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Highlights:

PCSK9 GOF genetic variants deleteriously affected several metrics of HDL
functionality.

Proteomic, glycomic and lipidomic composition of HDL was altered.
HDL from FH-PCSK9 patients was enriched in several lysophospholipids.

A2G2S2 glycan and apolipoprotein A-IV were enriched in HDL from FH-PCSK9
patients.

A novel mosaic structure-function model of HDL in FH was developed using network
analysis.
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ABSTRACT

Background: The role of proprotein convertase subtilisin/kexin type 9 (PCSK9) in
dyslipidemia may go beyond its immediate effects on low-density lipoprotein receptor (LDL-
R) activity.

Objective: This study aimed to assess PCSK9-derived alterations of high-density lipoprotein

(HDL) physiology, which bear a potential to contribute to cardiovascular risk profile.

Methods: HDL was isolated from 33 patients with familial autosomal dominant
hypercholesterolemia (FH), including those carrying PCSK9 gain-of-function (GOF) genetic
variants (FH-PCSK9, n=11), together with two groups of dyslipidemic patients employed as
controls and carrying genetic variants in the LDL-R not treated (ntFH-LDLR, n=11) and
treated (tFH-LDLR, n=11) with statins, and 11 normolipidemic controls. Biological evaluations
paralleled by proteomic, lipidomic and glycomic analyses were applied to characterize

functional and compositional properties of HDL.

Results: Multiple deficiencies in the HDL function were identified in the FH-PCSK9 group
relative to dyslipidemic FH-LDLR patients and normolipidemic controls, which involved
reduced antioxidative, antiapoptotic, anti-thrombotic and anti-inflammatory activities. By
contrast, cellular cholesterol efflux capacity of HDL was unchanged. In addition, multiple
alterations of the proteomic, lipidomic and glycomic composition of HDL were found in the
FH-PCSK9 group. Remarkably, HDLs from FH-PCSK9 patients were systematically enriched
in several lysophospholipids as well as in A2G2S2 (GP13) glycan and apolipoprotein A-1V.
Based on network analysis of functional and compositional data, a novel mosaic structure-

function model of HDL biology involving FH was developed.

Conclusion: Several metrics of anti-atherogenic HDL functionality are altered in FH-PCSK9
patients paralleled by distinct compositional alterations. These data provide a first-ever
overview of the impact of GOF PCSK9 genetic variants on structure-function relationships in
HDL.

Keywords: proprotein convertase subtilisin kexin type 9, high-density lipoproteins, gain-of-
function mutation, low-density lipoprotein receptor, familial hypercholesterolemia,
computational biology

4132



Introduction

Proprotein convertase subtilisin/kexin type 9 (PCSK?9) is primarily known for its key role in the
regulation of low-density lipoprotein (LDL) metabolism through hepatic degradation of the
LDL receptor (LDLR) [1]. PCSK9 may however contribute to lipoprotein metabolism in a
number of other ways beyond its immediate effects on LDLR activity and LDL-cholesterol
(LDL-C) levels [2]. Atherogenic dyslipidemia represents an imbalance between excess
circulating levels of cholesterol in the form of apolipoprotein (apo) B-containing relative to
apo A-l-containing lipoproteins, which primarily involve LDL and high-density lipoprotein
(HDL) respectively [3]. Further understanding of the role of PCSK9 in dyslipidemia and
atherosclerosis therefore requires more attention to the modulation of other, than LDL,
lipoproteins. While numerous studies characterized associations between PCSK9 and LDL
metabolism [4-8], little attention was devoted to relationships of PCSK9 with high-density
lipoprotein (HDL). Interestingly, genetic variants of PCSK9 gene and inhibition of classical
protein convertases influence HDL-cholesterol (HDL-C) levels [9-11], consistent with a link
between PCSK9 and HDL metabolism. Alterations of the metabolism of large, apoE-
containing HDL might represent one of the mechanisms underlying this association [10]. This
possibility is supported by a physical association of PSCK9 with apoE-containing HDL [12].
Indeed, plasma PCSKO is carried by both LDL and HDL [13-14].

