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Methods
and results

Conclusions

LIPC encodes hepatic lipase (HL), a liver-bound protein with both phospholipase and triglyceride lipase activity, and involved in the
catabolism of circulating lipoproteins. We recently identified the gain-of-function variant HL-E97G, with selectively increased
phospholipase activity, as a new genetic cause of familial combined hypocholesterolaemia in humans. The role of HL in the devel-
opment of atherosclerosis remains controversial. In this context, the action of HL-E97G on the development of atherosclerosis
remains unknown.

To evaluate the lipid-lowering and anti-atherogenic properties of HL-E97G vs. wildtype HL (HL-WT) in hypercholesterolaemic
APOE*3-Leiden.CETP mice, a well-established model for human-like lipoprotein metabolism, and to assess dependence of these ef-
fects on the LDL receptor (LDLR) pathway in LDLR-deficient (Ldlr™'~) mice. APOE*3.Leiden.CETP mice or Ldlr™'~ mice received an
intravenous injection of AAV8 expressing either eGFP (control), HL-WT or HL-E97G (3 x 10" GC/mouse) while being fed pro-
atherogenic diets. Plasma cholesterol levels were measured monthly, and aortic atherosclerotic lesion sizes were assessed at ter-
mination. HL-E97G largely decreased plasma total cholesterol exposure in APOE*3-Leiden.CETP mice (—63% vs. control; —58%
vs. HL-WT), resulting at least in part from increased uptake of (V)LDL by the liver, accompanied by a marked decrease in athero-
sclerotic lesion size (—98% vs. control; —97% vs. HL-WT) in the aortic root. Importantly, HL-E97G also strongly reduced plasma
cholesterol exposure in Ldlr™'~ mice (—80% vs. control; —77% vs. HL-WT), and decreased atherosclerotic lesion size in the aortic
root (—54% vs. control; —41% vs. HL-WT) and the aortic arch (=73% vs. control; —=70% vs. HL-WT).

HL-E97G strongly reduces plasma cholesterol levels, by increasing the uptake of (V)LDL, to decrease atherosclerosis development
in mice independently of the LDLR pathway. These data suggest that modulating HL function is a promising tool in patients with
familial hypercholesterolaemia.
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Graphical Abstract

A rare gain of function variant of hepatic lipase (HL-E97G) attenuates hypercholesterolemia
and atherosclerosis in mlce via an LDL receptor-independent mechanlsm
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1. Introduction

Atherosclerotic cardiovascular disease (ASCVD) is the leading cause of
premature death worldwide, accounting for as many as 20 million deaths
annually.”? Dyslipidaemia, particularly elevated low density lipoprotein
cholesterol (LDL-C) concentration, remains one of the most important
modifiable risk factors for ASCVD.? Exposure to lower cumulative concen-
trations of LDL-C in young or middle-aged individuals is associated with a
reduction in long-term ASCVD risk.* In addition, the results of cardiovas-
cular outcomes randomized trials with powerful lipid-lowering therapies
(LLTs), such as proprotein convertase subtilisin/kexin type 9 (PCSK9) inhi-
bitors, have led to a progressive lowering of the LDL-C target for the pre-
vention of ASCVD in international guidelines, reaching 55 mg/dL (1.4 mM)
for patients at highest risk.” However, a significant proportion of indivi-
duals, especially those at very high risk of ASCVD, do not achieve
LDL-C targets due to treatment intolerance, low compliance, or ineffect-
iveness despite the emergence of numerous innovative therapeutic solu-
tions in recent years.("7

In this context, a particular clinical situation is that of homozygous famil-
ial hypercholesterolaemia (HoFH), a rare disease characterised by very high
concentrations of LDL-C and premature atherosclerosis occurring from
childhood onwards in the absence of management.® Since patients with
HoFH can have no residual LDL receptor (LDLR) function according to
the severity of mutation, the standard LLTs (i.e. statins and PCSK9 inhibi-
tors) are either ineffective or only marginally effective because their mode
of action is through up-regulation and stabilization of the LDLR.>™0
Recently, a randomized controlled trial demonstrated that evinacumab,
an inhibitor of angiopoietin-like 3 protein (ANGPTL3) was safe and effect-
ivein all HoFH subgrOU|:>s.8‘11 Lomitapide, an inhibitor of microsomal trigly-
ceride transfer protein, was also reported to reduce LDL-C levels in HoFH,
but issues with adverse events (i.e. liver steatosis), tolerability with gastro-
intestinal disturbances, and adherence were identified.”® Finally, in these
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HoFH patients, weekly or twice-weekly LDL-apheresis remains an essen-
tial therapeutic strategy.

Interestingly, we recently identified a novel rare variant in the LIPC gene &
(HL-E97G) in a large pedigree of individuals with both low LDL-C and high 3
density lipoprotein cholesterol (HDL- C) concentrations as a genetic cause &
of familial combined hypolipidaemia.'? LIPC encodes hepatic lipase (HL), C
which belongs to the family of glycerol-sn-1 fatty acid hydrolases that in- é
cludes lipoprotein lipase (LPL) and endothelial lipase (EL)."* HL has a ba- S,
lanced hydrolytic activity for both triglycerides (TG) and phospholipids &.
(PL),"*"* and plays an important role in lipoprotein metabolism by catabo- o
lizing HDL-C and TG-rich lipoproteins (reviewed in Santamarina-Fojo o
et al."”®). We showed that HL-E97G is a gain- of function variant of HL 3
with selectively increased phospholipase activity.' Hepatlc expression of E
HL-E97G in male APOE*3.Leiden.CETP mice reduces plasma PL, TG, and
cholesterol levels compared to HL-WT, mimicking the combined hypolipi-
daemia observed in individuals who carry the HL-E97G variant."?

