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Reduction of Stabilin-2 Contributes
to a Protection Against
Atherosclerosis

Yukako Kayashima ™, Connor A. Clanton?, Amanda M. Lewis?, Xinghui Sun?, Sylvia Hiller’,
Phillip Huynh', Jennifer Wilder', John Hagaman', Feng Li’, Nobuyo Maeda-Smithies’ and
Edward N. Harris?

" Department of Pathology and Laboratory Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC,
United States, 2 Department of Biochemistry, University of Nebraska, Lincoln, NE, United States

We have previously identified a novel atherosclerosis quantitative trait locus (QTL),
Arch atherosclerosis 5 (Aath5), on mouse chromosome 10 by three-way QTL analyses
between Apoe™/~ mice on a DBA/2J, 12956 and C57BL/6J background. The DBA/2J
haplotype at the Aath5 locus was associated with smaller plaque size. One of the
candidate genes underlying Aath5 was Stabilin-2 (Stab2), which encodes a clearance
receptor for hyaluronan (HA) predominantly expressed in liver sinusoidal endothelial
cells (LSECs). However, the role of Stab2 in atherosclerosis is unknown. A congenic
line of Apoe~/~ mice carrying Aath5 covering the Stab2PPA allele on a background
of 129S6 confirmed the small reductions of atherosclerotic plaque development. To
further determine whether Stab2 is an underlying gene for Aath5, we generated
Stab2~/~Apoe~/~ mice on a C57BL/6J background. When fed with a Western diet for
8 weeks, Stab2~/~Apoe~/~ males developed approximately 30% smaller plaques than
Stab2*/*Apoe~/~ mice. HA was accumulated in circulation but not in major organs in
the Stab2 deficient mice. STAB2-binding molecules that are involved in atherosclerosis,
including acLDL, apoptotic cells, heparin and VWF were not likely the direct cause of the
protection in the Stab2~/~Apoe~/~ males. These data indicate that reduction of Stab2 is
protective against atherosclerotic plaque development, and that Stab2 is a contributing
gene underlying Aath5, although its effect is small. To test whether non-synonymous
amino acid changes unique to DBA/2J affect the function of STAB2 protein, we made
HEK?293 cell lines expressing STAB2129 or STAB2PBA proteins, as well as STAB2129
proteins carrying each of five DBA-unique replacements that have been predicted to
be deleterious. These mutant cells were capable of internalizing '2°1 -HA and Dil-acLDL
similarly to the control cells. These results indicate that the amino acid changes unique
to DBA/2J are not affecting the function of STAB2 protein, and support our previous
observation that the reduced transcription of Stab2 in the liver sinusoid as a consequence
of the insertion of a viral-derived sequence, intracisternal A particle, is the primary
contributor to the athero-protection conferred by the DBA/2J allele.
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INTRODUCTION

Atherosclerosis, which accounts for more than 30% of all
deaths worldwide, is a complex multifactorial disease (1). Well-
known risk factors of atherosclerosis include hyperlipidemia,
hypertension, diabetes and chronic inflammation, as well as
lifestyle risk factors such as smoking, high calorie/nutritionally
poor diets and lack of physical activity. Many genetic
factors additively or interactively determine susceptibility
to atherosclerosis of an individual, although the genetic factors
involved in the pathogenesis are not fully understood (2, 3).

Mouse models of atherosclerosis with different genetic
backgrounds show clear evidence of genetic factors affecting
susceptibility to plaque development (4, 5). For example,
atherosclerotic plaque size of apolipoprotein E-deficient
(Apoe™/~) mice on a DBA2/] background (DBA-Apoe™/™) is
larger than those on a C57BL/6] background (B6-Apoe™/~) or a
12956 background (129-Apoe™/~) (6-8). To identify the genetic
factors influencing the plaque size, we previously performed
quantitative trait locus (QTL) analysis using the F2 population
from DBA-Apoe™/~ x 129-Apoe™/~, and identified two new
QTLs, Aath4 on Chromosome (Chr) 2 and Aath5 on Chr
10 (7). Analyses of plaque size in the F2 population revealed
that the DBA allele of Aath4 confers susceptibility for plaque
development in the aortic arch area, whereas the DBA allele
at Aath5 is protective. The atherosclerosis-enhancing effect
of Aath4 likely overrides the protective effect of Aath5, since
DBA/2] strain is more susceptible to atherosclerosis compared to
B6 and 129. We further showed that Mertk is a responsible gene
underlying Aath4 (9).

Aath5 was also detected by a QTL analysis using a cross
between DBA-Apoe ™/~ and B6-Apoe™/~, while it was not present
in 129-Apoe™/~ x B6-Apoe™/~ (8, 10). Collectively, these results
indicate that the DBA/2] allele of Aath5 is unique, whereas 12956
and C57BL/6 alleles share the same sequences. Comparison of
Aath5 haplotypes between DBA/2], 12956 and C57BL/6 revealed
that only a few genes in this region exhibit this pattern. Among
those genes, Stabilin2 (Stab2) has potentially harmful amino acid
substitutions, as well as differential mRNA expression levels in
macrophages and aortic tissues (7). Although no SNPs relevant
to atherosclerosis, or notable cis- or trans-expression QTLs were
detected within the interval in the mouse genome, variations near
or within the human STAB2 gene are associated with coronary
restenosis (p = 1.0 x 1077), coronary disease (p = 1.0 x 1072)
and stroke (p = 5.4 x 10~%). Thus, Stab2 is a potential candidate
for Aaths.

Stab2 encodes a scavenger receptor primarily expressed in
the sinusoidal endothelial cells (SECs) of the liver, spleen,
bone marrow and lymph nodes. Many ligands are known
to bind STAB2, including hyaluronic acid (HA), heparins,
chondroitin sulfates, modified LDLs, collagen, von Willebrand
factor/Factor VIII and advanced glycation end products (11-
15). We previously reported that plasma concentration of HA
is ten-fold higher in DBA/2] mice than in 12956 and C57BL/6]
mice, and that the difference is linked to the Stab2 locus but not
to the other gene loci involved in HA metabolism, such as HA
synthases, hyaluronidases and other receptors (7). We further

showed that the promoter region of Stab2 in the DBA/2] genome
contains a viral-derived sequence, intracisternal A particle (IAP),
and that Stab2 gene expression is lower in the liver sinusoidal
endothelial cells (LSECs) of DBA/2] mice compared to 129 mice,
suggesting that the reduced expression of Stab2 could lead to the
high plasma HA levels in DBA/2] mice (16).

Stab2 is reported to be expressed in the atherosclerotic plaques
in humans, although the role of Stab2 in atherosclerosis is
unclear (17). Knockout mice of Stab2 exhibit more than 10
times higher plasma HA than the wild-type mice, but otherwise
are grossly normal (18). Schledzewski et al. demonstrated that
double knockout mice of StabI and Stab2 show glomerulofibrotic
nephropathy due to accumulation of a transforming growth
factor (TGF)-p family member growth differentiation factor 15
(GDF-15) and other ECM material in the blood, while single
knockout mice of Stab2 are normal (18). The double knockout
phenotype also leads to placental deficiencies that substantially
decrease litter numbers not seen in single StabI or Stab2 KO mice
(19). Hirose et al. showed that tumor metastasis was prevented
in Stab2 knockout mice (20). However, there is no investigation
directly evaluating that Stab2 is involved in atherosclerosis.
Finally, although the major ligand of STAB2, HA, is implicated
in atherosclerosis, HA could be protective or harmful depending
on the context (21-24).

In this study, we demonstrated that Aath5 affects
atherosclerosis by establishing an Apoe™/~ line on a 12986
background that are homozygous for Aath5 of DBA/2] allele,
and further examined the role of Stab2 in atherosclerosis by
generating Stab2~/~ Apoe™/~ mice on a C57BL/6] background.

MATERIALS AND METHODS

Animals

Apoe™/~ mice on C57BL/6] and 129S6/SvEvTac backgrounds
were generated in our laboratory as previously described (5).
Mice were fed regular mouse chow (3002909-203, PicoLab) and
handled under protocols approved by the Institutional Animal
Care and Use Committees of the University of North Carolina
at Chapel Hill and the University of Nebraska. Under specific
nutritional protocols, the mice were also fed a Western-type diet
(42% calories from fat, TD88137, Harlan Teklad).

Generation of a Congenic Aath5PBA/DBA
Line on a 129S6 Background

We have established Aath5PBA/PBA - congenic  mice by
continuously backcrossing Chr 10: 86Mb (Aath5) of
DBA/2] onto the 129S6 (Taconic Biosciences) background
for ten generations. The DBA allele was discriminated
from the 129 allele by PCR using primers that detect a
fragment length polymorphism within the intron 1 of
Stab2 gene: 5-CTGAGAAACAGGTGGCATGT-3’ and 5-
TATGCCTGCCTGACGGATTA-3’. The 129 allele produces
a 190 bp band while the DBA allele produces a 170 bp band.
A heterozygous mouse at the tenth backcross generation was
then crossed with 129-Apoe™/~ mice. Heterozygous mice were
further intercrossed to generate homozygous Aath5PBA/DBA
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mice. The extent of the DBA based genome were determined to
be 84.6 Mb to 93.9 Mb using SNP genotyping Mouse Universal
Genotyping Arrays (GigaMUGA) with a help from the UNC
Systems Genetics Core (25). The Aath5PBA/DBA mice were fed
regular chow (3002909-203, PicoLab).

