA20:4.

Endothelial ENPP2 and the Correlation
Between the Plasma LPA/ENPP2 Axis and
Plaque Size

We further investigated the effect of endothelial ENPP2
on the correlation between the plasma LPA/ENPP2

Arterioscler Thromb Vasc Biol. 2022;42:1023-1036. DOI: 10.1161/ATVBAHA.122.317682

axis and atherosclerosis. Notably, the total levels of
LPAs and the activity of ENPP2 in the plasma showed
a strong positive and negative correlation, respectively,
with plaque size in EC-Enpp2~+ mice (Figure 6A).
However, these contrary correlations were weaker and
did not reach statistical significance in EC-Enpp2”~
mice (Figure 6B). Furthermore, the plasma levels of
LPA16:0 (Figure 6C) and LPA18:0 (Figure 6D) were
almost perfectly correlated with the plaque size in EC-
Enpp2* mice; however, the correlation between those
LPAs and plaque size was only moderate and not statis-
tically significant in EC-Enpp2”~ mice (Figure 6C and
6D). The strong positive correlation between LPA18:1
plasma level and plaque size in EC-Enpp2*/* mice was
absent in EC-Enpp2/~ mice (Figure 6E). In contrast,
the moderate association between the plasma levels
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Figure 6. Endothelial ENPP2 (ectonucleotide pyrophosphatase/phosphodiesterase 2) regulates the relationship between the
plasma ENPP2/lysophosphatidic acid (LPA) axis and atherosclerosis.

Correlation between the level of total LPAs or the activity of ENPP2 in the plasma with the size of the plaques in endothelial cell (EC)-Enpp2+/+
mice (A) and EC-Enpp2—/— mice (B). C through H, Correlation between the plasma level of the LPA species and plaque size. Spearman
correlation coefficient (r) was calculated. Circles, female mice; rectangles, male mice.

of LPA18:2 (Figure 6F) and LPA18:3 (Figure S7) and  and plaque size was stronger in EC-Enpp2”~ than in
plaque size in EC-Enpp2* mice was not substantially ~ EC-Enpp2"* mice (Figure 6G). The plasma levels of
altered by knocking out endothelial Enpp2. Notably, LPA20:4 were not associated with plaque size either in
only the association between the level of LPA20:0  EC-Enpp2* or EC-Enpp2”/~ mice (Figure 5H). These
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results indicated that endothelial ENPP2 determines
the association of circulating levels of LPA16:0 and
LPA18:0 with atherosclerosis.

Endothelial ENPP2 and the Regulation of Body
Weight During HFD Feeding

We specifically observed that in contrast to female mice,
knocking out endothelial Enpp2 increased the body
weight of male Apoe”~ mice (Figure 7A). Although the
correlation between the activity of plasma ENPP2 and
body weight of EC-Enpp2** and EC-Enpp2”~ mice did
not reach statistical significance, the endothelial Enpp2
knockout changed the Spearman correlation coefficient
from positive to negative (Figure 7B). In contrast, the
plasma levels of LPAs, LPA16:0, LPA18:0, LPA18:2, and
LPA18:3 were positively correlated with the body weight
of the HFD-fed EC-Enpp2"+ mice (Figure 7C and 7D).
The correlation between the levels of total LPA, LPA16:0,
and LPA18:0 and body weight could be fitted to a sinus
wave (Figure 7C and 7D), indicating a sigmoid correlation.
However, the strong positive correlation between LPA18:2
and LPA18:3 with weight was linear (Figure 7D). Notably,
knocking out endothelial Enpp2 reversed, although not in
a statistically significant manner, the positive correlation
between the levels of LPA18:2 and weight observed in
EC-Enpp2+ mice (Figure 7D). Interestingly, the plasma
levels of total LPA, LPA16:0, LPA18:0, and LPA18:3 were
not correlated with body weight in EC-Enpp27~ mice
(Figure 7C and 7D). In contrast, the plasma levels of
LPA20:0 were negatively correlated with body weight in
EC-Enpp2”’~ mice (Figure 7D). Compared with other LPA
species, the plasma levels of LPA20:4 were not associ-
ated with body weight in EC-Enpp2* and EC-Enpp2~
mice (Figure S8). These findings indicated that the activity
of endothelial ENPP2 regulates the correlation between
the level of circulating LPA species, such as LPA18:2 and
LPA18:3, and body weight.