leen that the proband in the family had revascularized coronary artery 9
disease'? and the significant drop in HDL-C, it was important to determine =
the impact of the HL-E97G variant on the development of atherosclerosis. >
Here, we investigated the effect of hepatic expression of HL-E97G vs. @
HL-WT on atherosclerosis development in hypercholesterolaemlc L
APOE*3.Leiden.CETP mice, a well-established model of human lipoprotein o S
metabolism, and also in LDLR-deficient (Ldlr™'™) mice in order to deter- &
mine the importance of the LDLR pathway in the effects of the
HL-E97G variant.
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2. Methods

2.1 Mouse studies

APOE*3-Leiden.CETP mice (C57BI/6) background) were bred at Leiden
University Medical Center (Leiden, The Netherlands), and used for
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experiments as approved by the Animal Welfare Body Leiden and
executed under a license granted by the Central Authority for
Scientific Procedures on Animals (CCD) under the license number
AVD11600202010187 in accordance with the Dutch Act on Animal
Experimentation and EU Directive 2010/63/EU. Ldlr™"~ mice (C57BI/é
background) were bred at Nantes Université animal facility (Nantes,
France), and used for experiments as approved by the ethics committee
of Pays de la Loire (France, 006) and the Ministére de I'Enseignement
supérieur et de la Recherche (France; APAFIS 26862). All mice were group
housed undera 12 h light—dark cycle, at 22°C, and had free access to water
and food unless indicated otherwise.

In a first experiment, APOE*3.Leiden.CETP mice (8—14 weeks old) were
fed a Western-type diet (Ssniff Spezialdiaten GmbH, Germany) containing
16% fat and 0.15% cholesterol. We used females only as males fail to in-
crease circulating cholesterol on a Western-type diet and develop only
very small lesions.”* Following a 3-week dietary run-in period to induce
hyperlipidaemia, mice were assigned to blocks (n=16 per group) that
were balanced for plasma total cholesterol (TC), TG, PL, and body weight
using RandoMice.” Groups were randomly assigned to receive an intra-
venous injection with 3 x 10" genome copies of adeno-associated viruses
(AAV8) expressing, under the thyroxin-binding globulin (TBG) promoter,
either enhanced green fluorescent protein (eGFP; control), the human LIPC
gene encoding wildtype HL (HL-WT), or the human LIPC gene encoding
the gain-of-function E97G variant of HL (HL-E97G) (Vector Biolabs, USA).

In a second experiment, male and female Ldlr™"~ mice (10-14 weeks old)
were block-randomized into three groups (n = 8-10 per group) balanced
for plasma TC, TG, and body weight using RandoMice," and fed with a
pro-atherogenic diet containing 17% cocoa butter, 1.25% cholesterol,
and 0.5% cholic acid (Research Diet #D12109Ci, USA). Upon switching
to this diet, mice received intravenous injections of the same viruses at
the same dose as the APOE*3-Leiden.CETP mice.

2.2 Body weight, organ weight, and blood

biochemistry

Mice were weighed on a weighing scale every 4-6 weeks. Blood was col-
lected from the mouse tail after 4 h of fasting (from 9 am to 1 pm) every
4-6 weeks using paraoxon-coated capillaries, and plasma was obtained
through centrifugation.

In APOE*3-Leiden.CETP mice, the weight of organs/tissues, including liver,
gonadal white adipose tissue (gVWWAT), subcutaneous white adipose tissue
(sWAT), interscapular brown adipose tissue (iBAT), subscapular brown
adipose tissue (sBAT), spleen, kidneys heart, and adrenals were measured
at the end of the experiment. Plasma levels of TC, TG, and PL were mea-
sured using enzymatic kits (Roche Diagnostics, Germany). Lipoprotein
profiles were determined from pooled plasma samples collected at
Week 16 (equal plasma volumes per mouse of each group) by fast protein
liquid chromatography (FPLC) with a Superose 6 column (Cytiva, USA),
followed by measurement of PL, TG, and TC levels in the obtained frac-
tions by enzymatic kits (Roche Diagnostics, Germany). Plasma HDL-C
and HDL-PL levels were measured in the supernatant after precipitating
ApoB-containing lipoproteins as previously described,® using the enzym-
atic kit for TC and PL (Roche Diagnostics, Germany).

In Ldir'"= mice, the plasma levels of TC, TG, PL, and HDL-C were
measured using colorimetric assays (TC&TG: SOBIODA, France; PL:
Phospholipids FS, DiaSys; HDL-C: HDL-C direct FS, DiaSys). Non-HDL-C le-
vels were calculated by subtracting HDL-C from TC.

Plasma TC exposure was determined by calculating the area under the
curve of plasma TC levels over the experimental period.

2.3 In vivo organ/tissue uptake of VLDL-like
particles and LDL

In APOE*3-Leiden.CETP mice, at 17 weeks after virus injection, subgroups of
mice (n = 8) with body weight and plasma lipids close to the group mean
were intravenously injected with glycerol tri*H]oleate ([*H]JTO) and
["C]cholesteryl oleate ([**C]CO) double-labelled very low density

lipoprotein (VLDL)-like particles (1.0 mg TG in 200 pL saline per mouse)
or [*H]TO and [*C]JCO double-labelled human LDL (0.2 mg TC in
200 plL saline per mouse) as described before.'” Mice were killed by
CO, inhalation at 15 min after injection of VLDL-like particles or at
30 min after injection of LDL and perfused with ice-cold PBS before or-
gans/tissues were collected. Samples were dissolved overnight at 55°C in
Solvable (PerkinElmer, The Netherlands) and then were mixed with
Ultima Gold liquid scintillation cocktail (PerkinElmer, The Netherlands).
3H and "C activity in the samples (disintegrations per min) were measured
using a Tri-Carb 2910TR low-activity liquid scintillation analyser
(PerkinElmer, The Netherlands). The uptake of *H and "*C radioactivity
by the organs/tissues was expressed as the percentage of injected radio-
active dose.