Generation of Stab2-/~Apoe~/~ Mice
Stab2~/~ mice were generated by CRISPR-Cas9 mediated gene
editing on the C57BL/6] background in the UNC Animal Models
Core. A guide RNA was designed in exon 24 of Stab2 gene
(Figure 1A) originally aiming to generate a mouse line which
carries a single G864D mutation. When a plasmid containing
the guide RNA and Cas9 sequences was co-injected together
with a donor template oligo for homology-directed repair
(HDR) into the pronuclei of the fertilized eggs derived from
C57BL/6], eight mice were obtained. Sequencing of the target
site identified that seven mice had variable insertion/deletion
mutations. A mouse carrying a mutant allele with one base-pair
deletion (Figure 1A) was chosen as a knockout line and further
mated with B6-Apoe™/~ mice to generate Stab2™/~Apoe™/~
mice on the C57BL/6] background. The lack of STAB2 protein
was confirmed by western blotting using a goat polyclonal
antibody against STAB2 (M-20, Santa Cruz). Stab2~/~Apoe™/~
mice were obtained by mating Stab2*/~Apoe™/~ parents,
and the littermate Stab2t/*Apoe™/~ mice were used as
controls. Genotyping of Stab2 was performed by PCR using the
following primers: forward primer to detect wild-type allele;
5-AGCTGTGTCTGCAATGACGG-3’, forward primer to detect
the mutant allele; 5-AGCTGTGTCTGCAATGATGA-3’ and the
common reverse primer; 5-GAAGCAGCATGGCAGGTTAT-
3’. Genotyping of Apoe was performed by quantitative PCR
using the following probe and primer sets: wild-type probe:
5-TGGGAGCAGGCCCTGAACCG-3’;  wild-type  forward
primer:  5-GAGTGGCAAAGCAACCAACC-3;  wild-type
reverse primer 5-CAGCGCAGGTAATCCCAGAA-3’; knockout
probe: 5°-ACCCATGGCGATGCCTGCTTGCCG-3’; knockout
forward primer: 5-GACGGCGAGGATCTCGTCG-3" and
knockout reverse primer: 5-TATGTCCTGATAGCGGTCCG-3’.
Because C57BL/6 are relatively resistant to plaque development,
Stab2~/~Apoe™/~ mice and Stab2t/*Apoe/~ were fed a
Western-type diet (42% calories from fat, TD88137, Harlan
Teklad) to accelerate atherosclerosis.

Phenotyping of Mutant Mice

Body weight and plasma levels of lipids and glucose were
determined at the indicated age after fasting for 2 to 4h.
Mice were anesthetized with an overdose of avertin (2,2,2-
tribromophenol) and perfused with PBS via the left ventricle
of the heart, followed by perfusion with 4% paraformaldehyde.
Atherosclerotic plaque size at the aortic arch and at the aortic
root was measured as previously described (10). Briefly, aorta
was dissected from the fixed mouse and cleared of fat tissues.
Arch lesions were evaluated on the captured images using Image
J software. We previously demonstrated a strong correlation
between the lesion size measured by this method and the plaque
size measured in the cross-sectional aortas (10). The heart
containing the aortic root area was sectioned and stained with

Sudan IV. Root lesions were also measured on the captured
images using Image J software.

Tail-Vein Injections of 251-HA

Mice were injected via the tail vein with 1 mg/kg of 12> I-HA. After
circulation for the indicated times, the mice were euthanized and
tissues were measured for radioactivity and mass. The data is
presented as CPM/mg tissue.

Phagocytosis Assay

Phagocytosis assays using isolated peritoneal exudate cells were
performed as previously described (9). Briefly, three-month-
old male mice were intraperitoneally injected with 1 ml of 4%
thioglycollate in 1x PBS. The elicited peritoneal cells were isolated
at 3 days after the injection and incubated in 6-well-plates in
DMEM supplemented with 10% fetal bovine serum at 37°C for
an overnight. Apoptosis was induced in human Jurkat T cells
(ATCC) by incubating with 1 wM staurosporine (Sigma) for 3 h.
After staining with 100 ng/ml pHrodo™ Red SE (Thermo Fisher
Scientific) for 30 min at room temperature, the apoptotic cells
were added to the peritoneal cells at 1 x 10° cells per well.
After incubating for 60 min at 37°C, cells were detached from the
plates by Accutase (EMD Millipore), stained with anti-CD11b-
FITC (1:200, Clone M1/70, BD Pharmingen) and 0.5 uM DAPI.
Phagocytosis was measured on LSRFortessa (BD Biosciences)
and assessed by Flow]Jo software.

Plasma Levels of STAB2 Ligands

Plasma concentrations of HA, heparin and vWF were
measured with Hyaluronan DuoSet ELISA kit (R&D
systems), Unfractionated Heparin ELISA for Rodent Plasma
Samples (Lifespan Technologies) and Mouse vWF ELISA
Kit (LifeSpan BioSciences), respectively, according to the
manufactures’ instructions.

Size of HA

Serum samples of DBA/2] mice were mixed with an equal
volume of 100mM sodium acetate (pH 6.0) and incubated
with or without 20 U/ml of Hyaluronidase from Streptomyces
hyalurolyticus (EMD Millipore) for 2h at 60°C. Samples were
then incubated with 0.5 pg/pl of protease K for 3h at 60°C,
followed by 10 min at 95°C for inactivation of protease K. Nucleic
acids were digested with 10 U/l Benzonase nuclease (Sigma)
overnight at 37°C. The samples were precipitated with ethanol
and separated by electrophoresis on a 2% agarose gel in TAE
buffer. The gel was incubated with 0.005% Stains-All (Sigma) in
30% ethanol overnight and de-stained with 10% ethanol. Select-
HA HiLadder and LoLadder (Echelon Biosciences) were used as
molecular markers.

Endocytosis of 12°I-HA by LSECs

Mouse liver perfusions and LSEC purification was performed
as previously described in Cabral et al. with the additional step
of depleting Kupfter cells with the use of CD11 magnetic beads
(26). Cells were plated on fibronectin-coated 24-well-plates in
Roswell Park Memorial Institute (RPMI) medium with 5% serum
and incubated for 1.5h to recover and attach to the plate.
The cells were washed and incubated with 1 mg/mL 2°I-HA
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FIGURE 1 | Stab2~/~Apoe~/~ mice develop smaller atherosclerotic plagues. (A) Generation of Stab2~/~Apoe~/~ mice on a C57BL/6 background. Donor
sequences carrying two mutations are shown (Top). The guide sequence used in the CRISPR/Cas9 genome editing was underlined (middle). Two mutations were
(Continued)
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FIGURE 1 | introduced compared to WT allele. Extra one base pair deletion in Stab2 gene resulted in a knockout allele of Stab2 (bottom). Complete deficiency of
STAB2 protein was confirmed by Western blot using the whole liver lysates from Stab2+/*, Stab2+/~ and Stab2~/~ mice. GAPDH was used as an internal control.
(B) Comparison of plaque size at the aortic arch (left) and root (middle), and percentage of plaque area vs. vessel area at the root (right) between the control
Stab2+/*Apoe~/~ and Stab2~/~Apoe~/~ mice at 12 weeks old. Mice were fed with a Western-type diet for 8 weeks. Plaque size (um?) was square root transformed
(sqrt) for statistical analysis. n = 10-16, mean + s.d., *p < 0.05 vs. Stab2*/*Apoe~/~. ns, not significant. (C) Plasma lipid and glucose levels in Stab2+/* Apoe~/~
and Stab2~/~Apoe~/~ mice. n = 10-16, mean + s.d. (D) Representative histological sections of the aortic root area from the control Stab2+/*Apoe~/~ and
Stab2~/~Apoe~/~ males at 12 weeks old after fed with a Western-type diet for 2 months. Sections were stained with Sudan IV. Bar = 50 pm.

for 2h, washed three times with HBSS and radioactivity was
determined with a gamma counter and total cell lysate protein
was determined by Bradford Assay.

Mouse Stab2 cDNA Isolation

Total RNA was isolated from the liver of 129S6 and DBA/2] mice
using RNeasy mini kit (Qiagen) and cDNA was synthesized by
SuperScript III (Life Technologies) using random hexamers. The
5’ half (3.8kb) and 3’ half (4.2kb) of the Stab2 were amplified
separately by PCR and cloned into pCMV6-AC-IRES-GFP-Puro
vector (OriGene) by the overlap in vivo cloning (27, 28). Briefly,
the amplified fragments have sequences overlapping with the
vector end for 60 bp, and with each other for 300 bp. The mixture
of the fragments and vector was directly transformed into Stellar
Competent Cells (Takara). The isolated plasmids were sequenced
and confirmed to have the full-length cDNAs of Stab2'?° and
Stab2PPBA. Stab2 cDNAs carrying each amino acid mutation were
made using GeneArt Site-Directed Mutagenesis System (Thermo
Fisher Scientific) according to the manufacturer’s protocol.

