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Aortic Gene Expression Profiles Show How
ApoA-| Levels Modulate Inflammation, Lysosomal
Activity, and Sphingolipid Metabolism in Murine
Atherosclerosis

Marco Busnelli®®; Stefano Manzini®>; Matteo Chiara, Alice Colombo2, Fabrizio Fontana, Roberto Oleari, Francesco Potif®,
David Horner, Stefano Bellosta®, Giulia Chiesa

OBJECTIVE: HDL (high-density lipoprotein) particles are known to possess several antiatherogenic properties that include
the removal of excess cholesterol from peripheral tissues, the maintenance of endothelial integrity, antioxidant, and anti-
inflammatory activities. ApoA-l overexpression in apoE-deficient (EKO) mice has been shown to increase HDL levels and to
strongly reduce atherosclerosis development. The aim of the study was to investigate gene expression patterns associated
with atherosclerosis development in the aorta of EKO mice and how HDL plasma levels relate to gene expression patterns
at different stages of atherosclerosis development and with different dietary treatments.

APPROACH AND RESULTS: Eight-week-old EKO mice, EKO mice overexpressing human apoA-l, and wild-type mice as controls
were fed either normal laboratory or Western diet for 6 or 22 weeks. Cholesterol distribution among lipoproteins was
evaluated, and atherosclerosis of the aorta was quantified. High-throughput sequencing technologies were used to analyze
the transcriptome of the aorta of the 3 genotypes in each experimental condition. In addition to the well-known activation
of inflammation and immune response, the impairment of sphingolipid metabolism, phagosome-lysosome system, and
osteoclast differentiation emerged as relevant players in atherosclerosis development. The reduced atherosclerotic burden
in the aorta of EKO mice expressing high levels of apoA-I was accompanied by a reduced activation of immune system
markers, as well as reduced perturbation of lysosomal activity and a better regulation of the sphingolipid synthesis pathway.

CONCLUSIONS: ApoA-I modulates atherosclerosis development in the aorta of EKO mice affecting the expression of pathways
additional to those associated with inflammation and immune response.

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

Key Words: aorta m atherosclerosis ® inflammation ® osteoclast ® transcriptome

in the Western world, now outranks all other death
risk factors on a global scale, according to the World
Health Organization.’
Atherosclerosis, the underlying pathology of several
cardiovascular diseases, elicits a chronic inflammation of

Cardiovascular disease, once the main cause of death

the vascular wall and can initiate as early as in childhood.
These early vascular structural alterations develop over
time and are typically diagnosed only at a late stage.?
High blood cholesterol levels—especially if carried by
apoB, ,,-containing lipoproteins—promote atherosclerotic
cardiovascular disease. Circulating LDL (low-density
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Aorta RNA-Seq in Mice With Different apoA-I Levels

Nonstandard Abbreviations and Acronyms

Highlights

DE differentially expressed
EKO apolipoprotein E knockout

EKO/hA-I EKO mouse, transgenic for human
apoA-|

HDL high-density lipoproteins

HDL-C high-density lipoproteins cholesterol
LDL low-density lipoproteins

LDLrKO  LDL receptor knockout

NLD normal laboratory diet

TF transcription factor

VLDL very-low-density lipoprotein
WD Western-type diet
WT wild type

* First ever detailed high-throughput RNA-seq analy-
sis of the aorta of apolipoprotein E knockout (EKO)
mice overexpressing human apoA-I (EKO/hA-I).

+ EKO/hA-I mice have plasma total cholesterol lev-
els comparable to EKO mice, but express apoA-|
at thrice EKO levels, display a restored HDL (high-
density lipoprotein) peak, and develop far less ath-
erosclerosis than EKO.

» Atherosclerosis reduction in EKO/hA-I, besides
a reduced inflammation, is dependent on reduced
lysosomal, phagosomal, and osteoclast differentia-
tion pathways, similar to wild type.

+ EKO/hA-I show reduced sphingolipid metabolism,
that in turn may further reduce the inflammation and
atherosclerosis development.

lipoprotein) particles can accumulate in the intima, the
innermost layer of the artery, through ionic interactions
with proteoglycans of the extracellular matrix.2® Trapped
particles are prone to oxidative modifications that initiate
(as fatty streaks) and promote the development of the
vascular lesions into more mature plaques.*

On the contrary, elevated HDL (high-density lipo-
protein) levels are considered to be antiatherogenic,
despite the fact that therapies aimed at increasing
HDL-C (HDL-cholesterol) levels have not still yielded
the foreseen clinical benefits.® Recently, it has been
suggested that the inverse correlation between car-
diovascular disease risk and HDL levels is more com-
plex than previously believed, being U-shaped rather
than linear®” Furthermore, recent evidence suggests
that rather than with absolute HDL-C levels, the effec-
tive cholesterol efflux capacity from macrophages to
nascent HDL particles—consistently highlighted by
studies on animal models®''—correlates with a reduced
cardiovascular risk in humans.'?"® HDL has been shown
to slow the development of atherosclerosis by protect-
ing the endothelium, inhibiting LDL oxidation, playing
an important role in host defence, and exerting anti-
inflammatory and antithrombotic effects.’'®

As in humans, hypercholesterolemia also triggers
the development of atherosclerosis in mice. Hypercho-
lesterolemia in mice develops by targeted knockout of
cholesterol metabolism related genes, the most com-
mon being the LDLrKO (LDL receptor) and the apoEKO
(EKO).'"” EKO mice are by far the most exploited mouse
model for the study of atherosclerosis, as they readily
develop lesions, resembling human ones, even without
any dietary challenge, unlike LDLrKO. They have been
successfully employed to study the onset and develop-
ment of atherosclerosis, as well as in proof of concept
studies aimed at the prevention of the disease, including
drug discovery.'81°
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ApoE plays a major role in the clearance of non-HDL
lipoproteins, thus its deletion causes severe hypercholes-
terolemia.?® Additionally, as apoE is also a protein compo-
nent of HDL particles, its ablation severely reduces HDL
concentration,?"?? which can be restored to physiological
levels through the overexpression of human apoA-I.