2.4 Faecal cholesterol and faecal bile acid

quantification
In APOE*3-Leiden.CETP mice, at 10 weeks after virus injection, faeces were
collected during 48 h to determine lipid excretion. After freeze-drying, fae-
cal samples were homogenized in 90% isopropanol at 0.05 mg/uL. To 5 pL
of this homogenate, 10 uL 400 pg/mL cholesterol-d7 (Avanti, USA) in etha-
nol (Merck, USA), 10 pL water (Honeywell Riedel-de Haén, Germany), and
65 pL ethanol was added. Subsequently, samples were hydrolyzed at 70°C
for 1 h by adding 10 pL 10 M sodium hydroxide (Sigma Aldrich, USA).
Cholesterol was extracted on a Strata™-X 33 pm Polymeric Reverse
Phase solid phase 1 mL extraction tube (Phenomenex, USA). The cartridge
was activated with methanol (Merck, USA), and equilibrated with water,
after which the sample was loaded. Thereafter, samples were washed
with water, eluted using methyl formate (Sigma Aldrich, USA) and the com-
bined organic extract was dried. Cholesterol was derivatized by adding
50 L N-methyl-N-trimethylsilyltrifluoroacetamide containing 1% tri-
methylchlorosilane  (Thermo  Fisher Scientificc, USA) and 10%
N-trimethylsilyl-imidazole (Thermo Fisher Scientific, USA). Finally, 150 pL
tert-butyl methyl ether (Sigma Aldrich, USA) was added. Samples were ana-
lysed on a gas chromatograph (8890 GC system; Agilent, USA) coupled toa
mass spectrometer (5977B GC/MSD; Agilent, USA) equipped with an elec-
tron ionization source. Samples (1 pL) were injected splitless at 300°C.
Cholesterol was separated ona VF-5 ms column (Agilent, USA), and helium
was used as carrier gas at a flow of 1 mL/min. The oven was set as follows:
1 min at 175°C, increase to 290°C at 50°C/min, increase to 310°C at 5°C/
min, 5.7 min at 310°C. The transfer line was set at 280°C, the source at
230°C, and the quadrupole at 150°C. For cholesterol-d7 m/z 336.4 (quan-
tifier), 375.4, 465.5 and for cholesterol m/z 459.4 (quantifier), 354.3, 444.4
were used. Cholesterol was quantified using an external calibration line.
Bile acids in faeces were analysed as described elsewhere'” with minor
modifications. Dried faeces were homogenized in 75% MeOH (4 mg/mL),
and the homogenate was centrifuged at 18213 g for 5 min at 20°C. The
supernatant was taken, 4 pL, and spiked with 20 pL internal standard solu-
tion (500 ng/mL) and further diluted by the addition of 90 yL MeOH and
90 pL water. The samples were measured using a Shimadzu Nexera LC40
system, consisting of a DGU-405 degasser, two LC-40D X3 pumps, a
SIL-40C X3 autosampler, and a CTO-40S column oven (Shimadzu,
USA). The gradient used was as follows: 0-0.2 min, constant at 20% B;
0.2-0.5 min, linear increase to 49% B; 0.5-5.5 min, linear increase to
64% B; 5.5-7.9 min, linear increase to 100% B; 7.9—9.9 min, constant at
100% B.

2.5 Liver histology and lipid content

In APOE*3-Leiden.CETP mice, liver samples were collected and fixated with
phosphate-buffered formaldehyde and embedded in paraffin and cross-
sectioned (5 ym thickness). Sections were stained with haematoxylin—
eosin (HE) and the lipid area was quantified using Image] software
v1.52a. Hepatic lipids were extracted from snap-frozen liver samples ac-
cording to a modified method from Bligh and Dyer.'® Hepatic TG and
TC levels were measured using enzymatic kits (Roche Diagnostics,
Germany). Hepatic protein concentrations were measured using a BCA
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Protein assay kit (Thermo Fisher Scientific, USA). Hepatic lipid levels were
expressed as nmol per mg protein.

2.6 Gene expression analysis

Total RNA was isolated from snap-frozen liver, sWAT, or aorta samples
with TriPure RNA Isolation Reagent (Sigma Aldrich, USA), and the concen-
tration of isolated RNA was determined by Nanodrop technology
(Thermo Fisher Scientific, USA). Then, 1 pg RNA of each sample was
reverse-transcribed into cDNA using Moloney murine leukaemia virus re-
verse transcriptase (Promega, USA). Quantitative real-time PCR was per-
formed using the GoTaq Real-Time PCR Detection Master Mix (Promega,
USA) on a CFX386 machine (Bio-Rad, USA) according to the manufac-
turer’s protocol. The expression of mMRNA level was normalized to
beta-actin  (Actb) and glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) mRNA expression and expressed as fold change compared with
the eGFP or WT-LIPC group using the 2 to the power of —AACt method.
The primer sequences are listed in Supplementary material online,
Table S1.