Stable Transformants of Stab2 cDNA

Both Stab2'?® and Stab2PPA cDNAs were transfected into
HEK293T cells, and cells stably expressing Stab2 cDNA were
cloned by puromycin selection. To establish cell lines which
express similar amounts of the transgene, both 129 and DBA
variants were cloned into a pcDNAS5/FRT/V5/6xHis-TOPO
plasmid (Thermo Fisher Scientific) and stable clones were
generated in Flp-In 293 cells (Thermo Fisher Scientific) as
previously described (29).

Direct HA Binding Assay

Flp-In 293 cells stably expressing STAB2 were lysed in 1x PBS
containing 0.5% NP-40 and protease inhibitor cocktail. The
clarified lysate was combined with 20 L of a 1:1 slurry of anti-
V5 and '2°I-HA, and incubated for 2 h under slow rotation. The
resin was washed 4 times with 1x PBS containing 0.1% NP-
40 and evaluated for radioactivity. STAB2 protein was eluted
from the resin with Laemmli buffer, separated by 5% SDS-PAGE
and evaluated by Western analysis to equilibrate counts per g
of protein.

Cell Surface and Total Cellular HA Binding

Assay

The amount of HA binding by the cell surface and the total cell
STAB2 was determined as described previously (30). Briefly, at
least three stable clones expressing STAB2 were incubated on ice
with 1pug/mL '2°I-HA for 1h at 4°C, with or without 0.055%
(w/v) digitonin which permeabilizes the plasma membrane. Cells

were washed three times with ice-cold Hanks™ balanced salt
solution (HBSS), lysed in 0.3 mol/L NaOH, and radioactivity and
protein content were determined. The values are expressed as
counts per g of protein.

Endocytosis of 125]-HA by Stab2

Expressing Cells

Endocytosis of 12°I-HA was performed as described previously
(29). Briefly, at least three clones stably expressing STAB2 were
plated in 24-well-dishes and allowed to grow for 2 days prior
to the experiment. Immediately prior to the experiment, cells
were washed and incubated in endocytosis medium (Dulbecco’s
Modified Eagles Medium (DMEM) + 0.05% BSA) at 37°C for
1 hour followed by endocytosis medium containing 1 pug/mL
I251_HA. At each time point, cells were washed 3 times with
ice-cold HBSS, lysed in 0.3 mol/L NaOH, and assessed for
radioactivity with a gamma counter. CPM were normalized to
the receptor expression levels as assessed by Western blot analysis
and expressed as pmol HA per fmol receptor.

Endocytosis of acLDL

HEK293T cells were grown in DMEM supplemented with 10%
fetal bovine serum. Stab2 cDNA plasmid was transfected into
HEK293T cells using FuGENE HD (Promega) following the
instructions. Forty-eight h after the transfection, medium was
changed to serum-free phenolphthalein-free DMEM, and Dil-
labeled acLDL (Alfa Aesar) was added to the cells at the final
concentration of 50 pg/ml. Cells were incubated at 37°C for
30 min, washed with PBS and fixed with 4% PFA at room
temperature for 10 min. Fluorescent images of the Dil-positive
cells were captured by Olympus IX81 microscope (Olympus).
Percentages of the Dil-positive cells were determined by
FACSAria IT (BD Biosciences) and assessed by Flow]Jo software.

In vivo Clearance of acLDL

One png/g body weight of Dil-labeled acLDL (Alfa Aesar) in
PBS was injected into the anesthetized mice by retro-orbital
injection via the right eyes. At each time point, blood was
collected from the left eyes, and the plasma was transferred
to disposable capillaries with 20 pl capacity (#1-000-0200-32,
Drummond Scientific Company). Images of the capillaries were
captured with automatic exposure times using IX70 fluorescence
microscope (Olympus) and SPOT image capture software (SPOT
Imaging). Since each exposure time is in inverse proportion to
the fluorescence intensity, logarithm of the reciprocal of the
exposure time [log;o (1/time)] was plotted as the indicator of the
fluorescence intensity.
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Statistics

Comparisons between samples were done by ¢-test or one-way
analysis of variance (ANOVA) followed by Tukey-Kramer’s HSD
test. P < 0.05 was considered as statistically significant. Data were
analyzed using JMP software version 15.2 (SAS Institute) and
SigmaPlot 11.2 software (Systat).

RESULTS

Aath5PBA |s Slightly Protective Against

Atherosclerotic Plaque Development

Aath5 locus on Chr10 (30-101 Mb) was previously identified as
an atherosclerosis QTL. The DBA/2]J allele of Aath5 (Aath5PB4)
was associated with smaller plaques, while 129 allele of
Aath5 (Aath5'?°) was associated with larger plaques (7).
To confirm the effect of Aath5 on plaque development, we
generated a congenic Apoe™/~ mouse line with Aath5PBA/DBA
by backcrossing the genomic region of DBA containing a
distal portion of Aath5 (84.6-93.9Mb) to 129—Apoe_/_ for
ten generations (Supplementary Figure 1A). The backcrossed
region of Aath5PBA contains Stab2PPA. As expected, plasma
concentration of HA was more than 10 times higher in
Aath5PBA/DBA Apoe=/~ mice than in male and female control
Aath5'2/12° Apoe™/~ mice (Supplementary Figure 1B). Of note,
expression of Stab2PP4 was completely suppressed on this 12956
background because the IAP element interferes with the normal
transcription (16). Plasma cholesterol and triglyceride levels in
the Aath5PBA/PBA Apoe=/= mice were slightly lower compared
to the control mice, although it was not statistically significant
(Supplementary Figure 1C). Plasma glucose levels were
comparable between Aath5PBA/PBAApoe=/~ and the control
mice (Supplementary Figure 1C). Atherosclerotic plaque size
at the arch area was slightly lower in Aath5PBA/PBA Apoe=/—
mice than in control mice in both males and females, although
it was not statistically significant (Supplementary Figure 1D).
At the root area, only female Aath5PBA/PBAApoe=/~ mice
showed significantly smaller plaques compared to the control
mice (Supplementary Figure 1D). These results support that
the backcrossed region of Aath5PBA confers protection against
atherosclerosis. This approach eliminates the potential effects
of genes on chromosomes other than Chrl0, although it does
not eliminate a possibility that more than one gene within
the backcrossed region affect atherosclerosis. The effect of
each gene could be either suppressing or enhancing plaque
development. The result nonetheless confirms that gene(s)
within the backcrossed region collectively confers protection and
that there is at least one protective gene within the region. The
effects of genes within Aath5PB4 that was not carried into the
genome of Aath5PBA/PBA mice were eliminated.

Lack of Stab2 Is Protective Against

Atherosclerotic Plaque Development

To test whether Stab2 is a modifier of atherosclerosis, we
generated Stab2~/~Apoe™/~ mice on C57BL/6 background
(Figure 1A). Since the C57BL/6 strain is relatively resistant to
plaque development compared to the 129S6 strain at the arch

area, mice were fed a Western-type diet starting at 4 weeks
of age and until 12 weeks of age to enhance atherosclerosis.
In males, plaque sizes were smaller in Stab2~/~ Apoe™/~ mice
than in the control mice at both the arch and root areas,
while female Stab2~/~Apoe™/~ mice did not show significant
differences compared to the control mice at either arch or root
area (Figure 1B). Plasma total cholesterol and triglyceride levels
in the Stab2~/~Apoe™/~ mice were not significantly different
from the control mice in both males and females (Figure 1C).
Plasma glucose levels were also comparable between the two
groups (Figure 1C). The histological sections of the aortic root
area showed accumulation of Sudan IV-positive foam cells within
the plaques in both Stab2t/* Apoe™/~ and Stab2~/~Apoe™/~
(Figure 1D). These results indicate that the lack of Stab2
contributes to a small protection against atherosclerosis in males.

Reduced Clearance of HA From Circulation
in Stab2=/~ Mice

Consistent with previous reports (18, 20), plasma concentration
of HA was elevated by more than 30 times in Stab2~/~ Apoe™/~
mice compared to the Stab2™/*Apoe™/~ mice (Figure 2A).
Alcian-blue staining, which detects mucopolysaccharides
including HA, showed positive staining in the root valve
leaflets and the proximal part of the valves (Figure 2B). Despite
the extremely higher plasma HA, the staining pattern in
Stab2~/~ Apoe™/~ mice was comparable to that in the control
mice (Figure 2B).

When 2°I-HA was injected via tail vein to wild-type mice,
125T.HA in circulation gradually decreased and dropped to less
than 50% at 20 min (Figure 2C). In contrast, !2°I-HA decreased
for the first 10 min but became stable in Stab2~/~ mice. The liver
and the spleen of Stab2~/~ mice showed consistently lower levels
of 12°T-HA than those of wild-type mice. Although more '2°I-HA
was accumulated in the kidney of Stab2~/~ mice compared to
the wild-type, 12°I-HA decreased to comparable levels as wild-
type at 20 min. These results indicate that degradation of HA in
the liver and the spleen was inhibited in Stab2~/~ mice and HA
accumulated in circulation. In spite of the high distribution of HA
in the liver and the kidney, less '2°I-HA was detected in the heart
and the lung. The distribution patterns of HA in the heart and
the lung were similar in wild-type and Stab2~/~ mice, indicating
these are background levels due to residual blood in the organs
(Figure 2C).

Collectively, these results suggest that clearance of HA from
the liver was reduced in Stab2~/~ mice, and that HA accumulated
in circulation rather than in major tissues/organs including
large vessels.