To elucidate how different dyslipidemic conditions
can impact on gene expression levels, and to identify
gene expression patterns specifically associated with
either genotype, age, and dietary treatment conditions,
we employed RNA-seq to analyze the transcriptome of
3 mouse models: atherosclerosis-prone EKO and EKO
mice overexpressing human apoA-l (EKO/hA-I), plus their
common background, the C57BL/6J as a control (wild
type [WT]). In addition to the genotype, the main driver
of atherosclerosis development, we further refined our
characterization by including 2 dietary treatments (normal
laboratory diet [NLD] and Western-type diet [WD], nonath-
erogenic and atherogenic, respectively) and 2 time points
(early and late stage of atherosclerosis development).

Herein, we present a comprehensive picture of the
transcriptional profiles of these models, along with a
detailed description of the modulated pathways related
to specific experimental conditions. We found that geno-
type accounts for most of the transcriptional changes,
and all comparisons involving this experimental set dis-
play enrichment of gene ontology terms/KEGG (Kyoto
encyclopedia of genes and genomes) pathways mainly
related to lipid metabolism/signaling and immune
response, particularly to phagosome-lysosome activity.

MATERIALS AND METHODS

All data and materials have been made publicly available at
NCBI GEO (Gene Expression Omnibus) Data sets and can
be accessed at (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE163657).
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Animals and Experimental Procedures

Procedures involving animals and their care were conducted in
accordance with institutional guidelines that are in compliance
with national (D.L. No. 26, March 4, 2014, G.U. No. 61, March
14, 2014) and international laws and policies (EEC Council
Directive 2010/63, September 22, 2010: Guide for the
Care and Use of Laboratory Animals, United States National
Research Council, 2011). The experimental protocol was
approved by the ltalian Ministry of Health (Protocollo 2012/4).

WT CbB7BL/6J and EKO mice (https://www.jax.org/
strain/002052) in the C57BL/6J background were purchased
from Charles River Laboratories (Calco, Italy); Apoal knockout
mice, also in the C57BL/6J background, were kindly provided
by Dr N. Maeda®; EKO/hA-I were obtained by multiple crosses
between EKO mice and hemizygous mice overexpressing
human apoA-I?*%; polymerase chain reaction primers used for
screening are listed in Table | in the Data Supplement. To pre-
vent the possible impact of hormonal changes of female mice
on the results, only male mice were enrolled in the study.

Eight-week-old male mice were randomly divided into
4 groups of 8 mice and fed a NLD (4RF21, Mucedola, Italy)
or a Western diet (WD, TD.88137, Envigo, Italy) for 6 or 22
weeks. One week before the end of the dietary treatment, after
an overnight fast, mice were anesthetized with 2% isoflurane
(Merial Animal Health, Woking, United Kingdom). Blood was
collected from the retro-orbital plexus into tubes containing
0.1% (w/v) EDTA and centrifuged in a microcentrifuge for 10
minutes at 5900g at 4°C.

At the end of the dietary treatments, mice were euthanized
under general anesthesia with 2% isoflurane (Merial Animal
Health, Woking, United Kingdom), and blood was removed by
perfusion with 1x PBS. The aorta was rapidly dissected from
the aortic root to the iliac bifurcation, and periadventitial fat
was removed. Aortas were then snap-frozen in liquid nitrogen
for RNA-seq analyses (n=3) or longitudinally opened, pinned
flat on a black wax surface in ice-cold PBS, and photographed
unstained for en face analysis (n=3-9).26-%° For the histologi-
cal evaluation of the aortic sinus, hearts were harvested, pro-
cessed, and stained with haematoxylin and eosin as previously
described (n=3-6).26-2° Both aortic en face and aortic sinus
histology were performed in accordance with American Heart
Association recommendations.®°

Plasma Measurements

Plasma total cholesterol and triglycerides were measured with
enzymatic methods (ABX Diagnostics, Montpellier, France;
COD: CPA11 A01634 and CPA11 A01640, respectively), and
lipid distribution among lipoproteins was analyzed by fast pro-
tein liquid chromatography as described.?*

Plasma human apoA-I concentration was determined by
immunoturbidimetric assays, using an antiserum specific for
human apoA-l (LTA, Milan, ltaly), as previously described.®'
Coomassie staining was used to quantify plasma murine apoA-|
and to confirm the immunoturbidimetric quantification of human
apoA-122 Purified apoA-I was used as calibration standard.

RNA Extraction

Total RNA was isolated from mouse tissues and extracted as
previously described®® RNA was quantified and purity was
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checked, and 1 pg RNA was retrotranscribed to cDNA, as
described.®* Possible gDNA contamination was ruled out by
running a polymerase chain reaction on 20 ng of cDNA/RNA
with a primer pair producing 2 amplicons of different size on
cDNA (193 bp) and gDNA (677 bp), see Srp14, Table Il in the
Data Supplement.

Quantitative Polymerase Chain Reaction

Twenty nanograms of cDNA were used as template for each
quantitative polymerase chain reaction, performed on a CFX
Connect thermal cycler with iTAQ Universal Sybr Green
Supermix (Bio-Rad, Segrate, Italy). Conditions and primers are
detailed in Table Il in the Data Supplement. A final melting curve
analysis was always performed. Fold changes relative to the
control group were calculated with the AACt method.3® The
gene cyclophilin A (Ppia) was used as reference gene.

RNA-Seq Analyses

The quality of the mRNA was tested using the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA) before RNA-
seq; samples with RNA integrity number <7.0 were discarded.
RNA samples were processed using the RNA-Seq Sample Prep
kit from lllumina (lllumina, Inc, CA). Eight to 9 tagged libraries
were loaded on one lane of an lllumina flowcell, and clusters
were created using the lllumina Cluster Station (lllumina, Inc, CA).
Clusters were sequenced on a Genome Analyzer lIx (lllumina,
Inc, CA) to produce 50 nt-long, unpaired reads.