2.7 Atherosclerosis visualization and

quantification

At 17 weeks after virus injection into APOE*3-Leiden.CETP mice, mice were
killed by CO, inhalation followed by heart puncture and then perfused
with ice-cold PBS. Hearts were collected, fixed in phosphate-buffered for-
maldehyde, and then embedded in paraffin. After cross-sectioning (5 pm
thickness) throughout the aortic root area, four consecutive sections per
heart at 50 pm intervals (starting at the opening of the aortic valves)
were treated with haematoxylin phloxine saffron (HPS) to stain macro-
phages/nuclei/cellular components (haematoxylin; blue-purple), smooth
muscle cells/cytoplasm (phloxine; pink-red), and collagen/fibrous caps (saf-
fron; yellow) within atherosclerotic lesions. According to the guidelines of
the American Heart Association adapted for mice,'”*° lesions were cate-
gorized into mild lesions (types I-Il) or severe lesions (type [IV-V). Smooth
muscle cells were stained using an anti-a-actin antibody (1:1000 dilution;
Dako, Denmark) and a secondary antibody EnVision System-Horseradish
peroxidase Labeled Polymer (1:400 dilution; Dako, Denmark) that was vi-
sualized by Liquid DAB + Substrate Chromogen System (Dako, Denmark).
Collagen was stained with Sirius Red (Sigma Aldrich, USA). Macrophages
were stained with an anti-Mac-3 antibody (1:1000 dilution; BD
Pharmingen, USA), a horseradish peroxidase-labelled secondary antibody
and a peroxide substrate (1:400 dilution; Vector Laboratories, USA).
Stained slides were scanned with a 3DHistech Pannoramic 250 Flash [l
DX (3DHistech, Hungary). Lesion areas and the areas of smooth muscle
cells, collagen, and macrophages were quantified using Image] software
v1.52a. The lesion stability index was calculated as the ratio of stable mar-
kers (i.e. smooth muscle cell area and collagen area) per unstable marker
(i.e. macrophage area).

At 14 weeks after virus injection, Ldlr™'~ mice were anesthetized with ip
injection of a mixture of ketamine (100 mg/kg) and xylazine (20 mg/kg) fol-
lowed by heart puncture and then perfused with ice-cold PBS. The aortic
arches, with the major arteries that stem from them (brachiocephalic, left
common carotid and left subclavian), were dissected under a microscope,
frozen in optimal cutting temperature medium (O.C.T.; Sakura, USA) and
stored at —80°C before serial cryo-sectioning. The aortic roots were dis-
sected under a microscope and frozen in O.C.T. medium and stored at
—80°C before serial cryo-sectioning and oil red O staining. Cryostat sec-
tions were cut at —20°C using a CryoStar NX70 cryostat (Thermo
Fisher Scientific, USA). Sections of 5 um thickness were harvested (when
the three arteries were visible of the aortic arches; when the three aortic
valve leaflets were visible of the aortic roots), mounted on SuperFrost Plus
glass slides (Thermo Fisher Scientific, USA), and stored at —80°C until use
as described.” Oil red O (Sigma Aldrich, USA) was used to stain neutral
lipids according to the protocol of Mehlem et al.? Stained slides were
scanned with a Hamamatsu C9600-12 NanoZoomer HT Scanner

(Hamamatsu, Japan) within 24 h. The lesion area was quantified using
NDP.view2 software (Hamamatsu, Japan).

2.8 Statistical analysis
Data were analysed by GraphPad Prism Software v9.3.1. A one-way
ANOVA with a Tukey correction for multiple comparisons was used for
comparing the effects of treatments. Data are shown as mean + S.EM.
P < 0.05 was considered significant.

3. Results

3.1 HL-E97G improves dyslipidaemia in
APOE*3-Leiden.CETP mice fed with a

Western-type diet

Female APOE*3-Leiden.CETP mice were fed a Western-type diet were in- <
jected intravenously with AAV8-TGB-eGFP (control), AAV8-TGB-LIPC O
(HL-WT), or AAV8-TGB-LIPC E97G (HL-E97G) (Figure 1A). HL-E97G &
and HL-WT, but not control virus injection, resulted in expression of hu- g
man LIPC (hLIPC) in the liver (Figure 1B), but not in other extrahepatic tis- ©
sues such as SWAT (see Supplementary material online, Figure S1A) and™®
aorta (see Supplementary material online, Figure S1B). The expression of O
HL-E97G and HL-WT did not affect hepatic expression of endogenous & 8
mouse Lipc (mLipc; Figure 1C). HL-E97G and HL-WT did not affect body 5 =
weight (Figure 1D) and the weight of organs/tissues (Figure 1E). In line 2
with its specifically enhanced phospholipase activity (see Supplementary @ 3
material online, Figure S$1C and D),"* HL-E97G induced a profound and sus-
tained reduction in plasma PL compared to the control group (—40% vs.
control; —22% vs. HL-WT at Week 16; Figure 1F) and an increased lyso-
phospholipid/phospholipid ratio, while HL-WT was marginally effective
(—24% vs. control; Figure 1F). Likewise, HL-E97G induced a profound re-
duction in plasma TG (—44% vs. control; —31% vs. HL-WT; Figure 1G) 3
and TC (—48% vs. control; —30% vs. HL-WT; Figure 1H), while HL-WT 8
was much less effective. FPLC profiling of pooled plasma showed that =
HL-E97G mainly reduced PL, TG, and TC within (V)LDL fractlons o
(Figure 11=K). In fact, the decrease in TC by HL-E97G was explained by a O
major decrease in non-HDL-C (—=50% vs. control; —32% vs. HL-WT,; «@ e
Figure 1L) and a milder decrease in HDL-C (—24% vs. control; Figure TM)<
without changing the gross composition of HDL (i.e. cholesterol and %
phospholipid; Supplementary material online, Figure S1E and F). HL-E97G & @
largely decreased TC exposure (i.e. the area under the curve of cholesterol &
during 16 weeks) vs. both control (—63%) and HL-WT (—58%) (Figure 1N)
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3.2 HL-E97G increases V(LDL) uptake by
liver in APOE*3-Leiden.CETP mice

To directly evaluate the effect of HL-E97G on lipoprotein kinetics, we &
intravenously injected APOE*3-Leiden.CETP mice with either VLDL-like %
partlcles (Figure 2A-D) or human LDL (Figure 2E-H) that were labelled 2
with [?H]TO and ['*C]JCO. For both VLDL-like particles and LDL, 8
HL-E97G increased the uptake of [PH]TO and [*C]CO by the liver, while N
HL-WT did not (Figure 2A, C, E, and G). HL-E97G also slightly increased the Z
uptake of [ H]TO and [14C]CO from LDL by spleen, heart, sBAT, and%
adrenals (Figure 2B, D, F,and H). These data suggest that HL-E97G reduces
plasma lipids in part by increasing (V)LDL uptake by the liver, with a plaus- E
ible additional contribution from extrahepatic tissues.
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3.3 HL-E97G does not affect hepatic lipid
content and faecal lipid excretion in
APOE*3-Leiden.CETP mice