Other Ligands of STAB2

Next we examined whether clearance of STAB2 ligands other
than HA were affected by inhibition of Stab2. Elimination of
apoptotic cells in atherosclerotic plaques plays a critical role
in lesion development. STAB2 recognizes phosphatidylserine
of apoptotic cells and mediates phagocytosis of those cells
(31). We tested the effect of Stab2 deficiency on phagocytosis
using peritoneal exudate cells isolated from Stab2~/~Apoe™/~
and the control Stab2t/* Apoe™/~ mice. When the isolated
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FIGURE 2 | Lack of STAB2 leads to the accumulation of HA in circulation but not in major organs. (A) Plasma HA concentrations in Stab2+/+Apoe~/~ and
Stab2~/~Apoe~/~ mice (n = 4). Data are mean = s.d. (B) Alcian blue staining of aortic root area of Stab2+/*Apoe~/~ and Stab2~/~Apoe~/~ mice. Arrows indicate
root valve leaflets. Alcian blue-positive mast cells are observed (arrowheads). Bar = 100 pm. (C) Distribution of '251-HA in major organs after injection of 1 mg/kg
125|_HA via tail-vain in Stab2t/* (WT) and Stab2~/~ (KO) mice (n = 3; data are mean + s.d. *p < 0.05, **p < 0.01, and “**p <0.001 vs. Stab2*/* mice. ns, not
significant).

peritoneal cells were incubated with apoptotic Jurkat cells, result indicates that phagocytosis of apoptotic cells is unlikely
the percentages of macrophages engulfing the apoptotic cells  the primary mechanism involved in the athero-protection in
were not significantly different between the two groups. The  Stab2~/~ Apoe™/~ mice (Figure 3A).
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FIGURE 3 | Lack of STAB2 does not have large effects on its ligands other than HA. (A) Phagocytosis of apoptotic cells by peritoneal exudate cells isolated from
Stab2+/*Apoe~/~ (+/+) and Stab2~/~Apoe~/~ (-/-) mice. Apoptotic Jurkat T cells labeled with pHrodo Red were added to the peritoneal cells. After the incubation
for 1h at 37°C, cells engulfing the apoptotic cells were detected by flow cytometry (n = 7-9). Data are mean + s.d. (B,C) Plasma concentrations of heparin

(B) (n = 10) and VWF (C) (n = 12) in Stab2*/*Apoe~/~ and Stab2~/~Apoe™/~ mice. Data are mean + s.d.

Heparin, which binds and activates antithrombin, is a ligand
of STAB2 (12). Plasma concentrations of heparin were not
significantly different between the two groups (Figure 3B).
Another ligand of STAB2, von Willebrand Factor (vWE),
mediates vascular inflammation and enhances atherosclerosis by
stimulating the adhesion of platelets onto the vessels (32). Human
GWAS revealed variations of Stab2 gene are associated with
plasma vWF concentration (33). Stab2~/ _Apoe_/ “mice showed
approximately 1.6 times higher concentration of plasma vWF
compared to Stab2/+ Apoe™/~ mice (Figure 3C). This increase
was statistically significant but small compared to the elevation of
HA, which was 30 times higher in the Stab2 deficient mice.

Taken together, Stab2 ligands other than HA we tested do
not appear to be large effectors of the lack of Stab2 and
do not explain their involvement in the athero-protection
in Stab2~/~ Apoe™/~ mice.

Reduced Clearance of HA in DBA/2J Mice

We have previously reported that plasma concentration of HA
was over 10 times higher in DBA/2] mice than in 12956 or
C57BL/6 mice (7). The size of increased HA in the plasma
of DBA/2] mice was approximately 40-100 kDa (Figure 4A).
We have also demonstrated that the expression level of
STAB2 in LSECs of DBA/2J mice (STAB2PPA) was reduced to
approximately 35% compared to 129S6 or C57BL/6, and that the
promoter region of Stab2 gene in the DBA allele contains a viral-
derived sequence, IAP, which likely interferes with transcription
of Stab2 (16). To confirm that clearance of HA is disturbed in
DBA/2J mice, we injected '2°I-HA (~130 kDa average mass) into
129S6 and DBA/2] mice via tail vein, and measured radioactivity
in major organs. At 10 min after the injection, the radioactivity of
125T_HA was highest in the liver of 12986, while it was more than
50% lower in that of DBA/2], suggesting that uptake of '2I-HA
into the LSECs was reduced in DBA/2] (Figure 4B). The spleen
of 12956 also showed accumulation of '2°I-HA, although the
radioactivity was approximately 50% of the liver. This reflects that
STAB2 is also expressed in the SECs in the spleen. Similarly to the
liver, the spleen showed significantly lower '2°I-HA in DBA/2J

than in 129S6. The heart and the lung also showed low levels
of radioactivity, but no significant differences were observed
between 12956 and DBA/2]. The low levels of radioactivity are
considered to be background caused by residual blood in the each
organ containing '2°I-HA. These results support that endocytosis
of I-HA in the liver and spleen was significantly decreased
in DBA/2].

We further isolated LESCs from the livers of 129S6
and DBA/2J] and performed endocytosis of 2°I-HA ex vivo.
Consistent with the in vivo results, endocytosis of '2°I-HA by
the LSECs isolated from DBA/2] mice was more than 50% lower
than that of 129 LSECs (Figure 4C). Together, these results
confirm that clearance of HA via LSECs is reduced in the DBA/2]
strain, leading to more than ten times higher concentration of
HA in the plasma of DBA/2] mice. However, since the Stab2
expression in the LSECs of DBA/2] is not completely suppressed,
there is a possibility that the STAB2PBA protein contributes to
further functional defects due to amino acid alterations specific
to DBA/2J.

Normal Binding and Endocytosis of HA via

STABPEA Protein

Mouse STAB2 protein has a large (2,464 amino acids)
extracellular region composed of multiple conserved domains
indicative of protein-protein interaction. Although no alteration
was found in the HA-binding link domain of STAB2PBA,
STAB2PBA differs from STAB2'?° by 15 amino acid residues,
five of which: R151H, T382S, G864D, P1086L and T1596M,
are potentially deleterious substitutions according to the SIFT
prediction program (7). These amino acids are located in the
EGF-like domains or in FAS domains within the extracellular
region, and could affect polymerization or interaction with other
receptors (Figure 5A). To test the effects of these amino acid
changes on the functions of STAB2, we constructed expression
vectors containing individual Stab2 cDNAs isolated from the
livers of 12956 and DBA/2]. The vector provides a DDK epitope
tag at the C terminus of the STAB2 protein. A previous report
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by Harris et al. had shown that the C-terminal tag does not
affect the expression and function of STAB2 (34). When the
same amount of cDNA was overexpressed in human embryonic
kidney 293T (HEK293T) cells, comparable amounts of STAB2!?°
and STAB2PBA proteins were detected by Western blot at
approximately 300 kDa and 175 kDa as expected (Figure 5B).
The protein is localized on the cell surface, indicating that
membrane trafficking of STAB2PBA is not affected by the amino
acid alterations (Figure 5C).

To compare the binding capacity of STAB and
STAB2PBA to HA, Flp-In 293 cells stably expressing each
STAB2'?° or STAB2PBA tagged with C-terminal V5 were lysed,
immunoprecipitated with anti-V5 resin, and incubated with
125]_.HA. When normalized to the amount of protein levels,
binding of HA to the immunoprecipitated STAB2P®A was not
significantly different from STAB2!%? (Figure 5D). To further
examine HA binding to STAB2!? and STAB2PBA in live cells,
STAB2-expressing HEK293T cells were incubated with 2°1-
HA on ice with or without 0.055% digitonin. Since digitonin
permeabilizes the cells and allows 2> I-HA access to intracellular
pools of STAB2, HA binding in the intracellular compartments
as well as on the cell surface can be detected, which is defined as
total 12°I-HA binding. Despite that each cell line expresses varied
amounts of STAB2, the percentage of '>°I-HA bound to the cell
surface was 18.4 = 1.4% compared to internal binding of 81.6
+ 1.4% in STAB2!% cells. In STAB2PBA cells, the cell surface
binding was 16.1 & 2.2% while internal binding was 83.9 &= 2.2%.
Thus, there is no significant difference in the trafficking of the
receptor and HA-binding activity in STAB2'?° and STAB2PBA
expressing cells (Figure 5E).

2129

The endocytosis of 12°I-HA by cells overexpressing STAB2!%
and STAB2PBA were also comparable (Figure 5F). Moreover,
cells overexpressing STAB2 which carry each of the five
amino-acid mutations did not show significant difference in
endocytosis of '°I-HA (Figure 5G). Therefore, these amino
acid changes in STAB2PBA are unlikely to contribute to the
high plasma concentration of HA in DBA/2] mice. These data
support our previous finding that the reduced expression at the
transcriptional level of Stab2 in LSECs is the primary contributor
to the elevation of plasma HA.

Clearance of acLDL Is Not Affected in

DBA/2J

Since modified LDL, another ligand of STAB2 (35), is known
to enhance atherosclerotic plaque development, we examined
whether the allelic differences of Stab2 influence clearance of
acetylated low-density lipoprotein (acLDL). When incubated
with culture medium containing Dil-labeled acLDL, cells
expressing STAB2!'?° showed increased uptake of Dil-acLDL
compared to the control cells transfected with the empty vector,
indicating that the cDNA produces functional STAB2 proteins
(Figure 6A). Uptake of acLDL by STAB2PPA was not significantly
different from that by STAB2!%° (Figures 6A,B).