Low HDL-C level is an independent risk factor for cardiovascular disease; this association
may reflect atheroprotective activities of HDL [15]. Indeed, Mendelian randomization reveals
that HDL-C is not causally related to cardiovascular disease [16]. Structural and functional
differences across HDL particles might therefore be of relevance for the atherogenic role of
low HDL-C. Recent compositional and functional data identify several molecular constituents
as bioactive components of HDL [17-19]. Notably, HDL subpopulations from patients with
acute myocardial infarction and inherited apo-A-I deficiency display altered lipidome and
proteome, reflecting impaired function [20, 21]. Importantly, both homozygous and
heterozygous familial autosomal dominant hypercholesterolemia (FH) equally features
compositionally altered HDL particles exhibiting attenuated functional activity as reported by
us [22-24] .

Rare gain-of-function (GOF) genetic variants in PCSK9 lead to a phenotype characteristic of
FH [6]. Despite absence of marked effects on plasma HDL-C levels [2, 25, 26], these
variants may modulate HDL function. Indeed, PCSK9 decreases the capacity of HDL to
reduce oxidative stress in endothelial cells [14], while PCSK9 inhibition increases the
capacity of HDL to efflux cellular cholesterol [27] and improves HDL particle profile [28]. In
the present study, we explored the role of PCSK9 for the metabolism, composition and

function of HDL in humans. We applied state-of-the-art technologies, including multiple
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functional evaluations paralleled by proteomic, lipidomic and glycomic approaches, for
profiling structure-function relationships across HDL. This strategy allowed us developing a
novel structure-function model for the assessment of the HDL biology in relationship to
PCSKO9. Our data revealed for the first time that HDL particles from PCSK9 patients are less
effective in inhibiting oxidative damage, platelet aggregation, inflammatory alterations and
apoptosis relative to dyslipidemic and normolipidemic controls. Importantly, multiple
alterations of the lipidomics, glycomics, and proteomics of HDL were identified in the patients

with genetic variants in PCSKO9.

Material and Methods
Patients and samples

For this case-control study, eleven FH patients carrying GOF genetic variants in PCSK9 that
reduce cellular levels of LDLR were recruited (FH-PCSK9 group; Figure 1). According to the
FH treatment guidelines, all the patients were under statin therapy. The patients were
compared to normolipidemic controls (n=11) as well as to FH patients carrying one of the
most common genetic variants in LDLR (FH-LDLR). In order to evaluate the role of the statin
treatment, FH-LDLR patients either treated (tFH-LDLR, n=11) or not treated (ntFH-LDLR,
n=11) by statins were recruited as dyslipidemic controls. The starting dose of a statin varied
from 10 to 80 mg/d according to baseline LDL-C levels and was titrated up for patients not
reaching their LDL-C goals (<100 mg/dl; 2.6 mmol/l), eventually followed by reduced doses
after subsequent check-up. The dyslipidemic FH-LDLR patients were similar to other groups
in terms of their biological and clinical characterisitcs, except for gender (Figure 1). In
addition to statins, 18 and 45% of the patients in the FH-PCSK9 and tFH-LDLR group,
respectively, were under fibrates. No differences in biological and clinical characteristics
between patients treated and not treated by fibrates were observed (data not shown). All the
patients were admitted to the Department of Endocrinology and Metabolism at the Hospital
Pitié-Salpétriere and Bichat in Paris, or Department of Endocrinology, Metabolic Disease and
Nutrition at the Hospital Nord-Laénnec in Nantes, France between 1996 and 2014. No
correlation was found between plasma storage time at -80°C and outcome of HDL
functionality assays (data not shown).