Since HL-E97G increased (V)LDL uptake by the liver, we next investigated
the impact on liver lipids. HL-E97G and WL-WT did not affect liver hist-
ology (Figure 3A), hepatic lipid area (Figure 3B), or hepatic contents of
TG (Figure 3C), TC (Figure 3D), and PL (Figure 3E). Likewise, HL-E97G
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Figure 1 Human HL-E97G expression reduces plasma phospholipid, triglyceride, and cholesterol levels in APOE*3.Leiden.CETP mice. APOE*3.Leiden.CETP
mice fed a Western-type diet received an intravenous injection with 3 x 10"" genome copies (GC) of adeno-associated viruses (AAV8) expressing either en-
hanced green fluorescent protein (eGFP; control), the human LIPC gene encoding wildtype HL (HL-WT), or the human LIPC gene encoding the gain-of-function
E97G variant of HL (HL-E97G). Throughout the experimental period, 4 h fasted blood samples were collected to obtain plasma (at Weeks 0, 4, 8, 12, and 16)

(continued)
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Figure 1 Continued

and mice were killed after 17 weeks of virus injection and organs/tissues were collected (A). Hepatic expression of human HL (hLIPC; B) and mouse HL (mLipc; C)
were determined. Body weight (D) and organ weight (E) were recorded. Plasma levels of phospholipids (PL; F), triglycerides (TG; G), and total cholesterol (TC;
H) were determined. In pooled plasma samples collected at Week 16, lipoproteins were separated by fast protein liquid chromatography (FPLC) to measure
PL (1), TG (J), and TC (K) levels in collected fractions. Plasma non-high density lipoprotein cholesterol (non-HDL-C; L) and HDL-C (M) levels were measured.
Plasma TC exposure (N) was calculated from TC levels throughout the experimental period. Data are shown as mean + S.EM. (B-H and [-N, n=14-16/
group). Differences were assessed using one-way ANOVA with a Tukey correction for multiple comparisons. %P < 0.05, #*P < 0.01, 44p < 0.001, compared
with the control group. **P < 0.01, ***P < 0.001, compared with the HL-WT group. gWAT, gonadal white adipose tissue; HL, hepatic lipase; hLIPC, human

hepatic lipase; iBAT, interscapular brown adipose tissue; mLipc, mouse hepatic lipase; sSBAT, subscapular brown adipose tissue; sSWAT, subcutaneous white

adipose tissue.

did not affect excretion of faeces (Figure 3F), faecal cholesterol (Figure 3G),
and faecal bile acids contents (Figure 3H), suggesting that HL-E97G does
not affect lipid excretion. Also, HL-E97G did not alter the hepatic expres-
sion of genes involved in lipogenesis, cholesterol synthesis, or VLDL pro-
duction (Figure 3I), suggesting that HL-E97G does not affect VLDL
production. While HL-E97G increased (V)LDL uptake by the liver, hepatic
expression of Pcsk9 and Ldlr was not affected (Figure 3J). Collectively, these
data indicate that HL-E97G does not induce liver steatosis and toxicity.

3.4 HL-E97G decreases atherosclerotic
lesion area and severity in
APOE*3-Leiden.CETP mice

Since HL-E97G largely reduced plasma TC, the most important risk factor
for atherosclerosis, we next determined the atherosclerotic lesion size in
the aortic root at 17 weeks after virus injection. Representative examples
of HPS-stained sections are shown in Figure 4A. HL-E97G profoundly de-
creased the atherosclerotic lesion size throughout the aortic root
(Figure 4B), resulting in a significant reduction of the average lesion size
(—98% vs. control; —97% vs. HL-WT; Figure 4C) while HL-WT did not sig-
nificantly affect lesion size (Figure 4B and C). Further characterization of le-
sions revealed that HL-E97G largely increased the percentage of
unaffected sections (4-fold vs. control; 5-fold vs. HL-WT; Figure 4D),
with 7/16 mice devoid of lesions. In fact, the lesions that were present in
the HL-E97G expressing mice were all mild, compared with 35% severe
lesions in controls and HL-WT expressing mice (Figure 4E). Next, the com-
position of lesions was determined (i.e. smooth muscle cell and collagen as
stability markers of lesions; macrophage as instability marker of lesions)
(Figure 4F) to reveal that although HL-E97G did not grossly affect lesion
composition (Figure 4G), it improved the lesion stability index (i.e. sum of
smooth muscle cell and collagen area divided by macrophage area) of
type lll lesions (Figure 4H). Taken together, our data show that HL-E97G
but not HL-WT markedly attenuates atherosclerotic lesion development
in APOE*3.Leiden.CETP mice.

3.5 HL-E97G improves dyslipidaemia and

reduces atherosclerosis in LdIr~’~ mice

To assess whether the lipid-lowering effect of HL-E97G is dependent on
the LDLR pathway, we next evaluated the effects of HL-E97G vs.
HL-WT on plasma lipids and atherosclerosis development in Ldlr™"
mice. To this end, male and female Ldlr~ mice fed with a pro-atherogenic
diet received an intravenous injection of AAV8-TGB-eGFP (control),
AAVB-TGB-LIPC (HL-WT), or AAV8-TGB-LIPC E97G (HL-E97G)
(Figure 5A). Similar to APOE*3-Leiden.CETP mice, HL-E97G did not affect
body weight (Figure 5B) and markedly reduced plasma PL (=75% vs. con-
trol; —68% vs. HL-WT; Figure 5C), plasma TG (—89% vs. control; —80%
vs. HL-WT; Figure 5D), and TC levels (=79% vs. control; —77% vs.
HL-WT at Week 14; Figure 5E) in Ldlr™’~ mice. HL-E97G also decreased
both non-HDL-C (—86% vs. control; —83% vs. HL-WT; Figure 5F) and
HDL-C (—69% vs. control; —66% vs. HL-WT; Figure 5G) levels. Similar to
APOE*3-Leiden.CETP mice, HL-E97G markedly reduced plasma TC expos-
ure (—80% vs. control; —77% vs. HL-WT) in Ldlr™~ mice (Figure 5H).