Data Processing and Visualization

Reads were mapped on the Gencode M21 annotation of the
Mus musculus transcriptome using the bowtie2 program.®
Estimation of gene expression levels was performed using
RSEM." Differential expression analysis was performed apply-
ing the quasi-likelihood F test of the edgeR®® R* package to
RSEM estimated reads counts. Only genes with >10 reads
in at least 4 different biological replicates were considered.
Genes showing a false discovery rate <0.05 were considered
differentially expressed (DE).

Gene ontology analyses were performed with STRING,*
and terms with adjusted A<0.05 were considered significant.
GEO data sets*' were analyzed with the Geo2R online tool with
default parameters; terms with adjusted A<0.05 were consid-
ered significant.

Pscan* was used to identify over-represented TF (tran-
scription factor)-binding-sites using the JASPAR database®® as
matrices.

Hierarchical clustering was performed by Euclidean metric
on standard scaled rows.** Principal Component Analysis was
performed with Scikit-learn.*

Data visualization was performed with SciPy,* matplot-
lib,*¢ seaborn,*” and ternary“® libraries for the Python program-
ming language. Detailed information can be found in the Data
Supplement.

Cell Culture and Lysosomal Activity

Measurement
Seventy-two hours after IP injection of 4 mL of 4% thio-
glycollate broth (Brewer thioglycollate medium, Fluka, Sigma
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Figure 1. Histological/biochemical parameters and data set overview.

Plaque area (percentage, plaque area/total area) was measured in the whole aorta, at 6 wk (A) and 22 wk (B). In C, plasma apoA-| levels
measured at 22 wk of normal laboratory diet (NLD) were comparable between wild type (WT) and apolipoprotein E knockout (EKO) mouse,
transgenic for human apoA-I (EKO/hA-I), but lower in EKO vs WT (P=0.035) and EKO/hA-I (P=0.001). ApoA-l levels were slightly increased
by Western-type diet (WD), with similar differences (lower in EKO vs WT, P=0.007 and vs EKO/hA-I, P<0.0001). Total cholesterol levels (n=6,
each sample was assayed in duplicate), quantified after 5 h fasting, are shown in D. WD resulted in increased total cholesterol (Continued)
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Aldrich, St. Louis, MO), macrophages were harvested from
the peritoneum of euthanized EKO mice with ice-cold PBS,
centrifuged, and suspended in DMEM (Dulbecco's modi-
fied Eagle’'s medium) medium (Lonza, Basel, Switzerland)
supplemented with penicillin/streptomycin (100 U/mL each;
Gibco, Rodano, Milan, Italy) and plated. After one hour, plates
were washed, and adherent cells were left for 16 hours in
DMEM containing 10% fetal calf serum, then treated with
DMEM containing 0.2% BSA (Sigma Aldrich, St. Louis,
MO) and either Bafilomycin 1x, acetylated LDL 50 pg/mL
(ThermoFisher, Milan, Italy; Catalog No. L35354), or acety-
lated LDL 50 pg/mL supplemented with increasing concen-
trations of HDL (100, 250, and 500 pg/mL; Merck, Darmstadt,
Germany; Catalog No. LP3-6MG), for 48 hours. Lysosomal
activity was measured with a self-quenched substrate, with
Bafilomycin 1x as control, following manufacturer’s instruc-
tions (Lysosomal Intracellular Activity Assay kit, Abcam,
Cambridge, United Kingdom; Catalog No. ab234622). Cells
were fixed and counterstained with DAPI, then the signal was
quantified for each treatment by fluorescence microscopy in
6 randomly chosen 63x fields among biological replicates
from 3 independent experiments per group with Imaged.*®

Statistical Analyses

Statistical analyses are detailed for each individual analysis
in the appropriate figure or table caption. Analyses were per-
formed with R with packages reshape® and dunn.test®! for
Kruskal-Wallis®2 and Dunn®? post hoc.

RESULTS

Evaluation of Atherosclerosis Development in
the Whole Aorta

After 6 weeks on NLD, no atherosclerotic plaques were
visible in any genotype, whereas on WD both EKO and
EKO/hA-I showed initial, but manifest atherosclerosis,
particularly in EKO mice (Figure 1A, Table Ill and Figure
| in the Data Supplement). Twenty-two weeks on NLD
resulted in the development of appreciable plaques only
in EKO mice. These plaques were comparable in size
with those measured after 6 weeks on WD. As expected,
22 weeks of WD dramatically accelerated lesion devel-
opment in EKO mice and increased atherosclerosis in
EKO/hA-], although to a much lesser extent (Figure 1B,
Table IV and Figure | in the Data Supplement).

Aorta RNA-Seq in Mice With Different apoA-I Levels

Representative aorta images are shown in Figure 2,
clearly indicating that, in both EKO and EKO/hA-I mice,
atherosclerosis started developing at the aortic arch and
it spread in the thoracic and abdominal segments only at
the latest time point and with the dietary challenge (WD).

The histological evaluation of the aortic sinus con-
firmed that no lesions were detectable in any genotype
after 6 weeks at NLD. Only a limited plaque development
became evident in EKO/hA-I mice after 6 weeks at WD
or 22 weeks at NLD, whereas ~bx larger plaques were
visible in EKO mice. Although plaque development was
increased in EKO/hA-I mice after 22 weeks at WD, it
was still half of that observed in EKO mice (Figure 3).

ApoA-l and HDL-C Levels Are Significantly
Lower in EKO Mice

Reportedly, the ablation of apoE results in lower apoA-
| protein plasma levels?' Indeed, EKO mice had much
lower levels of circulating apoA-I with respect to WT (Fig-
ure 1C). The overexpression of the human APOAT trans-
gene fully restored apoA-I plasma levels in EKO/hA-I. WD
increased apoA-l levels in each genotype (Figure 1C).

Total plasma cholesterol was affected by the dietary treat-
ment (Figure 1D), with WD resulting into greatly increased
total cholesterol levels in EKO and EKO/hA-I mice.

In EKO mice on NLD, fast protein liquid chromatography
analysis showed a dramatic cholesterol accumulation in the
VLDL (very-low-density lipoprotein) and LDL fractions and
a greatly reduced HDL-C peak compared with WT mice
(Figure 1E). ApoA-l overexpression in the apoE-knockout
background (EKO/hA-I mice), restored HDL levels to those
of WT, maintaining the strong cholesterol accumulation in
the VLDL and LDL fractions, although to a lower extent
than in EKO mice. The WD caused a relevant increase of
cholesterol in the VLDL and LDL fractions in both EKO and
EKO/hA-I mice (Figure 1F). The HDL-C peak in EKO/hA-|
mice was again comparable to that of WT mice.