The exclusion criteria were Type 1 or Type 2 diabetes mellitus (defined as HbAlc >6.5%),
endocrine and oncological disease, plasma triglyceride levels >400 mg/dl (4.52 mmol/l),
heavy alcohol consumption (>25 g/d), smoking, receiving antioxidative vitamins, evidence of
secondary hyperlipidemia (as in nephrotic syndrome), renal insufficiency (creatinine levels >
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2.0 mg/dl), and receiving other, than statins, lipid-lowering drugs. The study protocols were

approved by the local ethical committees and all subjects provided written informed consent.
Genetic analysis

DNA was extracted from peripheral blood leucocytes on a QIAsymphony automation
platform or using the FlexiGene DNA kit (QIAGEN) according to the manufacturer
recommendations. Amplification was performed using Multiplicom ADH MASTR assay v2.0
multiplexing kit (Agilent). Alternatively, libraries were prepared using Ampliseq, a SeqCapEZ
Solution-Based Enrichment strategy (Roche NimbleGen Madison, WI). Sequencing was
performed on coding DNA sequence and flanking introns (exon padding +/- 30 bp) to detect
the LDLR, PCSK9, APOB and APOE genes and SNPs included in the wPRS as previously
described [29-31]. The pathogenicity of the variants was assumed on the basis of existing
data on the role of PCSK9 in FH [6, 32, 33].

Plasma lipoprotein isolation

Total HDL was isolated from 0.8 to 1 mL plasma samples by sequential ultracentrifugation
using a table-top ultracentrifuge (Beckmann Optima MAX-XP, CA, USA) and solid KBr for

density adjustment [34]. All the samples were thawed only once directly before analysis.

Subfractions of HDL, including HDL2b, d 1.063-1.091 g/ml; HDL2a, d 1.091-1.110 g/ml;
HDL3a, d 1.110-1.133 g/ml; HDL3b, d 1.133-1.156 g/ml; and HDL3c, d 1.156-1.179 g/ml,
were isolated from 3 ml of plasma by density gradient ultracentrifugation by a slight
modification of the method of Chapman et al [35] as previously described [36]. Because of
the limited plasma volume, HDL subfractions could not be isolated from subjects in the ntFH-
LDLR group, while in the other groups such isolation was possible for three specimens per
group only. LDL was isolated from healthy normolipidemic subjects at a density of 1.019-
1.063 g/ml by sequential ultracentrifugation. All HDL and LDL particles were extensively

dialysed at 4°C in the dark against phosphate-buffered saline (PBS).
Plasma enzyme activity assays

Plasma activities of cholesteryl ester transfer protein (CETP), phospholipid transfer protein
(PLTP), and lecithin—cholesterol acyltransferase (LCAT) were measured using fluorescence-
based assay kits (Roar Biomedical, Inc., NY, USA) with a fluorescence spectrophotometer
(Spectramax Gemini XS, Molecular Devices, CA, USA). These measurements were carried
out following the manufacturer's instruction as previously described [37]. In brief, for CETP
activity assay, 4 yl of plasma sample (as the source of CETP) was added to the reaction
mixture containing a synthetic fluorescent cholesteryl ester (CE) in a self-quenched state as
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the donor molecule and apo-B-containing lipoprotein as an acceptor particle. The increase in
fluorescence intensity was quantified at excitation wavelength of 465 nm and emission
wavelength of 535 nm as the CETP-mediated transfer of the fluorescent neutral lipid to the
acceptor particle and expressed as nanomole of neutral lipid transferred per ul plasma per

hour.

Based on the same principle, PLTP activity was measured using a fluorescent phospholipid
donor and a synthetic acceptor, in the presence of 3 ul of plasma as a source of PLTP. The
transfer was characterised by an increase in fluorescence intensity, which was read at

excitation wavelength of 465 nm and emission wavelength of 535 nm.

For LCAT, 4 ul of plasma was added to the assay substrate and 96 ul of the assay buffer.
After 2.5h incubation at 37°C, 200 ul of the read reagent was added to the mixture and
following the transfer of 200 ul of the mixture to a black fluorescent plate, fluorescence was
read at excitation wavelength of 340 nm and two distinct emissions wavelengths of 470 nm
and 390 nm, corresponding to non-hydrolyzed and hydrolyzed phosphatidylcholine,
respectively. Results were reported as the ratio of the fluorescence of the hydrolyzed and