To examine the effects of the allelic differences of Stab2
on the clearance of acLDL in vivo, Dil-labeled acLDL was
intravenously injected to 129S6 and DBA/2] mice and its
clearance from the circulation was detected by measuring
fluorescence intensity of the plasma. The injected acLDL was
rapidly cleared in 12956 mice (Figure 6C). Despite the reduced
amount of STAB2 in the LSECs, DBA mice did not show
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FIGURE 5 | 129]-position-[AA in DBA]. Positions of other AA changes predicted to be benign are indicated as *. (B) Expression of STAB2 in the HEK293T cells
transfected with the control empty pCMV6-AC-IRES-GFP-Puro vector (EV) or vectors containing Stab2'?° or Stab2PPA cDNA. Cells were lysed at 48 h after the
transfection and analyzed by western blot using antibodies against STAB2 and the DDK-tag. UT: untransfected HEK293T cells. (C) Immunostaining of STAB2 protein
(magenta) transiently overexpressed in HEK293T cells detected by anti-DDK antibody. Nuclei were visualized by DAPI staining. (D) Binding of '2°1-HA by STAB2'2°
(129) and STAB2DBA (DBA). Lysates of Flp-In HEK293 cells which express STAB2 tagged with V5 epitope were immunoprecipitated with anti-V5 resin and incubated
with 2 wg/ml 1251-HA. The radioactivity bound to the anti-V5 resin was measured. The value was normalized to the amount of STAB2 protein. At least three clones were
used for each strain. Data are mean + s.d. (E) Distribution of 12°|-HA bound to STAB2'2° and STAB2PBA on the cell surface and in the intracellular compartments.
STAB2-expressing HEK293T cells were incubated with '2°I-HA on ice without (Surface) or with (Total) digitonin, which permeabilize the cells and allow '2°I-HA access
to intracellular pools of STAB2. Cells were lysed and the radioactivity was assessed. Internal binding (%) was calculated as [100 - Surface binding (%)]. Four clones of
129 and three clones of DBA were used. At least four experiments were done for each clone and the values were averaged. Data are mean =+ s.d. (F) Internalization of
125]-HA by STAB2'?° and STAB2PBA. STAB2-expressing HEK293T cells were incubated with medium containing 1 wg/ml 2%I-HA for the indicated times, lysed and
assessed for radioactivity. The value was normalized to the amount of STAB2 protein determined by Western blotting. Four clones of 129 and three clones of DBA
were used. Experiments were repeated five times and average values are shown. Data are mean + s.d. (G) Internalization of '2I-HA by STAB2 proteins carrying each
DBA2/J-specific amino acid change (P1086L, R151H, T1596M, T382S and G864D) or a mutant STAB2 protein where N-terminus region (1-927 AA) of STAB2'29 was
changed to that of DBA2/J (5-mut). STAB2-expressing HEK293T cells were incubated with medium containing 1 pg/ml '22I-HA for 4 h and endocytosis of '2°I-HA
were assessed as in (F). n = 4. Experiments were repeated five times and average values are shown. Data are mean + s.d. ***p < 0.001 vs. 129. ns, not significant.
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FIGURE 6 | Amino acid changes in STAB2P®A do not affect internalization of acLDL. (A) Endocytosis of Dil-acLDL by the STAB2-expressing HEK293T cells. Cells
were incubated with 50 pg/ml Dil-acLDL at 37°C for 30 min. Images were captured after washing with PBS and fixation with 4% PFA. The inserts show the punctate
pattern of intracellular distribution. (B) Percentage of Dil-acLDL positive cells. STAB2-expressing HEK293T cells were incubated with 50 wg/ml Dil-acLDL at 37°C for
15min and analyzed by flow cytometry. Data are mean + s.d. The *** symbol indicates the value p < 0.001. ns, not significant. (C) Clearance of Dil-acLDL in vivo.
12956 and DBA/2J mice were intravenously injected with 1 wg/g body weight of Dil-acLDL. Blood was collected at the indicated time points and fluorescence
intensity in the plasma was determined (n = 4 for each strain). (D) Fluorescent images of the liver from the 129S6 and DBA/2J mice 9 min after the injection of
Dil-acLDL. Dil-acLDL particles were distributed along the liver sinusoids similarly in both strains. CV; central vein.

any noticeable delay in the clearance of acLDL (Figure 6C).
At 9min post-injection, the Dil-acLDL was distributed along
the sinusoids in the liver, and the distribution patterns and
intensities of the Dil-acLDL were not significantly different
between 129S6 and DBA/2] (Figure 6D). The reduced STAB2
expression in DBA/2] does not appear to affect the clearance of

acLDL in vivo, probably because the uptake of acLDL is also
mediated by other scavenger receptors, including SR-A, SR-B
and STABI.

Taken together, our data suggest that the increased plasma of
mid-sized HA is the major reason that Stab2 deficiency leads to
small protection from atherosclerotic plaque development.
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DISCUSSION

Our previous QTL analyses revealed two major QTLs, Aath4
on Chr 2 and Aath5 on Chr 10, where the DBA allele of
Aath4 confers susceptibility to atherosclerosis, whereas, DBA of
Aath5 is protective (7, 8). DBA/2] strain is more susceptible
to atherosclerosis compared to C57BL/6 and 129S6, since the
protective effect of Aath5 is not large enough to overcome
the effect of Aath4. Still, dissecting those factors is a necessary
step to better understand the whole genetic structure of a
common disease like atherosclerosis that consists of many little
factors. Our study using the backcrossed mice and the gene-
edited mice demonstrated that Stab2, a candidate of Aath5, is
likely a modifier of atherosclerosis, but the effect can be easily
flipped depending on the genotypes of other loci with greater
influential effects.

While both male and female Aath5PBA/PBAApoe=/= mice
tend to show smaller plaques, only male Stab2~/~Apoe™/~
mice showed statistically significant protection. The male-
specific phenotype of Stab2~/~Apoe™/~ mice is consistent
with our previous observation that Aath5 was detected in F2
males of the DBA/2] x 129S6 cross (7). Although there is
no direct evidence that explains the male-only phenotype in
the Stab2~/~Apoe™/~, many sex-dependent factors, such as
sex hormones, are known to influence atherosclerosis, vessel
diameter and blood pressure (36). Female Stab2~/ _Apoe_/ -
could be protected by the combination of these factors. The
phenotype in Aath5PPA/PBA Apoe=/~ mice could be affected by
other gene(s) which also underlie Aath5. The background of
Aath5PBA/DBA Apoe=/~ mice is 12956, while Stab2~/~ Apoe™/~
mice are on a C57BL/6 background, which might have
introduced the difference as well. Furthermore, although
our original QTL analyses found the athero-protection was
restricted at the aortic arch area and not at the aortic root
(7, 8), the protection was not strictly limited to the aortic
arch in the congenic AathSDBA/DBAApoe_/ ~ (129S6) and in
Stab2~/~ Apoe™/~ (C57BL/6) mice. This suggests a possibility
that the many other loci are influencing to the atherogenesis at
the aortic root area more than in aortic arch area, limiting the
ability to detect small effects by the QTL analyses.

In the current work we explored several possible mechanisms
by which the lack of Stab2 could lead to the protection
against atherosclerosis. In humans, there is a report that
Stab2 is expressed in atherosclerotic plaques, although the
function of Stab2 is unclear (17). Our previous microarray
experiments showed that the expression of Stab2 in macrophages
was almost undetectable in mice (7). Furthermore, our data
presented here show that phagocytosis of apoptotic cells was
comparable between macrophages isolated from the wild-type
and Stab2~/~ Apoe™/~mice (Figure 3A). Our data, thus suggest
that the influence of Stab2 on the phagocytosis of apoptotic cells
by macrophages in atherosclerotic plaques is negligible.

The major ligand of STAB2 is HA, and consistent with
previous reports (18, 20), plasma HA concentration was
more than 30 times higher in Stab2~/~Apoe™/~ mice than
in the control Stab2™/*Apoe~/~mice (Figure2A). HA is
an unbranched polysaccharide consisting of alternating

D-glucuronic acid and N-acetyl-D-glucosamine residues.
According to the molecular weight, HA is classified into oligo
HA (o-HA, <10 kDa), low to medium molecular weight HA
(LMW- to MMW-HA, 10-1,000 kDa) and high molecular weight
HA (HMW-HA, >1,000 kDa) (37, 38). HMW-HA can provide
increased viscoelasticity to tissue fluids such as vitreous humor
and synovial fluid (39). HMW-HA is also important in the
cellular microenvironments, modulating cell mobility, immune
cell differentiation, adhesion and activation (40). The breakdown
of HMW-HA, catalyzed by hyaluronidase activity in tissues,
initiates turnover of HA, which enters the lymphatic system and
is further degraded in lymph nodes (41). The degraded HA in
circulation is endocytosed by LSECs, and is degraded to very
short oligos and monosaccharides (42).