1 POPEOJUMO(]

Next, we measured atherosclerotic lesion size in both the aortic root g
and aortic arch after 14 weeks of virus injection. Representative examples 2_
of oil Red O-stained sections are shown for the aortic root (Figure 5) and =
aortic arch (Figure 5K). While HL-WT did not reduce or worsen aortic ath- £
erosclerotic lesions compared to the control group in the aortic root§
(Figure 5]) or arch (Figure 5L), HL-E97G reduced the lesion area in the aor- o
tic root lesions (—54% vs. control; —41% vs. HL-WT; Figure 5J) and even 3,
more strongly in the aortic arch (=73% vs. control; =71% vs. HL-WT; 5
Figure 5L). Although small group sizes precluded statistical analysis in males G
and females separately, HL-E97G seemed to consistently reduce plasma li- 8
pids and atherosclerotic lesion area in both sexes (see Supplementary =-
material online, Figure S2A-I).

These data demonstrate for the first time that HL-E97G reduced plasma
lipids independent of the LDLR pathway and can effectively delay and re-
duce the progression of atherosclerosis in mice lacking LDLR.

4. Discussion

The HL-E97G variant leading to a specific increase in HL phospholipase ac-
tivity was recently identified in a family with combined hypocholesterolae- =
mia phenotype characterized by a fall in both plasma LDL-C and HDL-C ¥
concentrations.'? The functional characterization performed in this study %
has allowed us to extend our knowledge of this variant. We have shown &
for the first time that HL-E97G not only lowers cholesterol levels, in g
part through increased hepatic uptake of (V)LDL, but also significantly pre- g
vents atherosclerotic lesions, in contrast to the wildtype form of HL. We <
also demonstrate that HL-E97G exerts its cholesterol-lowering action in- 2
dependently of LDLR and that it is also able of protecting Ldlr™'~ mice from z
atherosclerosis. These data validate the extreme therapeutic interest of &
HL-E97G for the treatment of hypercholesterolaemia, particularly the —
most severe forms such as HoFH. [}
The role of HL in the development of atherosclerosis remains a subject >
of debate. On the one hand, HL lowers HDL-C and increases small dense —
LDL concentrations, both of which can contribute to atherosclerosis.”***
On the other hand, HL can also exert anti-atherogenic properties by pro-
moting the clearance of lipoprotein remnants and potentially the reverse g
cholesterol transport by increasing B-HDL levels.”>™ In Ldlr™™ mice, o
the genetic deletion of HL promotes the premature development of ath- _
erosclerotic plaques.?® Conversely, transgenic re-expression of HL in ei- ;
ther Ldlr™"~ or apolipoprotein E knockout mice significantly reduces&
atherosclerotic plaque development, and this effect is dependent on the G
enzymatic functions of HL?*?® Genetic data have failed to clarify the 3
role of HL, with again discordant results according to study populations. &
Individuals with complete HL deficiency are very rare and some of these
individuals did develop ASCVD whereas other did not."***’ However,
low HL activity was associated with an increased risk of coronary heart dis-
eases.®® In accordance with this observation, a Mendelian randomization
study demonstrated that low HL activity was causally related to higher
ASCVD risk,>" but this has not been confirmed in other similar studies
using the same genetic variant.**** Thus, while there is a tendency towards
a negative association between HL activity and ASCVD risk, this effect is
modest and not always consistent. In the present study, expression of
the wildtype form of HL had indeed a much more modest effect on total
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Figure 2 Human HL-E97G expression increases uptake of V(LDL) uptake by the liver and extrahepatic tissues in APOE*3-Leiden.CETP mice.
APOE*3.Leiden.CETP mice, after 17 weeks of virus injection, were intravenously injected with glycerol tri[>H]oleate ([*H]TO) and ["*C]cholesteryl oleate
(["CICO) double-labelled very low density lipoprotein (VLDL)-like particles or LDL. At 15 min after injection of VLDL-like particles, mice were killed and
organs/tissues were collected. The activity of *H and "C in the liver (A, C) and other organs/tissues (B, D) were measured. At 30 min after injection of
LDL, the activity of *H and "*C in the liver (E, G) and other organs/tissues (F, H) were measured. Data are shown as mean + S.EM. (n= 6-8/group).
Differences were assessed using one-way ANOVA with a Tukey correction for multiple comparisons. ¥P < 0.05, ¥4P < 0.01, #&p < 0001, compared with
the control group. *P < 0.05, **P < 0.01, ¥**P < 0.001, compared with the HL-WT group. gWAT, gonadal white adipose tissue; iBAT, interscapular brown
adipose tissue; sBAT, subscapular brown adipose tissue; sSWAT, subcutaneous white adipose tissue.

cholesterol exposure than the HL-E97G variant, and this did not translate
into a reduction in atherosclerotic lesions. These data confirm the unique
value of the HL-E97G variant for its specific modulation of HL activity.

Regarding the mechanism of action of the HL-E97G variant, we have
previously shown that it specifically increases the phospholipase activity
of HL, to the detriment of its TG lipase activity, possibly linked to a change
in the conformational structure of the lid domain."* We observed that
HL-E97E lowered HDL-C, without altering its overall composition.
Although HDL-C is inversely correlated with ASCVD in humans,
Mendelian randomization studies did not provide evidence for a causal
role of HDL-C in ASCVD,** and raising HDL-C by CETP inhibition has
been futile with respect to affecting ASCVD outcomes.®® Thus, the reduc-
tion of HDL-C by HL-E97G observed in our models is not expected to af-
fect atherosclerosis.