non-hydrolyzed substrate.
Antithrombotic activity of HDL

Fresh blood was collected into 3.8% trisodium citrate as an anticoagulant. Platelet-rich
plasma (PRP) was prepared by centrifugation at 100g for 20 minutes at 22°C. To prevent
platelet activation, PRP was acidified at pH 6.4. Following platelet separation by
centrifugation, platelet pellets were gently resuspended in Tyrode buffer (137 mM NacCl, 12
mM NaHCO;, and 2.5 mM KCI [pH 7.2]). The concentration was adjusted accordingly with
Tyrode buffer. To measure HDL-mediated antithrombotic effects, platelets were preincubated
with HDL 50ug protein/ml for 5 minutes at 37°C with stirring at 1000 rpm. Collagen (10ug/ml)
was used as an agonist and aggregation was monitored for 4 min using a Lumi-

aggregometer type 500 VS (Chrono-log) [38].
Antiapoptotic activity of HDL

The capacity of HDL to protect against starvation-induced apoptosis was measured in human
umbilical vein endothelial cells (HUVECS). The cells (5x10° cells/mL) were cultured for 24h in
24-well plates using an endothelial cell growth media (PromoCell, Germany) containing all
required growth factors and supplements. To induce quiescence, HUVEC cells were
maintained overnight in the basal medium with 0.5% serum growth supplement.
Subsequently, the cells were washed twice with PBS to remove growth factors. Deprived

cells were then incubated in the presence or absence of HDL (100 pg protein/mL) for 16h.
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Annexin V-FITC kit (BioLegend, CA, USA) was used to evaluate cellular apoptosis and
necrosis as described previously [39]. Flow cytometric measurements were performed on a
BD LSRFortessa flow cytometer (BD Biosciences, NJ).

Antioxidative activity of HDL toward LDL oxidation

Antioxidative function of HDL during LDL oxidation was characterized as previously
described [23, 40]. Native LDL (d1.019 —1.063 g/L) isolated from a healthy normolipidemic

donor was added, at a concentration of 10 mg cholesterol/dl, to PBS alone or total HDL (40

mg total mass/dl) followed by the addition of 2,2'-azobis 2-methylpropionamidine

dihydrochloride (AAPH,1 mM), an azo-initiator of oxidation. Kinetics of LDL oxidation was

followed for 16 h at 37°C as the increment in absorbance at 234 nm corresponding to the

accumulation of conjugated dienes as compared to the blank containing AAPH alone. The
kinetics of conjugated diene accumulation identified two characteristic phases, the lag and
propagation phases. For each kinetic curve, the oxidation rate in the lag and propagation

phase and the maximal amount of conjugated dienes were calculated and the results were

expressed as a percentage relative to LDL oxidized in the absence of HDL [41].
Cholesterol efflux capacity of HDL

The capacity of HDL to efflux cellular cholesterol was evaluated as previously described [17,
42]. Human monocyte-derived THP-1 cells were cultured in RPMI 1640, and PMA was used
to differentiate the cells into macrophages. After incubation with acetylated LDL (50 ug/mL)
and *H-cholesterol (1 uCi/mL) for 48 h, washed cells were incubated with HDL. After 4 h the
radioactivity of the supernatant and lysed cells was determined by liquid scintillation
counting. The percentage of cholesterol efflux was calculated as the percentage of counts
recovered from the medium divided by total counts present on the plate (medium + cells)
[17].

Cell-free anti-inflammatory activity of HDL

The anti-inflammatory capacity of HDL was measured using an in vitro cell-free method [23].
In brief, reference LDL isolated from a healthy normolipidemic subject (50 ug protein/ml = 0.1
MM) was incubated in PBS with either dichlorofluorescine (DCFH) alone or with a mixture of
DCFH and HDL (50 pg protein/ml = 0.35 uM). DCFH is a non-fluorescent probe that upon
interaction with lipid oxidation products, such as oxidized phospholipids, forms DCF, which
produces intense fluorescence [43]. To initiate mild LDL oxidation, copper sulfate at a final
concentration of 0.05 uM Cu®** was added and the kinetic of oxidation was determined by

monitoring the change in the DCF fluorescence at every 5 min interval at 37°C for 16 h, at
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excitation wavelength of 485 nm and emission wavelength of 528 nm using a florescence