Several studies indicate that HA is anti-atherogenic. In a cell
culture system, HMW-HA (average ~4,000 kDa) significantly
inhibited smooth muscle cell (SMC) migration induced by
platelet-derived growth factor-BB (PDGE-BB) (43). In vivo
experiments also showed that pharmacological inhibition of
HA synthesis by 4-methylumbelliferone (4-MU) accelerated
plaque development in Apoe™/~ mice and increased macrophage
recruitment to the plaque (21). Furthermore, daily subcutaneous
administration of HMW-HA significantly reduced the intima-
media ratio and intimal macrophage content after balloon injury
of the common carotid artery in cholesterol-fed rabbits (22). A
recent study also demonstrated that injection of nanoparticles
that are aggregates of HA stabilized plaques in Apoe™/~ mice
(44). These results collectively suggest that HA in circulation
is anti-atherogenic.

On the other hand, in atherosclerosis, HA is an abundant
component of plaque matrix (45). Expression of HA synthases as
well as hyaluronidases increase in plaque during inflammation,
and accumulation of fragmented HA in the plaque matrix
stimulates inflammation (46, 47). Inhibition of HA synthesis
by 4-MU reduced neointimal hyperplasia in femoral arteries
of mice after injury (23). The authors reported that, through
binding to the active form of CD44 or other receptors, LMW-
HA mediates leukocyte adhesion and extravasation, as well as
SMC migration and proliferation following vascular injury (23).
In addition, SMC-specific overproduction of HA promoted the
development of aortic atherosclerosis in Apoe_/ ~ mice (24).
Expression of HA synthase 2 (HAS2) in medial SMC-promoted
SMC proliferation and migration (23). Moreover, HA synthase 3
(HAS3) knockout mice developed smaller atherosclerotic plaques
(47). These results suggest that HA in the plaque ECM could
be pro-atherogenic.

The contradictory results could be due to the size of HA,
location of HA accumulation and the stages of atherosclerosis.
There is also a potential contamination of endotoxin or other
bioactive molecules in animal-derived HA for in vitro work,
which could affect proper evaluation of the HA-intrinsic effects
(48). In our analysis, the size of accumulated HA in the plasma
of DBA/2] was estimated at approximately 40-100 kDa, which
is comparable to that of 129S6 mice. Despite the extremely
high concentration of HA in plasma, accumulation of HA in
tissues including the aortic wall was not apparent in DBA/2J and
Stab2~/~ mice, suggesting that the effects of STAB2 inhibition
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on the SMC-derived HA within the plaque are considered to
be small.

HA is not the only ligand for STAB2-mediated clearance.
Over twenty ligands including HA have been reported, although
unlike HA, many of them are also cleared by other receptors
(49). For example, modified LDLs (oxLDL, acLDL) are cleared
by macrophages via several receptors such as CD36, SR-A and
SR-B (50). Plasma lipid levels of StabZ_/_Apoe_/_ mice were
comparable to the control mice, indicating that clearance of
modified LDL is unlikely the underlying mechanism. In addition
to HA, chondroitin sulfate also constitutes endothelial glycocalyx
and could be anti-atherogenic (51). Chondroitin sulfate competes
with HA binding on STAB2, although it could be cleared via other
scavenger receptors including STAB1 (13).

Von Willebrand factor (vWF) and Factor VIII (FVIII) also
bind to STAB2. Genetic associations of Stab2 and vWF and
FVIII were suggested by several genome wide association studies
(GWAS). A recent report has demonstrated that vWF binds to
STAB2 protein and is cleared by LSECs in humans (15). The
GWAS Catalog lists significant association of SNPs in or near
the STAB2 gene with circulating vVWF and FVIII levels, and
recent human and mouse studies indicate Stab2 is involved in
venous thromboembolism (33, 52, 53). Increased plasma levels of
vWF and FVIII have been shown to enhance platelet recruitment
to endothelial cells (32). Since platelet-endothelial interaction
is a contributing factor in atherosclerosis, STAB2 could affect
lesion development via vVWEF/EVIIL Although direct binding of
mouse VWF and mouse STAB2 was not observed, STAB2 might
affect stability of vVWF/FVIII indirectly via the accumulation of
heparin, which binds to and inhibits vWE, since heparin also
binds STAB2 (12). Our result shows that plasma vWF levels were
1.6 times higher in Stab2~/~Apoe™/~ mice than in the control
mice. Although the elevation of vWF was not as dramatic as
HA, which was more than 30 times higher, the accumulation
of VWF could somewhat enhance atherosclerosis reducing the
athero-protective effects by other ligands in Stab2~/~Apoe™/~
mice. Being a large molecule with multiple domains for protein-
protein interactions, STAB2 could interact with other clearance
receptors for various glycosylated molecules (15). We also note
that CLEC4M and SCARAS5 are also clearance receptors for
FVIII and their interactions with STAB2 are not known at this
time (54, 55). These mechanisms need to be addressed in a
future study.

Our data demonstrated that DBA-specific amino acid
replacements on STAB2, despite being predicted to be potentially
harmful replacements, did not alter the internalization of HA.
The result is consistent with the fact that all five non-synonymous
mutations are outside of the HA-binding link domain that
controls internalization of HA. The result instead strongly
supports our previous suggestion that reduced transcription
of Stab2 is the primary cause of dysfunction of STAB2 in
DBA (16).

In summary, our results indicate that Stab2 is likely a modifier
gene of atherosclerosis. The protective effects we observed were
small, and probably affected by other factors. Additionally, there
are technical limitations in detecting minor differences in the

phenotypes due to animal-to-animal variations. Nevertheless, we
point out that all four independent sets of crosses (two previous
QTL analyses and current congenic as well as Stab2~/~ Apoe™/~
mice) showed small but significant protective effects of the
reduced STAB2 protein. In no case did we observe significant
effects in an opposite direction. Further studies are necessary to
determine if the direct effector(s) among the many ligands of
STAB2, other than HA, affect plaque formation.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committees of the University of North
Carolina at Chapel Hill and the University of Nebraska.

AUTHOR CONTRIBUTIONS

YK, NM-S, and EH designed the experiments. YK, CC, AL, XS,
SH, PH, JW, JH, FL, NM-S, and EH performed the experiments.
YK, NM-S, and EH analyzed the data. YK, NM-S, and EH wrote
the article. All authors contributed to the article and approved the
submitted version.

FUNDING

This research was supported by a National Institutes of Health
(NIH) grants HL042630 and HL049277 to NM-S and HL130864
to EH. The UNC Histology Core and Flow Cytometry Core
Facility are supported in part by P30 CA016086 Cancer Center
Core Support Grant to the UNC Lineberger Comprehensive
Cancer Center. The research was also in part supported by NIH
HL150536 grant to XS.

ACKNOWLEDGMENTS

The authors thank the UNC Animal Models Core, Histology
Core and Flow Cytometry Core Facilities for their technical
support; Ashley Nichole Fromm, Lottie Swinyard and Julianna
Pascual for their assistance. We are grateful to Dr. Oliver
Smithies for setting up the measurement of fluorescent
intensities in a small sample volume using automatic
exposure time under microscopy and for providing us
numerous discussions and encouragement in carrying out
this work.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.818662/full#supplementary-material

Frontiers in Cardiovascular Medicine | www.frontiersin.org

13

March 2022 | Volume 9 | Article 818662


https://www.frontiersin.org/articles/10.3389/fcvm.2022.818662/full#supplementary-material
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Kayashima et al.

Stab?2 Affects Atherosclerosis

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Libby P. The changing landscape of atherosclerosis. Nature. (2021) 592:524—

33. doi: 10.1038/s41586-021-03392-8

. von Scheidt M, Zhao Y, Kurt Z, Pan C, Zeng L, Yang X, et al. Applications and

limitations of mouse models for understanding human atherosclerosis. Cell
Metab. (2017) 25:248-61. doi: 10.1016/j.cmet.2016.11.001

. Herrington DM, Mao C, Parker SJ, Fu Z, Yu G, Chen L, et al. Proteomic

architecture of human coronary and aortic atherosclerosis. Circulation. (2018)
137:2741-56. doi: 10.1161/CIRCULATIONAHA.118.034365

. Smith JD, James D, Dansky HM, Wittkowski KM, Moore K], Breslow

JL. In silico quantitative trait locus map for atherosclerosis susceptibility
in apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol. (2003)
23:117-22. doi: 10.1161/01.atv.0000047461.18902.80

. Maeda N, Johnson L, Kim S, Hagaman J, Friedman M, Reddick R. Anatomical

differences and atherosclerosis in apolipoprotein E-deficient mice with
129/SvEv and C57BL/6 genetic backgrounds. Atherosclerosis. (2007) 195:75—
82. doi: 10.1016/j.atherosclerosis.2006.12.006

. Kayashima Y, Tomita H, Zhilicheva S, Kim S, Kim HS, Bennett BJ, et al.

Quantitative trait loci affecting atherosclerosis at the aortic root identified in
an intercross between DBA2] and 12956 apolipoprotein E-null mice. PLoS
ONE. (2014) 9:88274. doi: 10.1371/journal.pone.0088274

. Kayashima Y, Makhanova NA, Matsuki K, Tomita H, Bennett BJ, Maeda N.