DISCUSSION

Our study demonstrated that knocking out endothe-
lial Enpp2 reduces atherosclerosis in Apoe”~ mice in a
sex-independent manner due to reduced accumulation
of lesional macrophages. Furthermore, ENPP2 from
ECs generated LPAs, such as LPA16:0, LPA18:1, and
LPA20:4, which promoted the moxLDL-induced expres-
sion of endothelial Cxcll, thus potentially increasing
the adhesion of monocytes and accumulation of mac-
rophages. Moreover, endothelial ENPP2 established a
strong correlation between plasma levels of LPAs, such
as LPA16:0 and LPA18:0, and the plaque size, indicating
that they play a role in atherosclerosis.

We previously determined that the vessel wall-
derived activity of ENPP2 promoted the moxLDL-medi-
ated adhesion of monocytes by upregulating CXCL1 in

Arterioscler Thromb Vasc Biol. 2022;42:1023-1036. DOI: 10.1161/ATVBAHA.122.317682
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ECs.'2'® This effect was attributed to the generation of
LPA20:4 from LPC substrates obtained during the mild
oxidation of LDL.2?° Accordingly, treatment with LPA20:4
increases atherosclerosis and the CXCL1-mediated
adhesion of monocyte.”? In line with these results, we
showed that endothelial ENPP2 enhanced the forma-
tion of plagues, adhesion of monocytes, and expression
of endothelial CXCL1. Therefore, we believe that endo-
thelial ENPP2 increases atherosclerosis by CXCL1-
mediated monocyte recruitment. In addition, our results
would be compatible with the hypothesis that endothelial
ENPP2 enhances macrophage proliferation by LPA-
mediated upregulation of CXCL1.

Moreover, our results indicated that endothelial ENPP2
enhanced atherosclerosis by generating LPA16:0 and
LPA18:1 because they were, similar to LPA20:4, effec-
tively produced in the presence of moxLDL, strongly
inducing the expression of Cxcll in ECs. Interestingly,
both LPA16:0 and LPA18:1 are known to be primar-
ily accumulated in murine and human atherosclerotic
lesions.3%%" Furthermore, intestinal production of LPA18:1
has been associated with the formation of plaques.3?
ENPP2 also generated LPA16:0, LPA20:0, and LPA20:4
in the presence of nLDL. This finding is in agreement with
studies demonstrating that ENPP2 produces LPA from
LDL-associated substrates.® The differences between
nLDL and moxLDL treatment in ENPP2-mediated LPA
production may be due to the generation of specific LPCs
during the oxidation of LDL.?®

Notably, endothelial ENPP2 established a strong
correlation between the plasma levels of LPA16:0,
LPA18:0, and LPA18:1 and plaque size, suggesting that
the production of these LPAs by EC-derived ENPP2
contributes to atherosclerosis. However, knocking out
endothelial Enpp2 did not affect the plasma levels of
LPA16:0 and LPA18:0, probably because the activity
of ENPP2 derived from other cell types compensates
for the lack of the EC-dependent production of LPAs.
Our results showed that ENPP2 is immobilized on the
endothelial surface, where it locally hydrolyzed an LPC
analog. As knocking out endothelial Enpp2 did not affect
the activity of plasma ENPP2, we believe that endothe-
lial ENPP2-derived LPA16:0, LPA18:0, and LPA18:1 in
the plasma might represent a spillover of the localized
production of LPAs on the surface of ECs. Accordingly,
secreted ENPP2 binds via integrins and heparan sulfate
proteoglycans to cell membranes and supports localized
signaling by presenting LPAs to their receptors.'5203334
Thus, the local accumulation of LPAs at the endothelial
surface may play a role in plaque formation.