To go further, we performed kinetic experiments using VLDL-like par-
ticles and purified human LDL, and we observed that HL-E97G overex-
pression moderately increases (V)LDL particles hepatic uptake, without
substantially affecting peripheral tissue uptake, such as the adipose tissue
or the heart. In our previous study, we also performed kinetic experi-
ments on APOE*3.Leiden.CETP mice with VLDL-like particles and murine
VLDL, and the particles hepatic uptake was not increased in mice over-
expressing HL-E97G. Instead, particles uptake was significantly increased
in adipose tissue (both white and brown) and oxidative tissues such as
the heart or the muscle in the HL-E97G group. On the other hand,
this study confirms previous data'® showing that HL-E97G does not affect
either faecal cholesterol or bile acid excretion in APOE*3.Leiden.CETP

mice. This apparent discrepancy between our two studies and between
the increase in hepatic uptake of (V)LDL and the lack of effect on faecal
cholesterol excretion is surprising and still unexplained. Further research
is therefore needed to understand in detail the molecular mechanisms
underlying the cholesterol-lowering effect of HL-E97G. However, these
kinetic experiments in both studies indicate that no significant differences
in the tissue clearance profile were observed between the VLDL-like
particles (without apoB) and endogenous murine VLDL'® or human
LDL (with apoB) confirming that HL-E97G did not act through an
apoB-mediated pathway.

The present results are also encouraging with regard to the positioning
of HL-E97G as a new therapeutic target for the management of hyperchol-
esterolaemia. Indeed, it was crucial to verify its effect on the development
of atherosclerosis, given that the proband in whom this variant was iden-
tified has developed coronary artery disease."” It remains unclear however
whether such ASCVD was due to altered HL activity or other CV risk fac-
tors (the proband had type 2 diabetes and a history of heavy smoking). It is
also important to mention that to date, none of the other familial carriers
of HL-E97G have reported similar cardiovascular events. The therapeutic
benefit of this new cholesterol-lowering mechanism of action mediated by
HL-E97G is that it is independent of the action of LDLR, unlike statins or
PCSK9 inhibitors. This suggests that it may act synergistically with these
classes of LLTs. Above all, it offers future prospects for the therapeutic
management of patients with HoFH associated with bi-allelic variants with-
out LDLR activity (‘null’ alleles). In this group of patients, current therapies
are based on LDL-apheresis, evinacumab®® or lomitapide.*” The use of
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Figure 3 HL-E97G expression does not affect hepatic lipid content and faecal

lipid excretion in APOE*3-Leiden.CETP mice. At 17 weeks after virus injection

into APOE*3.Leiden.CETP mice, liver samples were collected and stained with haematoxylin—eosin (H&E; A) and the hepatic lipid area (B) was quantified. Hepatic

triglyceride (TG; C), total cholesterol (TC; D), and phospholipid (PL; E) contents
48 h and faecal excretion (F), faecal cholesterol (G), and bile acid (H) excretion

were determined. After 10 weeks of virus injection, faeces were collected for
were measured. The expression of genes involved in de novo lipogenesis syn-

thesis, fatty acid (FA) oxidation, cholesterol synthesis and very low density lipoprotein (VLDL) production (I) and genes involved in lipoprotein uptake (/) was
determined in the liver. Data are shown as mean + S.E.M. (B-E, |, and J, n = 14-16/group; F—H, n = 8/group). Differences were assessed using one-way ANOVA
with a Tukey correction for multiple comparisons. Acc?, acetyl coenzyme A carboxylase 1; Apob, apolipoprotein B; Cpt1, carnitine palmitoyl transferase 1;
Dgat1, diacylglycerol O-acyltransferase 1; Dgat2, diacylglycerol O-acyltransferase 2; Fasn, fatty acid synthase; Hmgcr, 3-hydroxy-3-methylglutaryl coenzyme
A; LdIr, low density lipoprotein receptor; Mttp, microsomal triglyceride transfer protein; Pcsk9, proprotein convertase subtilisin/kexin type 9; Ppara, peroxisome
proliferator-activated receptor alpha; Srebf7c, sterol regulatory element-binding factor 1¢; Srebf2, sterol regulatory element-binding factor 2.

lomitapide is limited by the development of liver steatosis, which requires
regular liver monitoring, and by significant gastrointestinal disorders, which
necessitate the introduction of a long-term low-fat diet.*® Evinacumab, a
monoclonal antibody that inhibits the action of ANGPTL3, also acts via
an LDLR-independent pathway. In a randomized controlled trial, it has
been shown to decrease plasma LDL-C levels of around 50% in HoFH pa-
tients, independently of residual LDLR activity.>” Interestingly, recent stud-
ies suggested that the LDL-C reduction induced by ANGPTL3 inhibition is
associated with an increased EL activity and subsequent accelerated LDL
catabolism.***' Since HL-E97G variant has a lipase activity closer to that
of EL, with predominantly phospholipase activity, this underlines the im-
portance of this enzymatic activity in regulating circulating lipoprotein

concentrations. It would therefore be important to determine whether
HL-E97G and evinacumab act via common pathways.

In conclusion, this study confirms the potential therapeutic interest of
the HL-E97G variant, which is characterized by an increase in HL phospho-
lipase activity, a reduction in circulating lipoproteins without inducing hep-
atic lipid accumulation and, above all, protection against the development
of atherosclerosis in two different mouse models. Its mechanism of action
is still under investigation, but implies both a hepatic and extrahepatic path-
way, independent of LDLR, to promote lipoprotein catabolism. Together,
this study advances our understanding of lipoprotein metabolism and
opens up interesting therapeutic perspectives for HoFH patients lacking
functional LDLR.