spectrophotometer [23].
Lipidomic analysis

HDL samples from different study groups were randomized and lipids were extracted using a
modified Bligh and Dyer method as previously described [44]. Samples (30 ug HDL
phospholipid (PL)) were supplemented with a mixture of internal standards (Avanti Polar
Lipids, Alabaster, AL) and extracted with 1,2 ml methanol/CHCI; (2:1 v/v) in the presence of
butylated hydroxytoluene and 310 pl of 0,005 N HCL. Phase separation was triggered by
adding of 400ul CHCI; and 400pul H,O. Extracted lipids were dried and resuspended in liquid
chromatography-tandem mass spectrometry (LC/MS/MS) solvent. Blanks (one every 15
samples), quality controls (one every 5 samples) and an additional pool quality control
containing equal amounts of all the samples (injected every 15 samples) were extracted in

parallel to ensure data integrity.

Lipids were quantified using LC-MS/MS with a Prominence UFLC (Shimadzu, Tokyo, Japan)
and QTrap 4000 mass spectrometer (AB Sciex, Framingham, MA, USA). Eight major PL
subclasses were quantified, including phosphatidylcholine (PC), lysophosphatidylcholine
(LPC), phosphatidylethanolamine (PE), lysophosphatidylethanolamine (LPE),
phosphatidylinositol (PI1), phosphatidylglycerol (PG), phosphatidylserine (PS), and
phosphatidic acid (PA), two principal sphingolipid (SL) subclasses, including sphingomyelin
(SM) and ceramide (Cer), and one neutral lipid subclass, triglycerides (TG), which together
comprised 222 individual molecular lipid species. Samples were injected on to a Kinetex
HILIC 2.6um 2.1x150mm column (Phenomenex, CA, USA). Mobile phases consisted of (A)
30mM ammonium acetate and 0.2% acetic acid and (B) acetonitrile containing 0.2% acetic
acid. Lipid species were detected in positive ionisation mode using scheduled multiple
reaction monitoring (sMRM) reflecting their head group fragmentation for PL and SM,
sphingoid base fragmentation for ceramides and neutral loss of single acyl chain for TG. The
nomenclature used for TG is therefore TG (a:b_c:d) where a:b corresponds to the
fragmented chain and c:d to the sum of both remaining chains. Quantification was performed
using calibration curves specific for the 11 individual lipid classes with up to 12 component
fatty acid moieties per class. More abundant lipid species which displayed non-linear
response in non-diluted extracts (typically PC and some SM species) were quantified from a
100-fold diluted sample. SMRM signals were corrected for isotopic contribution using an in-
house developed R script adapted from Ejsing CS et al [32].

Proteomic analysis
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Prior to protein digestion, samples were dialyzed overnight against 100 mM ammonium
bicarbonate. Isolated HDLs were diluted in a buffer containing a mixture of ammonium
bicarbonate and urea (50 mM and 4 M, respectively). Following reduction of cysteine residue
with dithiothreitol (DTT, 2.3 mM) at 56°C for 30 min and alkylation with iodoacetamide (5 mM)
at room temperature for 30 min, dithiothreitol was added to the samples at a final

concentration of 2.3 mM.

The mixtures were diluted 2-fold with 50 mM ammonium bicarbonate, and digestions were
carried out at 37°C overnight in the presence of trypsin at a 1:30 protein/enzyme ratio.
Digestion was stopped by acidification with 5% formic acid. Samples were desalted in Sep-
Pak C18 cartridges (Waters, Milford, MA, USA) using acetonitrile / 2% formic acid for elution.
Subsequently, one g of protein digest mixed with glutamate dehydrogenase digest
(LaserBio Labs, Sophia-Antipolis, France) were analyzed on a chromatography system
(nano-LC Ultimate 3000; Dionex, Amsterdam, The Netherlands) and loaded onto trapping
column C18 (5 um, 10 nm pore, 300 um i.d., LC Packings, France) at a flow rate of 20 pl/min
for 10 min and eluted using solvent A (2% acetonitrile and 0.1% formic acid in H,O).
Following separation on a 50 cm analytical column packed with C18 phase (3 um, 75 um i.d.)
at 300 nL/min, samples were resolved using gradient of solvent B as follows: 1% solvent B
(98% acetonitrile, 0.1% formic acid) to 40% B in 60 min, 40% B to 60% B in 2 min, 60% B for
8 min [45].