Genotype, Diet, and Time Differently Impact on
Aortic Gene Expression

A total of 14174 transcripts (of the 25760 according to
Gencode annotation of mmu10) were associated with 10

Figure 1 Continued. (TC) levels in EKO/hA-l (P=0.015) and EKO (P=0.035), while the increase in WT was not significant (P=0.15). On

NLD, both EKO/hA-I (P=0.008) and EKO (0.006) had higher TC levels than WT. Similarly, on WD, both EKO/hA-I (P=0.002) and EKO (0.005)
had higher TC levels than WT. On both NLD and WD, EKO/hA-I, and EKO showed comparable TC levels. Statistically significant differences
(A, B, C, and D) were determined with Kruskal-Wallis followed by Dunn post hoc test. Histograms show the average+SD. *P<0.05; **P<0.01;
***P<0.001. TC distribution among plasma lipoproteins by fast protein liquid chromatography is shown on NLD (E) and WD (F), both at 22 wk.
Each profile was obtained from pooled plasma (n=6). To give an overall overview of the correlation between plaque development and changes
in gene expression, a Spearman correlation between expression across all samples and plaque burden (given as severity score) was calculated
for all genes, and the distribution of the P values is shown in G. Lines represent cumulative frequencies. Light blue: scores based on actual
plaque burden. Orange: scores randomly assigned to samples. Random assignments were done 100x per gene per samples. In H, the number
of differentially expressed genes (genotype vs genotype comparisons) is shown. The expression level for all genes in each sample has been
reduced to 3 principal components (PC), charted in I. In J, a score has been given to each gene with respect to each variable (genotype, diet,
and time). These coordinates are charted in a triplot for each genotype comparison. HDL indicates high-density lipoprotein; LDL, low-density
lipoprotein; and VLDL, very-low-density lipoprotein.
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Normal laboratory diet — 6 weeks

Thoracic

Abdominal

EKO/hA-|

Western diet - 6 weeks

P e N

Thoracic

Abdominal

»

EKO/hA-|

Normal laboratory diet — 22 weeks

J

EKO/hA-|

Western diet — 22 weeks

EKO/hA-I

Figure 2. Representative images of aortas prepared with the en face method.
The aorta (n=3 wild type [WT]; n=9 other genotypes) was cut lengthwise and pinned flat onto a black wax surface, and then the exposed plaques
(white areas) were quantified as a percentage of the whole aortic area (gray surface). EKO/hA-l indicates EKO mouse, transgenic for human apoA-l.

or more reads in at least 4 independent biological rep-
licate and subjected to differential expression analysis.

The overall expression was comparable among sam-
ples (Figure lIA and IIB in the Data Supplement). Tran-
script abundance estimation was validated by quantitative
polymerase chain reaction on 12 genes varying widely in
their expression levels and was found to closely match
RNA-seq results (Figure Ill in the Data Supplement).

To evaluate if the expression levels of individual genes
would relate to atherosclerosis, lesion severity was
graded into 4 tiers: severe (EKO WD 22 weeks), moder-
ate (EKO/hA-1 WD 22 weeks), low (EKO NLD 22 weeks,
EKO and EKO/hA-I WD 6 weeks), and absent (the
remainder of groups). Then—for each gene—the average
expression level was tested for correlation (Spearman
rank order correlation) with this index. Three thousand
eight hundred ten genes showed a good correlation (p
values ranging from 0.9 to ~0.6) with £<0.05, a ~5-fold
increase above the expected value (708 such correla-
tions were expected due to random chance; Figure 1G).
This was confirmed by randomly assigning experimental
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groups into atherosclerosis severity tiers, which failed to
reproduce the result (Figure 1G).

Differences in gene expression were compared
between genotypes, with matching time and diet (Fig-
ure 1H). On average, the number of DE genes was
increased by WD, especially at the latest time point.

Dimensionality reduction was performed on gene
expression levels for each sample by PCA (principal com-
ponent analysis; Figure 11). The diet and the time point
had the major impact in the clustering of samples, with
the exception of 22 weeks on WD. Six weeks on WD and
22 weeks on NLD had a similar impact on clustering. The
atheroprone condition associated with low HDL levels
(EKO) produced dramatic changes at 22 weeks on WD,
and these samples clustered away from WT and EKO/
hA-I samples in the same experimental condition.

Conversely, the impact of the diet, time, and genotype
was calculated for each gene (Figure 1J). Differences
in gene expression were mostly driven by genotype, fol-
lowed by dietary treatment, with a lesser contribution of
the time variable.

Arterioscler Thromb Vasc Biol. 2021;41:651-667. DOI: 10.1161/ATVBAHA.120.315669
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Figure 3. Quantification of atherosclerotic plaque area at the aortic sinus.

Representative haematoxylin and eosin stained pictures of atherosclerosis development at the aortic sinus of wild type (WT), apolipoprotein E knockout
(EKO) mouse, transgenic for human apoA-l (EKO/hA-), and EKO mice (n=3 WT; n=6 other genotypes). Plaques are highlighted with a black
continuous line. Data are shown as the mean+SD. NLD indicates normal laboratory diet; and WD, Western-type diet. Bar length=500 pm. ***/<0.001.

The comparison between the 2 most different geno-
types in terms of plaque development, WT and EKO mice,
resulted into the highest number of DE genes (Figure 4A),
exacerbated on WD (Figure 4B). The overexpression of the
human apoA-l in EKO/hA-I was able to reduce the number
of DE genes versus WT, both on NLD and WD (Figure 4C
and 4D). On NLD, EKO/hA-l mice were virtually identical
to EKO mice, even at 22 weeks despite broad differences
in plaque extent (Figure 4E and 4F). After 6 weeks on WD,
both genotypes had started developing atherosclerotic
lesions, and their transcriptomes were again remarkably
similar (Figure 4 L). Conversely, after 22 weeks on WD,
when atherosclerosis had rapidly progressed in EKO mice
and moderately developed in EKO/hA-I mice, over a thou-
sand DE genes were detected (Figure 41).