1SNBNy Z| Uo Jasn DN - uapleT 1alsiaAiun Aq €209S1.8/7201/2/1 21 /2191e/Sa10SeA0IpIEd/woo dnoolwepeoe//:sdiy Woll papeojumod

N
o
N
o



1032 T. Sotin et dl.

A :
Control HL-WT HL-E97G
qr v EEaam) N [ o [ i = 7.

1_{ ;.;,. Py vs. ® Control &

® HL-WT *
S _ 025
£ < ® HL-E97G
=l
ST 020
£ = & 0457
S £ 3
@ 5 o 0.0
2] S 9
o 1
e  0.05-
- E 888 &
@ &8
2E P & =
< 0.00 T p i
()} 50 100 150

Distance from aortic valves (um)

o= D - E
S _ 0.4- 100 senanen 100
= T
¥ . .
S So03q ° 5 § 75 -‘3’% 75
7] o B =
8 o oo o &% 2w
0 0 % o -2 o9
= O 0.2+ . o= 504 9= 504
B . n g . Ew®
a o [ < e 19 b
S8 2 9 wsall 83
8 o 014 a&& TR 259 e =& 257
S E *kk =]
[ =2
£E
b 0.0 0= 0-
N o > (<) Mild Severe
& N & & S & (lesion I-Il) (lesion IV, V)
&N & SRS
9 & J
F Aortic root
HL-WT HL-E97G
- g R e
f=
g G H
o _ 100~ = 15+
=T c
5o ] &
G g 75— g *%
9 25 . o = 10+ *
x B n o
1] >
"] £ - D
2 2w 2
® 23 > 57
Qe =
£3 :
=] E_ [}
& B o 7]
Q ~
g «© £ 0
& o Q
[ S

Figure 4 Human HL-E97G expression reduces atherosclerotic area and severity in APOE*3.Leiden.CETP mice. At 17 weeks after virus injection into
APOE*3.Leiden.CETP mice, aortic root samples were collected and stained with haematoxylin phloxine saffron (HPS; A). The atherosclerotic lesion areas of
four consecutive sections (with 50 um intervals) were quantified and plotted as a function of the distance from open aortic valves (B). Average atherosclerotic
lesion areas (C) were calculated from B. The undiseased areas were recorded and normalized to total areas (D). Lesions were categorized according to lesion
severity, expressed as a percentage of total lesions (E), and shown by lesion severity: mild (types I-lll, on the left) and severe (types IV-V, on the right).
Representative cross-sections of aortic root labelled with anti-a-smooth muscle cell actin (o-actin), Sirius red and anti-MAC3 antibody (MAC3) were shown
(F)- The smooth muscle cell, collagen and macrophage areas (G) were quantified in type Il lesions and the lesion stability index (i.e. the sum of the smooth
muscle cell and collagen area divided by macrophage area) of type Ill lesions (H) was measured. Data are shown as mean = S.E.M. (B-D, n = 14-16/group;
E, G, and H, n =16 in control or HL-WT group n =9 or 7 in HL-E97G group because 7 or 9 mice did not have lesions at all or type lll lesions, respectively).
Differences were assessed using one-way ANOVA with a Tukey correction for multiple comparisons. #P < 0.01, #&pP < 0.001, compared with the control
group. ¥*¥P < 0.01, ***P < 0.001, compared with the HL-WT group.
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Figure 5 Human HL-E97G expression improves dyslipidaemia and decreases atherosclerotic lesion area in Ldlr™~

pro-atherogenic diet received an intravenous injection with 3 x 10" genome copies (GC) of adeno-associated viruses (AAV8) expressing either enhanced green
fluorescent protein (eGFP; control), the human LIPC gene encoding wildtype HL (HL-WT), or the human LIPC gene encoding the gain-of-function E97G variant of
HL (HL-E97G). Throughout the experimental period, 3 h fasted blood samples were collected to obtain plasma (at Weeks 0, 4, 8, and 14). Mice were killed 14

(continued)

mice. Ldlr
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Figure 5 Continued

weeks after virus injection, and the aortic root and arch were collected (A). Body weight (B) was recorded throughout the experimental period. Plasma
phospholipid (PL; C) levels were measured at Week 14. Plasma triglyceride (TG; D), and total cholesterol (TC; E) levels throughout the experimental period
were determined. Plasma non-high density lipoprotein cholesterol (non-HDL-C; F) and HDL-C (G) levels were measured at Week 14. Plasma TC exposure
(H) was calculated from TC levels throughout the experimental period. Representative cross-sections of the aortic root (/) and sagittal section of aortic arch
(K) stained with oil red O are shown, and atherosclerotic lesion areas were quantified ( and L). Data are shown as mean + S.E.M. (n = 7-10/group). Differences
were assessed using one-way ANOVA with a Tukey correction for multiple comparisons. #P < 0.05, #¥¥P < 0.001, compared with the control group.
*P < 0.05, *¥*%P < 0.01, ***P < 0.001, compared with the HL-WT group. HL, hepatic lipase.

Translational perspective

Recently, a gain-of-function variant of hepatic lipase (HL-E97G) was identified as a new cause of familial combined hypocholesterolaemia, with reduced
plasma LDL-C and HDL-C concentrations. This action is due to a specific increase in the phospholipase activity of HL-E97G. Concordantly, hepatic
expression of HL-E97G prevents the development of atherosclerosis in APOE*3-Leiden.CETP mice. Importantly, the cholesterol-lowering and anti-

—/—

atherogenic actions of HL-E97G are independent of the LDL receptor, since they are also exerted in Ldlr—"~ mice. This opens up promising therapeutic

prospects for HL-E97G, particularly in patients with the most severe forms of homozygous familial hypercholesterolaemia with no residual LDLR

activity.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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