Glycomic analysis

HDL samples were desalted with ice-cold methanol as previously described [46, 47] and
dried in a vacuum concentrator. Samples were then resolved and incubated in 30 pl of
sodium dodecyl! sulfate (1.33%) for 10 min at 65°C for protein denaturation. Samples were
further treated with Igepal CA-630 (Sigma-Aldrich, St. Louis, MO, USA) prior to overnight
incubation at 37°C with 2.4 U of PNGase F (10 U/uL, Promega, Madison, WI, USA). Next, a
two-step fluorescent labelling method was used to label N-glycans with procainamide
hydrochloride dye (ProA, Acros Organics) upon their release. To remove remaining free
labels and reducing agents, hydrophilic interaction liquid chromatography solid-phase
extraction (HILIC-SPE) was used as described earlier [46, 47]. Selective separation of
glycans was achieved by liquid chromatography with fluorescence detection (HILIC-UHPLC-
FLD) on a Waters Acquity UHPLC H-Class system (Milford, MA, USA). Briefly, separation
was performed on Waters BEH Glycan chromatography column (150x2.1mm i.d., 1.7 ym
BEH particles). Phase A and B contained ammonium formate (100 mM) and acetonitrile,
respectively, and a linear gradient of 70—-53% acetonitrile (v/v) at a flow rate of 0.56 ml/min
was used in a 23 min analytical run. The detection of labeled glycans was performed at
excitation wavelength of 310 nm and emission wavelength of 370 nm. The obtained

11/32



chromatograms were separated in the same manner into 23 chromatographic peaks and the
abundance of glycans in each peak was expressed as % of total integrated area. Following
their separation, glycans were annotated according to measured m/z value and recorded
fragmentation spectra obtained by Bruker Compact Q-Time-of-Flight mass spectrometer
coupled to UHPLC via lon Booster ion source and controlled using HyStar software (Bruker
Daltonics, Bremen, Germany). Spectra were analyzed using Bruker Data analysis software
version 4.4, while glycan composition and certain structural features were determind using

GlycoMod [48] and GlycoWorkbench [49] software tools were used.

Individuals (aged 20-63 years)
|

| |
Excluded n= 646

secondary hyperlipidemia, lipid- Eligible n=44

lowering drugs other than undergoing diagnostic

statins/ezetimibe, diabetes tests and genotyping
s mellitus, etc.
kS
>
o - -
8_ N ‘ . Dyslipidemic Patients carrying PCSK9
- Normolipidemic healthy controls wild-type PCSKO patients gain-of-function genetic
S (age and sex-matched) carrying LDLR genetic variants
2 n=11 variants n=11
n

Statin-treated (age and Statin-non treated (age-
sex-matched) matched)
n=11 n=11

Blood sampling — HDL isolation — Laboratory analyses

> 8 HDL profile HDL lipidomics,
S £ t i d HDL functionality
E 9 LCAT, CETP and proteomics, an
= PLTP activities glycomics
o

System biology analyses

Structure-function relationships across HDL particles

Secondary
outcome

Figure 1. The case-control study design.

Statistical analyses

Distributions of all variables were analyzed for normality using the D'Agostino-Pearson test.

One-way ANOVA with post-hoc Tukey or Kruskal-Wallis with post-hoc Dunn’s test were
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employed to compare groups with normal or non-normal distributions, respectively. Fisher's
exact test was used to compare categorical variables between the groups. Structure-function
relationships across HDL particles were elucidated using systems biology approaches
involving cluster and network analyses. All the features that were significant in each of the
omics analysis, including lipidomic, glycomic, proteomic, biological and functional
parameters, were used to calculate the correlation coefficients between all these variables. A
correlation network was constructed using Cytoscape (version 3.7.0) [50] plug-in Metscape
(version 3.1.3) [51] and clustered by tree layout. Since multiple omics measurements were
performed in a relatively small population of subjects, rigorous corrections for multiple
comparison were made to eliminate Type 1 errors according to Benjamini-Hochberg [52].
Between-assay variability (potentially resulting in Type 2 errors) in omics data was corrected
by including a reference sample in each batch of studied samples. After removing outliers,
false discovery rate (FDR) multiple testing correction was performed on variables that