Comparison With Published Data Sets

There are 2 GEO data sets with characteristics similar to
our study. Both are microarray-based and feature fewer
experimental conditions. The intersection of data from

Arterioscler Thromb Vasc Biol. 2021;41:651-667. DOI: 10.1161/ATVBAHA.120.315669

the present work with accession GSE40156,54°% analyz-
ing aortas of normal diet-fed WT and EKO mice at 6 and
32 weeks, is remarkable (Figure IVD and IVF in the Data
Supplement). Likewise, the intersection with accession
GSE31947°" analyzing the expression profile in aortas
of WD-fed WT and EKO mice is robust (Figure VB in the
Data Supplement).

For completeness, the intersection with a more recent
work on EKO mice fed either NLD or WD for 6 weeks is
shown in Figure VI in the Data Supplement.®®

Functional Enrichment Analysis Shows That
Human ApoA-I Overexpression Strongly
Reduces Aortic Inflammation-Related Pathways

A KEGG pathway enrichment analysis of DE genes was
performed.

NLD, 6 Weeks
After 6 weeks on NLD, although no aortic plaques
were detected in any genotype, an increased
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Figure 4. Scatter plots of gene expression levels for all genotype comparisons.

A-F, For each genotype/genotype comparison, the log, fold change of all genes is charted for 6 wk (x axis) and 22 wk (y axis), separately for
each diet. Genes are marked in blue if differentially expressed (DE) at 6 wk only, in orange if DE at 22 wk only, and in green if DE at both 6 and
22 wk. Genes that follow the same expression pattern over time would align to the x=y line; genes that change their expression pattern would
align to the x=—y line. Genes that are not DE are marked in gray. Square boxes help visualizing the 2-fold change (red box, log,FC=1) and 4
fold change (green box, log,FC=2) boundaries. At the right (G-L), Venn diagrams summarize the characteristics of each comparison. EKO/hA-I
indicates EKO mouse, transgenic for human apoA-I; NLD, normal laboratory diet; WD, Western-type diet; and WT, wild type.
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expression of genes involved in the Complement and
coagulation cascades (mmu04610) was observed in
both EKO and EKO/hA-I versus WT mice (Figure 5).
An increased expression of genes involved in the oxi-
dative phosphorylation (mmu00190) was observed in
athero-resistant WT mice versus atheroprone EKO
mice (Figure 5).

NLD, 22 Weeks

The administration of NLD for 22 weeks led to a slight
plaque development only in EKO, and several inflamma-
tion-related pathways such as lysosome (mmu041492),
phagosome (mmu04145), osteoclast differentiation
(mmu04380), and complement/coagulation cascades
(mmu04610) were enriched in EKO compared with
WT, but not in WT compared with EKO/hA-I (Figure 5).
Although the comparison between EKO and EKO/
hA-| at this time point did not reveal enriched pathways,

Aorta RNA-Seq in Mice With Different apoA-I Levels

EKO mice had considerably higher expression of genes
related to both the innate and adaptive immune sys-
tem, such as CdIb, I1sg20, Lgals3, and Clec7a, as well as
genes required for the extracellular matrix remodeling,
such as Mmp12 and Adam8 (Figure 6).

WD, 6 Weeks

After 6 weeks at WD, a generalized activation of the
immune system was observed in atheroprone geno-
types. Complement/coagulation cascades (mmu04610),
osteoclast differentiation (mmu04380), and lysosome
(mmu04142) pathways were enriched in both EKO and
EKO/hA-I versus WT (Figure 5). No differences were
observed when comparing EKO and EKO/hA-I.

WD, 22 Weeks
The most extreme differences were observed in this
comparison. Vascular smooth muscle contraction

NLD

WD

6 weeks 22 weeks

6 weeks

. . . . . . . . . & less atheroprone genotype
Vs Vs ' Vs Vs ' Vs

22 weeks

Vs Vs

& more atheroprone genotype

Lysosome
Apoptosis
- TNF signaling pathway
- Fc gamma R-mediated phagocytosis
- Sphingolipid metabolism
- Fluid shear stress and atherosclerosis
- Other glycan degradation
- Glycosaminoglycan degradation
- Bacterial invasion of epithelial cells

Phagosome

Osteoclast differentiation

Cytokine-cytokine receptor interaction

Chemokine signaling pathway

PI3K-Akt signaling pathway

- Complement and coagulation cascades

- AGE-RAGE signaling pathway in diabetic complications
- Platelet activation

- Synaptic vesicle cycle

logqo pvalue

w

| T Hematopoietic cell lineage
- Cell adhesion molecules (CAMs)
- Antigen processing and presentation
- Jak-STAT signaling pathway
- Type | diabetes mellitus
- Allograft rejection
- Th17 cell differentiation
- Arrhythmogenic right ventricular cardiomyopathy (ARVC)
- Thl and Th2 cell differentiation
- Axon guidance

EKO/hA-I .

) - Regulation of actin cytoskeleton
- Focal adhesion
- ECM-receptor interaction
- Leukocyte transendothelial migration
- Protein digestion and absorption

o

NOD-like receptor signaling pathway
NF-kappa B signaling pathway

Toll-like receptor signaling pathway
Natural killer cell mediated cytotoxicity

- B cell receptor signaling pathway

- Ferroptosis

- Acute myeloid leukemia

- Hypertrophic cardiomyopathy (HCM)
- TGF-beta signaling pathway

F

- Oxidative phosphorylation
- Thermogenesis

Figure 5. Aggregated results from functional enrichment analysis.

A functional enrichment analysis has been performed for the differentially expressed genes in each genotype/genotype comparison, indicated

on top. The heatmap shows the P values for each Kyoto encyclopedia of genes and genomes (KEGG) pathway, listed on the right. KEGG
pathways, selected among enriched pathways with P<0.0001, and related to inflammation and metabolism, were clustered into 5 patterns.