In contrast to previous studies in healthy humans,®
the activity of ENPP2 was inversely correlated with
the levels of LPA16:0 and LPA18:0 in the plasma of
hyperlipidemic mice, indicating that the production of
these LPAs by endothelial ENPP2 may limit the activ-
ity of plasma ENPP2. Although LPA16:0 can limit its
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Figure 7. Endothelial ENPP2 (ectonucleotide pyrophosphatase/phosphodiesterase 2) limits body weight in male Apoe~- mice.
A, Body weight of endothelial cell (EC)-Enpp2+/+ and EC-Enpp2~'~ mice (n=7-10 mice per group) after 12 weeks of high-fat diet (HFD)
feeding (2-way ANOVA and multiple comparison correction using the Sidak method). Correlation between activity of ENPP2 (B), level of total
lysophosphatidic acids (LPAs; C), or the levels of the LPA species (D) and body weight after 12-week HFD feeding. Circles, female mice;
rectangles, male mice. B through D, Spearman correlation coefficient (r) was calculated. Error bars indicate SD.
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production by inhibiting the activity of ENPP2 in vitro,
the mechanism by which endothelial ENPP2 regulates
the plasma ENPP2/LPA axis is not clear. In individuals
harboring the SNP rs10757274 on chromosome 9p21,
which increases the risk for coronary heart disease by
30% independent of traditional risk factors, the activity
of plasma ENPP2 was uncoupled from the production
of LPAs.3” Thus, the inversion of the ENPP2/LPA ratio
in the circulation might be representative of increased
atherogenesis due to enhanced production of LPAs at
the vessel wall.

1034 August 2022

In line with previous results,®® female Apoe™”~ mice
developed larger and more advanced lesions than male
mice after 12 weeks of HFD. This effect might have
been, at least, in part, due to the higher plasma levels
of cholesterol in female mice. Interestingly, the levels of
cholesterol did not differ between male and female EC-
Enpp2’~ mice, indicating that the production of LPAs
by endothelial ENPP2 plays a sex-specific role in the
regulation of the levels of cholesterol. Notably, intesti-
nally derived LPA species increase the plasma levels of
cholesterol in mice.®® However, the mechanism by which

Arterioscler Thromb Vasc Biol. 2022;42:1023-1036. DOI: 10.1161/ATVBAHA.122.317682
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LPAs affect cholesterol and lipoprotein metabolism
remains unclear.

Moreover, endothelial ENPP2 increased the plasma
levels of LPA18:1 in female mice, which contributed sub-
stantially to the higher total plasma levels of LPAs com-
pared with male mice. Accordingly, in humans, the total
levels of LPAs are higher in women than in men.*® The
cause of this sex-specific effect of endothelial ENPP2
on the production of LPAs remains unclear. One possibil-
ity is that the substrate of ENPP2 differs between male
and female mice because of the sex-specific composi-
tion of LPCs in plasma and VLDL (very-low—density lipo-
protein)—the primary lipoprotein in Apoe”~ mice.*'#2

In addition, our study suggested that endothelial
ENPP2 regulates body weight by generating LPAs dur-
ing HFD feeding based on 2 effects following the knock-
out of endothelial ENPP2: reduced correlation between
several LPA species, in particular, between LPA18:2 and
LPA18:3, with the body weight, and the increased weight
of male Apoe”~ mice after the HFD period. Although
Apoe™~ mice gain weight during HFD feeding mainly by
increasing their adipose tissue mass,*® they are, in con-
trast to C57BI/6 and Ldlr”~ mice, protected from obesity
due to reduced triglyceride uptake by adipocytes.***°
Therefore, the effect of endothelial ENPP2 on the corre-
lation between the LPA species and weight is not indica-
tive of a role of endothelial ENPP2 and LPAs in obesity.*”
Our results correlated with the concept that weight gain
of lean HFD-fed mice increased the generation of LPA
species, such as LPA18:2 and LPA18:3, by endothelial
ENPP2. The finding that endothelial EnppZ2 knockout
in male mice increased their weight and reduced the
plasma levels of LPA18:3 indicated that the localized
production of LPA18:3 at the vessel wall limits weight
gain. Therefore, a negative feedback regulation between
weight and endothelial ENPP2-mediated production of
LPA18:3 might be instrumental in male mice. Notably,
ECs control weight gain and adipose tissue mass follow-
ing HFD feeding by regulating lipoprotein and triglycer-
ide homeostasis.*#4°

In conclusion, we demonstrated that endothelial
ENPP2 promotes atherosclerosis in both sexes, most
likely by generating LPA species, such as LPA16:0,
LPA18:1, and LPA20:4, which enhance endothelial
inflammation. Therefore, targeting ENPP2 to limit endo-
thelial inflammation and lesion progression represents a
promising strategy for treating cardiovascular diseases.
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