Identification of aortic arch-specific quantitative trait loci for atherosclerosis
by an intercross of DBA/2] and 129S6 apolipoprotein E-deficient mice. PLoS
ONE. (2015) 10:e0117478. doi: 10.1371/journal.pone.0117478

. Makhanova N, Morgan AP, Kayashima Y, Makhanov A, Hiller S, Zhilicheva

S, et al. Genetic architecture of atherosclerosis dissected by QTL analyses
in three F2 intercrosses of apolipoprotein E-null mice on C57BL6/],
DBA/2] and 129S6/SvEvTac backgrounds. PLoS One. (2017) 12:e0182882.
doi: 10.1371/journal.pone.0182882

. Kayashima Y, Makhanova N, Maeda N. DBA/2] Haplotype on distal

chromosome 2 reduces mertk expression, restricts efferocytosis, and increases
susceptibility to atherosclerosis. Arterioscler Thromb Vasc Biol. (2017) 37:¢82—
91. doi: 10.1161/ATVBAHA.117.309522

Tomita H, Zhilicheva S, Kim S, Maeda N. Aortic arch curvature and
atherosclerosis have overlapping quantitative trait loci in a cross between
129S6/SvEvTac and C57BL/6] apolipoprotein E-null mice. Circ Res. (2010)
106:1052-60. doi: 10.1161/CIRCRESAHA.109.207175

Zhou B, Weigel JA, Fauss L, Weigel PH. Identification of the hyaluronan
receptor for endocytosis (HARE). ] Biol Chem. (2000) 275:37733-41.
doi: 10.1074/jbc.M003030200

Harris EN, Weigel JA, Weigel PH. The human hyaluronan receptor for
endocytosis (HARE/Stabilin-2) is a systemic clearance receptor for heparin.
] Biol Chem. (2008) 283:17341-50. doi: 10.1074/jbc.M710360200

Harris EN, Weigel PH. The ligand-binding profile of HARE: hyaluronan and
chondroitin sulfates A, C, and D bind to overlapping sites distinct from the
sites for heparin, acetylated low-density lipoprotein, dermatan sulfate, and
CS-E. Glycobiology. (2008) 18:638-48. doi: 10.1093/glycob/cwn045

Tamura Y, Adachi H, Osuga J, Ohashi K, Yahagi N, Sekiya M, et al. FEEL-1
and FEEL-2 are endocytic receptors for advanced glycation end products. J
Biol Chem. (2003) 278:12613-7. doi: 10.1074/jbc.M210211200

Swystun LL, Lai JD, Notley C, Georgescu I, Paine AS, Mewburn J, et al. The
endothelial cell receptor stabilin-2 regulates VWE-FVIII complex half-life and
immunogenicity. ] Clin Invest. (2018) 128:4057-73. doi: 10.1172/JCI96400
Maeda-Smithies N, Hiller S, Dong S, Kim HS, Bennett BJ, Kayashima Y.
Ectopic expression of the Stabilin2 gene triggered by an intracisternal A
particle (IAP) element in DBA/2J strain of mice. Mamm Genome. (2020)
31:2-16. doi: 10.1007/s00335-019-09824-1

Lee GY, Kim JH, Oh GT, Lee BH, Kwon IC, Kim IS. Molecular targeting
of atherosclerotic plaques by a stabilin-2-specific peptide ligand. J Control
Release. (2011) 155:211-7. doi: 10.1016/j.jconrel.2011.07.010

Schledzewski K, Geraud C, Arnold B, Wang S, Grone HJ, Kempf T, et al.
Deficiency of liver sinusoidal scavenger receptors stabilin-1 and—2 in mice
causes glomerulofibrotic nephropathy via impaired hepatic clearance of
noxious blood factors. J Clin Invest. (2011) 121:703-14. doi: 10.1172/JCI
44740

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. Kim SY, Lee EH, Kim EN, Son WC, Kim YH, Park SY, et al. Identifying

stabilin-1 and stabilin-2 double knockouts in reproduction and placentation:
a descriptive study. Int ] Mol Sci. (2020) 21:7235. doi: 10.3390/ijms21197235
Hirose Y, Saijou E, Sugano Y, Takeshita F, Nishimura S, Nonaka H,
et al. Inhibition of Stabilin-2 elevates circulating hyaluronic acid levels and
prevents tumor metastasis. Proc Natl Acad Sci USA. (2012) 109:4263-8.
doi: 10.1073/pnas.1117560109

Nagy N, Freudenberger T, Melchior-Becker A, Rock K, Ter Braak M, Jastrow
H, et al. Inhibition of hyaluronan synthesis accelerates murine atherosclerosis:
novel insights into the role of hyaluronan synthesis. Circulation. (2010)
122:2313-22. doi: 10.1161/CIRCULATIONAHA.110.972653

Ferns GA, Konneh M, Rutherford C, Woolaghan E, Anggard EE. Hyaluronan
(HYAL-BV 5200) inhibits neo-intimal macrophage influx after balloon-
catheter induced injury in the cholesterol-fed rabbit. Atherosclerosis. (1995)
114:157-64. doi: 10.1016/0021-9150(94)05479-3

Kashima Y, Takahashi M, Shiba Y, Itano N, Izawa A, Koyama J, et al. Crucial
role of hyaluronan in neointimal formation after vascular injury. PLoS ONE.
(2013) 8:¢58760. doi: 10.1371/journal.pone.0058760

Chai S, Chai Q, Danielsen CC, Hjorth P, Nyengaard JR, Ledet T,
et al. Overexpression of hyaluronan in the tunica media promotes
the development of atherosclerosis. Circ Res. (2005) 96:583-91.
doi: 10.1161/01.RES.0000158963.37132.8b

Morgan AP, Fu CP, Kao CY, Welsh CE, Didion JP, Yadgary L, et al. The mouse
universal genotyping array: from substrains to subspecies. G3 (Bethesda).
(2015) 6:263-79. doi: 10.1534/g3.115.022087

Cabral F, Miller CM, Kudrna KM, Hass BE, Daubendiek ]G, Kellar BM, et al.
Purification of hepatocytes and sinusoidal endothelial cells from mouse liver
perfusion. J Vis Exp. (2018) 132:56993. doi: 10.3791/56993

Bubeck P, Winkler M, Bautsch W. Rapid cloning by homologous
recombination in  vivo. Nucleic Acids Res. (1993) 21:3601-2.
doi: 10.1093/nar/21.15.3601

Oliner JD, Kinzler KW, Vogelstein B. In vivo cloning of PCR products in E.
coli. Nucleic Acids Res. (1993) 21:5192-7. doi: 10.1093/nar/21.22.5192

Harris EN, Weigel JA, Weigel PH. Endocytic function, glycosaminoglycan
specificity, and antibody sensitivity of the recombinant human 190-kDa
hyaluronan receptor for endocytosis (HARE). ] Biol Chem. (2004) 279:36201-
9. doi: 10.1074/jbc.M405322200

Weigel PH, McGary CT, Weigel JA. Use of iodinated hyaluronan derivatives
to study hyaluronan binding, endocytosis, and metabolism by cultured cells.
Methods Enzymol. (2003) 363:382-91. doi: 10.1016/S0076-6879(03)01067-X
Lee SJ, Park SY, Jung MY, Bae SM, Kim IS. Mechanism for phosphatidylserine-
dependent erythrophagocytosis in mouse liver. Blood. (2011) 117:5215-23.
doi: 10.1182/blood-2010-10-313239

Wu MD, Atkinson TM, Lindner JR. Platelets and von Willebrand factor in
atherogenesis. Blood. (2017) 129:1415-9. doi: 10.1182/blood-2016-07-692673
Antoni G, Oudot-Mellakh T, Dimitromanolakis A, Germain M, Cohen
W, Wells P, et al. Combined analysis of three genome-wide association
studies on vVWF and FVIII plasma levels. BMC Med Genet. (2011) 12:102.
doi: 10.1186/1471-2350-12-102

Harris EN, Kyosseva SV, Weigel JA, Weigel PH. Expression, processing,
and glycosaminoglycan binding activity of the recombinant human 315-
kDa hyaluronic acid receptor for endocytosis (HARE). J Biol Chem. (2007)
282:2785-97. doi: 10.1074/jbc.M607787200

Adachi H, Tsujimoto M. FEEL-1, a novel scavenger receptor with in vitro
bacteria-binding and angiogenesis-modulating activities. ] Biol Chem. (2002)
277:34264-70. doi: 10.1074/jbc.M204277200

Fairweather D. Sex differences in inflammation during atherosclerosis. Clin
Med Insights Cardiol. (2014) 8:49-59. doi: 10.4137/CMC.S17068

Tavianatou AG, Caon I, Franchi M, Piperigkou Z, Galesso D, Karamanos
NK. Hyaluronan: molecular size-dependent signaling and biological
functions in inflammation and cancer. FEBS J. (2019) 286:2883-908.
doi: 10.1111/febs.14777

Pandey MS, Baggenstoss BA, Washburn ], Harris EN, Weigel PH.
The hyaluronan receptor for endocytosis (HARE) activates NF-
kappaB-mediated gene expression in response to 40-400-kDa, but
not smaller or larger, hyaluronans. J Biol Chem. (2013) 288:14068-79.
doi: 10.1074/jbc.M112.442889