A, Common pathways in wild type (WT) and apolipoprotein E knockout (EKO) mouse, transgenic for human apoA-I (EKO/hA-I) vs EKO; (B)
growing number of genes from less to more atheroprone; (C) common pathways in EKO/hA-l and EKO vs WT; (D) similar P values in all 3
genotypes; (E) enriched at latest time point on Western-type diet (WD). F, higher in WT at 6 wk on normal laboratory diet (NLD). On NLD, 6 and
22 wk, as well as on WD, 6 wk, there were no enriched KEGG pathways in WT vs EKO/hA-I; therefore, the column is not present in the figure.
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Figure 6. Details of the differences between apolipoprotein E knockout (EKO) mouse, transgenic for human apoA-l (EKO/hA-I)
and EKO on normal laboratory diet (NLD) at 22 wk.

Although the differentially expressed genes were not sufficient to result into any enriched pathway, EKO mice had considerably higher
expression of genes related to the immune system, charted in A. The interaction network of related proteins is shown in B. The statistics and
details of these interactions are summarized in C. FDR indicates false discovery rate; and PPI, protein-protein interaction.

(mmu04270), oxytocin signaling (mmu04921), and focal
adhesion (mmu04510) pathways were enriched in WT
compared with EKO and EKO/hA-I (Figure VIl in the
Data Supplement).

The comparison between EKO mice and both WT
and EKO/hA-I showed the strongest enrichment in
pathways such as lysosome (mmu04149), phagosome
(mmu04145), osteoclast differentiation (mmu04380),
cytokine-cytokine receptor interaction (mmu04060), Fc
gamma R-mediated phagocytosis (mmu04666), apop-
tosis (mmu04210), TNF signaling (mmu04668), fluid
shear stress and atherosclerosis (mmu05418), other
glycan degradation (mmu00511), chemokine signaling
pathway (mmu04062; Figure 5 and Figure VIII through
XVIl in the Data Supplement). Overall, the expression of
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a large number of genes encoding for cytokines, chemo-
kines, and their receptors closely followed plagque burden
(Figure XVIII in the Data Supplement). In addition, genes
involved in cholesterol metabolism (mmu04979) and
sphingolipid metabolism (mmu00600) were upregulated
in EKO (Figure XIX through XXIl'in the Data Supplement).

Remarkably, the immune system activation was
increased in the 2 atheroprone genotypes compared
with WT mice (Figure b), but to a different extent; in fact,
although the comparison between WT and EKO/hA-|
showed an activation of the immune response in the lat-
ter genotype, the direct comparison between EKO and
EKO/hA-I clearly showed a reduction in several immune-
related pathways in EKO/hA-I mice (Figure XXII in the
Data Supplement).

Arterioscler Thromb Vasc Biol. 2021;41:651-667. DOI: 10.1161/ATVBAHA.120.315669
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NLD Versus WD, 6 Weeks Versus 22 Weeks

EKO mice showed the strongest enrichment in a large
panel of inflammation-related pathways when fed WD
in place of the NCD, or when challenged with the HFD
for the longer time. On the contrary, only minor changes
where appreciable in EKO/hA-I mice in the same com-
parisons (Figure XXIIl in the Data Supplement).

Genes Upregulated in EKO Mainly Relate to
Catabolic Processes in Lysosomes

We primarily focused on same-diet, same-time compari-
sons. We found 2875 genes that were DE at least once,
out of 14 174 of the whole data set (Figure 7A). The vast
majority was found DE at WD, and at the latest time point
(Figure 7B and 7D). A detailed view of the genes that
were found DE on 4 or more comparisons is shown in
Figure 7C. The overwhelming majority of terms enriched
by this set of genes relates to immunity and inflammation
(Figure 7E), all intertwined (Figure 7F).

We then focused on the subset of genes that were
DE in common between WT and EKO/hA-I when
compared with EKO and found 488 of them. In this
case also, the vast majority was DE at WD and at 22
weeks (Figure 8A). We found that 453 genes were
upregulated in EKO, whereas 35 were downregu-
lated. Their expression level is shown in Figure 8B.
The functional enrichment analysis suggests how the
genes upregulated in EKO mainly related to catabolic
processes regulated by lysosomes and phagosomes
(Figure 8C). The genes that were downregulated in
EKO conversely related to mitochondrial respiratory
chain (Figure 8D). Results for DE genes in diet and
time comparisons are summarized in Figure XXIV in
the Data Supplement.

DE genes from comparisons containing 20 DE genes
or more were scanned in search for motifs of known TFs
and 148 were found significantly enriched in 17 different
comparisons (Figures XXV and XXVl in the Data Supple-
ment). Interestingly, binding sites for TFEB (transcription
factor EB), TFE3 (transcription factor binding to IGHM
enhancer 3), and MITF (microphthalmia-associated tran-
scription factor)=TFs involved in lysosomal function and
biogenesis®***—were over-represented in EKO mice
compared with EKO/hA-I mice.

HDL Reduces Lysosomal Activity In Vitro in LDL-
Treated Macrophages

To investigate a possible direct effect of HDL on lyso-
somal activity, peritoneal macrophages from EKO mice
were treated for 48 h with either bafilomycin, which
inhibits endocytosis and serves as control (BAF), or acet-
ylated LDL (50 pg/dL), alone or with increasing doses of
HDL (100 to 500 pg/dL), these latter conditions mim-
icking EKO/hA-I. Macrophage exposure to acetylated

Arterioscler Thromb Vasc Biol. 2021;41:651-667. DOI: 10.1161/ATVBAHA.120.315669
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LDL significantly boosted lysosomal activity, that was
progressively reduced by increasing HDL concentrations
(Figure XXVII in the Data Supplement).

DISCUSSION

With the aim of identifying new genes/pathways involved in
dyslipidemia-driven atherosclerosis, modulated by different
apoA-| levels, a transcriptome analysis by high-throughput
RNA-seq was conducted on the aorta of 3 mouse mod-
els: WT mice, resistant to atherosclerosis development and
expressing physiological levels of apoA-I; EKO, with halved
apoA-l levels and low HDL-C levels?'; apoE-knockout mice
expressing human apoA-l, with apoA-I and HDL-C levels
comparable to those of WT mice (EKO/hA-).

Mice were fed normal laboratory (low fat, no choles-
terol) or WD (high fat, 0.2% cholesterol, total fat 21%
w/w), starting from 8 weeks of age, for 6 or 22 weeks.

This  comprehensive experimental setup vastly
improves on available literature®®® of aortic gene
expression profiling of WT and EKO mice, by simultane-
ously comparing different diets and time points. Addition-
ally, gene expression profiling at the aorta of EKO/hA-|
mice was never investigated before.

In mice fed NLD, plasma cholesterol levels were compa-
rable between EKO and EKO/hA-I mice and significantly
higher than WT mice. The administration of a WD dramati-
cally increased cholesterolemia only in EKO and EKO/
hA-l. They are both atheroprone, because of the common
EKO background, albeit to a different extent, as manifestly
evident in the markedly reduced plaque development in
the aorta and at the aortic sinus of EKO/hA-I. This result
is in line with previous findings indicating a protective role
of human apoA-| overexpression in EKO mice.'®'

Diet and genotype were the most impacting variables
driving a change in gene expression, with time mostly
having a synergistic effect with genotype or with diet
rather than per se. The vast majority of genes were sig-
nificantly DE in genotype comparisons when mice were
fed WD and at the latest time point. This effect was likely
driven by plaque formation, more pronounced in WD-fed
atheroprone genotypes at 22 weeks, and resulting in a
number of genes whose expression showed a clear cor-
relation with plaque burden.

The comparison of the WT transcriptome with those
obtained from atheroprone mice at the earliest time point
on NLD, when plague development was negligible, indi-
cated an increased mitochondrial activity in WT mice.
Reportedly, EKO mice have decreased mitochondrial
DNA integrity and mitochondrial respiration, associated
with increased reactive oxygen species.®”> The same
comparison showed a lower expression of the genes
involved in the complement and coagulation cascade in
WT mice. Considerable evidence supports the notion that
complement and the coagulation cascade act in concert
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Figure 7. Overall comparison, for each variable, of differentially expressed (DE) genes.

The number of times each gene was found differentially expressed in genotype/genotype comparisons is visualized in a heatmap in A, with
detailed numbers for each column in D. The majority of the 14 174 total transcripts were never DE. B, Zooming in on the genes that were
differentially expressed at least in one comparison. C, Details of the genes that were DE in at least 4 comparisons. For these genes, a functional
enrichment table is shown in E, and their association network is drawn in F. AGE-RAGE indicates advanced glycation endproducts-receptor
for advanced glycation endproducts; ECM, extracellular matrix; FDR, false discovery rate; GO, gene ontology; KEGG, Kyoto encyclopedia of
genes and genomes; and PPI, protein-protein interaction.
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.GO:0055114 oxidation-reduction process 0.0000366
. mitochondrial respiratory chain complex
G0:0033108 assembly 0.0000558
mitochondrial respiratory chain complex |
G0:0032981 assembly 0.0002
G0:0008202 steroid metabolic process 0.0029
G0:0007005 mitochondrion organization 0.0031
\ G0:0008203 cholesterol metabolic process 0.0031 /

Figure 8. Similarities between wild type (WT) and apolipoprotein E knockout (EKO) mouse, transgenic for human apoA-I (EKO/

hA-l) vs EKO.

The number of times each gene was found differentially expressed in WT or EKO/hA-I vs EKO, but not WT vs EKO/hA-|, is visualized in a
heatmap (A). Expression value Z-scores of these 488 genes are shown in B. Changes in gene expression cluster in 2 broad patterns, for which
a functional enrichment analysis is detailed for KEGG (Kyoto encyclopedia of genes and genomes pathways) in C and D. FDR indicates false
discovery rate; GO, gene ontology; NLD, normal laboratory diet; and WD, Western-type diet.

to orchestrate the early events that promote plaque
formation.®

The initial emergence of plaques, such as those
observed in EKO and EKO/hA-I mice after 6 weeks on
WD or in EKO mice after 22 weeks on NLD, was asso-
ciated with the activation of the immune system, with
several transcripts related to phagocytic activity being
upregulated compared with WT.

A huge number of genes indicative of an involvement of
both innate and adaptive immunity showed an increased
expression when the presence of plaques in the aorta
peaked, such as in EKO mice fed WD for 22 weeks com-
pared with WT mice. This result was not unexpected, con-
sidering the recognized role played by the immune system
in atherosclerosis,?*%® as well as previous transcriptome
profiles obtained from diseased aortic arteries.55¢”

Additionally, it should be noted that apoE has been
recognized to possess anti-inflammatory and immuno-
suppressive effects and, as a consequence, apoE defi-
ciency in mice is associated with an increased T-cell

Arterioscler Thromb Vasc Biol. 2021;41:651-667. DOI: 10.1161/ATVBAHA.120.315669

activation and inflammatory response,%® accompanied by
spleen and lymph node enlargement.?®6°

In the present study, the most enriched KEGG pathways
in EKO, lysosome, phagosome, and osteoclast differentia-
tion were indicative of an increased phagocytic activity.

The activation of the phagocytic-lysosomal pathway
in macrophages is considered a critical event in athero-
sclerotic plaque progression.” Lysosomes are small acidic
organelles characterized by the activity of up to 60 differ-
ent hydrolytic enzymes including proteases, lipases, and
nucleases. Within macrophages, lysosomes degrade extra-
cellular material, including lipids, via heterophagy, and intra-
cellular material such as lipid droplets, via autophagy.”" Our
results indicate that the heterophagy-mediated lipid uptake
was induced in EKO aortas with advanced plaques, being
increased the expression of genes encoding for receptor-
mediated endocytosis, lysosome membrane proteins, as
well as lipases, proteases, glycosidases, sulfatases, one
ceramidase and one nuclease, that allow the lysosome to
hydrolyse a vast repertoire of biological substrates.
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The activation of lysosomal pathways restricted to
EKO mice is backed by the finding that, binding sites
for TFs involved in lysosome function and biogenesis,?*6°
are over-represented in reads from EKO mice fed WD
for 22 weeks with respect to EKO/hA-I. WD treatment
results in the same enrichment in EKO, but not in EKO/
hA-I mice. Further, acetylated LDL treatment boosted
lysosomal activation in EKO-derived peritoneal macro-
phages, but HDL administration—mimicking the HDL
makeup of EKO/hA-I—was able to reduce it in a dose-
dependent manner. Conversely, the expression levels of
transcripts essential to the formation of the autophago-
some, the fundamental organelle for autophagy, were
comparable with those found in the healthy aorta of WT
mice (Figure XXVIII in the Data Supplement).