Frontiers in Cardiovascular Medicine | www.frontiersin.org

14

March 2022 | Volume 9 | Article 818662


https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1016/j.cmet.2016.11.001
https://doi.org/10.1161/CIRCULATIONAHA.118.034365
https://doi.org/10.1161/01.atv.0000047461.18902.80
https://doi.org/10.1016/j.atherosclerosis.2006.12.006
https://doi.org/10.1371/journal.pone.0088274
https://doi.org/10.1371/journal.pone.0117478
https://doi.org/10.1371/journal.pone.0182882
https://doi.org/10.1161/ATVBAHA.117.309522
https://doi.org/10.1161/CIRCRESAHA.109.207175
https://doi.org/10.1074/jbc.M003030200
https://doi.org/10.1074/jbc.M710360200
https://doi.org/10.1093/glycob/cwn045
https://doi.org/10.1074/jbc.M210211200
https://doi.org/10.1172/JCI96400
https://doi.org/10.1007/s00335-019-09824-1
https://doi.org/10.1016/j.jconrel.2011.07.010
https://doi.org/10.1172/JCI44740
https://doi.org/10.3390/ijms21197235
https://doi.org/10.1073/pnas.1117560109
https://doi.org/10.1161/CIRCULATIONAHA.110.972653
https://doi.org/10.1016/0021-9150(94)05479-3
https://doi.org/10.1371/journal.pone.0058760
https://doi.org/10.1161/01.RES.0000158963.37132.8b
https://doi.org/10.1534/g3.115.022087
https://doi.org/10.3791/56993
https://doi.org/10.1093/nar/21.15.3601
https://doi.org/10.1093/nar/21.22.5192
https://doi.org/10.1074/jbc.M405322200
https://doi.org/10.1016/S0076-6879(03)01067-X
https://doi.org/10.1182/blood-2010-10-313239
https://doi.org/10.1182/blood-2016-07-692673
https://doi.org/10.1186/1471-2350-12-102
https://doi.org/10.1074/jbc.M607787200
https://doi.org/10.1074/jbc.M204277200
https://doi.org/10.4137/CMC.S17068
https://doi.org/10.1111/febs.14777
https://doi.org/10.1074/jbc.M112.442889
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Kayashima et al.

Stab?2 Affects Atherosclerosis

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Valachova K, Volpi N, Stern R, Soltes L. Hyaluronan in medical practice. Curr
Med Chem. (2016) 23:3607-17. doi: 10.2174/0929867323666160824162133
Monslow J, Govindaraju P, Pure E. Hyaluronan - a functional and structural
sweet spot in the tissue microenvironment. Front Immunol. (2015) 6:231.
doi: 10.3389/fimmu.2015.00231

Lennon FE, Singleton PA. Hyaluronan regulation of vascular integrity. Am J
Cardiovasc Dis. (2011) 1:200-213.

Oh EJ, Park K, Kim KS, Kim J, Yang JA, Kong JH, et al. Target specific
and long-acting delivery of protein, peptide, and nucleotide therapeutics
using hyaluronic acid derivatives. J Control Release. (2010) 141:2-12.
doi: 10.1016/j.jconrel.2009.09.010

Vigetti D, Karousou E, Viola M, Deleonibus S, De Luca G, Passi A.
Hyaluronan: biosynthesis and signaling. Biochim Biophys Acta. (2014)
1840:2452-9. doi: 10.1016/j.bbagen.2014.02.001

Beldman TJ, Senders ML, Alaarg A, Perez-Medina C, Tang ], Zhao Y, et al.
Hyaluronan nanoparticles selectively target plaque-associated macrophages
and improve plaque stability in atherosclerosis. ACS Nano. (2017) 11:5785-99.
doi: 10.1021/acsnano.7b01385

Riessen R, Wight TN, Pastore C, Henley C, Isner JM. Distribution of
hyaluronan during extracellular matrix remodeling in human restenotic
arteries and balloon-injured rat carotid arteries. Circulation. (1996) 93:1141-
7. doi: 10.1161/01.cir.93.6.1141

Bot PT, Pasterkamp G, Goumans M]J, Strijder C, Moll FL, de Vries JP, et al.
Hyaluronic acid metabolism is increased in unstable plaques. Eur J Clin Invest.
(2010) 40:818-27. doi: 10.1111/§.1365-2362.2010.02326.x

Homann S, Grandoch M, Kiene LS, Podsvyadek Y, Feldmann
K, Rabausch B, et al. Hyaluronan synthase 3 promotes plaque
inflammation and atheroprogression. Matrix Biol. (2018) 66:818-27.
doi: 10.1016/j.matbio.2017.09.005

Weigel PH. Planning, evaluating and vetting receptor signaling studies
to assess hyaluronan size-dependence and specificity. Glycobiology. (2017)
27:796-9. doi: 10.1093/glycob/cwx056

Weigel PH. Discovery of the liver hyaluronan receptor for endocytosis
(hare) and its progressive emergence as the multi-ligand scavenger
receptor stabilin-2. Biomolecules. (2019) 9:454. doi: 10.3390/biom90

51. Melgar-Lesmes P, Sanchez-Herrero A, Lozano-Juan F. de la Torre Hernandez
JM, Montell E, Jimenez W, et al. Chondroitin sulphate attenuates
atherosclerosis in ApoE knockout mice involving cellular regulation
of the inflammatory response. Thromb Haemost. (2018) 118:1329-39.
doi: 10.1055/s-0038-1657753

Desch KC, Ozel AB, Halvorsen M, Jacobi PM, Golden K, Underwood
M, et al. Whole-exome sequencing identifies rare variants in STAB2
associated with venous thromboembolic disease. Blood. (2020) 136:533-41.
doi: 10.1182/blood.2019004161

Michels A, Swystun LL, Dwyer CN, Rawley O, Nesbitt K, Notley C, et al.
Stabilin-2 deficiency increases thrombotic burden and alters the composition
of venous thrombi in a mouse model. ] Thromb Haemost. (2021) 19:2440-53.
doi: 10.1111/jth.15429

Swystun LL, Notley C, Georgescu I, Lai JD, Nesbitt K, James PD, et al. The
endothelial lectin clearance receptor CLEC4M binds and internalizes factor
VIII in a VWF-dependent and independent manner. J Thromb Haemost.
(2019) 17:681-94. doi: 10.1111/jth.14404

Swystun LL, Ogiwara K, Lai JD, Ojala JRM, Rawley O, Lassalle F, et al. The
scavenger receptor SCARA5 is an endocytic receptor for von Willebrand
factor expressed by littoral cells in the human spleen. ] Thromb Haemost.
(2019) 17:1384-96. doi: 10.1111/jth.14521

52.

53.

54.

55.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Kayashima, Clanton, Lewis, Sun, Hiller, Huynh, Wilder,
Hagaman, Li, Maeda-Smithies and Harris. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,

90454 distribution or reproduction in other forums is permitted, provided the original
50. Linton MEFE, Fazio S. Class A scavenger receptors, macrophages, author(s) and the copyright owner(s) are credited and that the original publication

and  atherosclerosis. ~ Curr  Opin  Lipidol. ~ (2001)  12:489-95. in this journal is cited, in accordance with accepted academic practice. No use,

doi: 10.1097/00041433-200110000-00003 distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 March 2022 | Volume 9 | Article 818662


https://doi.org/10.2174/0929867323666160824162133
https://doi.org/10.3389/fimmu.2015.00231
https://doi.org/10.1016/j.jconrel.2009.09.010
https://doi.org/10.1016/j.bbagen.2014.02.001
https://doi.org/10.1021/acsnano.7b01385
https://doi.org/10.1161/01.cir.93.6.1141
https://doi.org/10.1111/j.1365-2362.2010.02326.x
https://doi.org/10.1016/j.matbio.2017.09.005
https://doi.org/10.1093/glycob/cwx056
https://doi.org/10.3390/biom9090454
https://doi.org/10.1097/00041433-200110000-00003
https://doi.org/10.1055/s-0038-1657753
https://doi.org/10.1182/blood.2019004161
https://doi.org/10.1111/jth.15429
https://doi.org/10.1111/jth.14404
https://doi.org/10.1111/jth.14521
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Reduction of Stabilin-2 Contributes to a Protection Against Atherosclerosis
	Introduction
	Materials and Methods
	Animals
	Generation of a Congenic Aath5DBA/DBA Line on a 129S6 Background
	Generation of Stab2–/–Apoe–/– Mice
	Phenotyping of Mutant Mice
	Tail-Vein Injections of 125I-HA
	Phagocytosis Assay
	Plasma Levels of STAB2 Ligands
	Size of HA
	Endocytosis of 125I-HA by LSECs
	Mouse Stab2 cDNA Isolation
	Stable Transformants of Stab2 cDNA
	Direct HA Binding Assay
	Cell Surface and Total Cellular HA Binding Assay
	Endocytosis of 125I-HA by Stab2 Expressing Cells
	Endocytosis of acLDL
	In vivo Clearance of acLDL
	Statistics

	Results
	Aath5DBA Is Slightly Protective Against Atherosclerotic Plaque Development
	Lack of Stab2 Is Protective Against Atherosclerotic Plaque Development
	Reduced Clearance of HA From Circulation in Stab2–/– Mice
	Other Ligands of STAB2
	Reduced Clearance of HA in DBA/2J Mice
	Normal Binding and Endocytosis of HA via STABDBA Protein
	Clearance of acLDL Is Not Affected in DBA/2J

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