Taken together, these results seem to indicate that, in
advanced atherosclerosis, autophagosome biosynthesis
is unable to match the increased lysosomal activity.

Of note, a reduction of key autophagy markers has
been detected in advanced versus early atheroscle-
rotic plaques from mouse and humans.”? Moreover, the
derangement of macrophage autophagy in mice, through
genetic ablation of the pivotal autophagy gene Atgb, led
to a markedly increased atherosclerosis.”™

In addition, in the aorta of EKO mice fed WD for
22 weeks, the expression of a large amount of genes
involved in osteoclast differentiation was increased. This
result is in accordance with previous findings indicating
that vascular calcification can take place in advanced
atherosclerotic plaques, leading to an excess deposition
of calcium phosphate minerals.” Vascular smooth mus-
cle cells with an osteoblast-like phenotype promote the
differentiation of macrophages to osteoclasts; the secre-
tion of factors driving this differentiation contributes to
increasing inflammation and reducing arterial elasticity.”

Plaque development was significantly reduced in
EKO/hA-I versus EKO mice after 22 weeks on WD. At
the transcriptome level, this finding was primarily asso-
ciated with a strong reduction in the number of genes
involved in the immune response. Interestingly, the
phagocytic-lysosomal pathway appeared to be less acti-
vated in EKO/hA-I compared with EKO mice. Notewor-
thily, the vast majority of these DE genes annotated in
the lysosome, phagosome, and osteoclast differentiation
pathways were likewise found, with the same trend, in
the comparison between WT and EKO (91%, 81%, and
80%, respectively).

In addition, the expression of genes encoding for
several proatherogenic chemokines, such as Ccl2, Ccl3,
Ccl4, Ccl6, Ccl7, and Cx3cl1, was reduced in EKO/hA-I
mice versus EKO mice. Similarly, a reduced expression
of genes coding for receptors such as Ccrb, Cx3cri,
[113ral, and Tgfbr1 was observed in EKO/hA-I mice ver-
sus EKO mice.

Beyond a dampened activation of the immune system,
WT and EKO/hA-I mice also showed a markedly reduced
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sphingolipid metabolism, belonging to a complex network
of metabolically connected pathways encompassing 40
enzymes. Sphingolipids, mainly ceramide, ceramide-
1-phosphate, glucosylceramide, lactosylceramide, sphin-
gosine, sphingosine-1-phosphate, sphingomyelin, and
gangliosides are bioactive lipids with a role in cellular
regulatory circuits.” The results of this study suggest
that mice with the largest atherosclerotic plaques have
also an increased biosynthesis of ceramide, ceramide-
1-phosphate, galactosylceramide, and lactosylceramides
(Figure XX in the Data Supplement). The lack of a lipi-
domic analysis of mouse vessels to support expression
data represents a limitation of the present study. How-
ever, it should be noted that our observation is in accor-
dance with previous findings indicating that ceramide
and lactosylceramide are present in much higher con-
centrations in human atherosclerotic plaques compared
with healthy arteries.” We and others have previously
demonstrated, in animal models, that increased levels of
lactosylceramide and other sphingolipids are associated
with the development of atherosclerosis.?”?"® Moreover,
in humans, the enriched presence of lactosylceramide is
associated with an enlarged necrotic core and increased
plague vulnerability.”

The accumulation of both ceramide and lactosylce-
ramide may have partially promoted the proinflammatory
milieu found in the atherosclerotic vessel: ceramides
are able to promote a systemic inflammatory response,
whereas lactosylceramide upregulates adhesion mol-
ecules on vascular endothelial cells and activates
phagocytes, thereby possibly contributing to plaque
inflammation.808

Interestingly, after 22 weeks on WD, a reduced
expression of genes with a key role in cholesterol metab-
olism was observed in EKO/hA-I versus EKO mice, in
spite of comparable plasma levels of non-HDL choles-
terol. Among them, the genes coding for Lipa (lysosomal
acid lipase type A), the transporter Npc1 (Niemann-Pick
type C1), Nceh1 (neutral cholesterol ester hydrolase
1), and Abcal (ATP-binding cassette transporter A1).
Notably, the activity of all these genes should prevent
foam cell formation and, ultimately, the progression of
the atherosclerotic plaque (Figure Xl in the Data Sup-
plement). In support of this, it has been demonstrated
that their deletion in atheroprone mouse models or the
occurrence of loss-of-function mutations in humans
worsens atherosclerotic lesion formation82-% Interest-
ingly, the increased expression of these genes, despite
a larger plaque area in EKO mice, could be the result of
a higher recruitment of monocytes/macrophages in the
lesion or it may mean that the response put in place by
macrophages is not sufficient to manage the influx of
cholesterol.

In conclusion, we present the most comprehensive
gene expression profiling of whole aorta of murine ath-
erosclerosis models, by including 2 time points, 2 dietary
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treatments, and 3 experimental models with varying
degrees of atherosclerosis susceptibility and apoA-|
expression. The dissection of the gene expression net-
works further indicates that an impairment of sphin-
golipid metabolism, phagosome-lysosome system and
osteoclast differentiation, plays a relevant role in athero-
sclerosis worsening. We confirm the well-known role of
inflammation and immune response in atherosclerosis
development. Moreover, we add substantial evidence that
the reduced atherosclerotic burden in the aorta of EKO
mice expressing high levels of apoA-l is accompanied by
a reduced activation of the immune system, a reduced
involvement of lysosomal activity and a a better regula-
tion of the sphingolipid synthesis pathway.
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