passed the cut-off of p < 0.05.
Results
Characteristics of subjects

Main clinical and biological characteristics of the subjects are shown in Table 1. The groups
did not differ in age, sex ratio and BMI. As expected, LDL-C concentrations were elevated in
FH-PCSKO9 patients relative to normolipidemic controls (+88%, p = 0.024) but not relative to
ntFH-LDLR and tFH-LDLR patients who both displayed increased LDL-C as compared to
normolipidemic controls. Such cholesterolemia was expectedly more pronounced in non-
treated than treated FH-LDLR patients (+153%, p < 0.0001, vs. +86%, p = 0.0018,
respectively). As a result, both FH-PCSK9 and tFH-LDLR groups revealed reduced levels of
LDL-C as compared to ntFH-LDLR patients (-26%, p < 0.0012, and -27%, p = 0.018,

respectively).

HDL-C concentrations tended to be decreased in both FH-PCSK9 and FH-LDLR patients
relative to normolipidemic controls, while TG levels tended to be increased (+10 to +90%, p >
0.05). Moreover, TGs were significantly elevated in FH-PCSK9 patients vs. normolipidemic
subjects (+91%, p = 0.04). Finally, both FH-PCSK9 and FH-LDLR patients showed
significant elevation in plasma total cholesterol (TC) as compared to normolipidemic subjects
(> +75%, p < 0.01).

The ratio of TC to HDL-C was significantly elevated in FH-PCSK9 patients relative to
normolipidemic controls (+113%, p = 0.0006). While plasma PLTP activity was significantly
attenuated in both FH-PCSK9 and FH-LDLR patients as compared to normolipidemic
controls (-22 to -28%, p < 0.05), similar trend for the LCAT activity only reached significance
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in ntFH-LDLR patients (-10%, p < 0.03). Plasma CETP activity showed no significant

differences among the groups.

Chemical composition of HDL particles

HDL tended to show enrichment in CE in FH-PCSK9 (+26%, p = 0.093), tFH-LDLR (+28%, p
= 0.059) and ntFH-LDLR (+31% p = 0.025) groups relative to normolipidemic HDL (Table 2).
By contrast, free cholesterol (FC) content of HDL from FH-PCSK9 patients, ntFH-LDLR and
tFH-LDLR tended to be reduced (-35%, p = 0.14; -38%, p = 0.037; -29%, p = 0.33;
respectively). Similarly, PL was depleted in FH HDL relative to normolipidemic HDL as
follows: FH-PCSK®9, -17%, (p = 0.020), ntFH-LDLR, -27%, (p = 0.003) and tFH-LDLR, -34%,
(p = 0.48; Table 2). By contrast, no difference in the TG and total protein content was
observed across the groups. Consistent with these data, analysis of HDL subfractions
showed that CE content of FH HDL patrticles was elevated while their PL content was
reduced compared to their counterparts from normolipidemic controls (Supplementary Table
1).

Antiapoptotic and antithrombotic activity of HDL
Endothelial antiapoptotic effects of FH-PCSK9 (-15%, p < 0.0001) were inferior to that of

normolipidemic HDL upon starvation (-41%, p < 0.0001). While there was no difference
between the three FH groups, the antiapoptotic effects of normolipidemic HDL were superior
to those of HDL from the ntFH-LDLR and tFH-LDL-R groups (-41%, p < 0.0001; -18%, p =
0.001; -11%, p < 0.0001 respectively; Figure 2A).

While FH-PCSK9 and ntFH-LDLR HDLs were without effect, platelet aggregation was
efficiently inhibited by HDL from the normolipidemic and tFH-LDLR groups (-22%, p = 0.007;
and -17%, p = 0.049 respectively; Figure 2B). However, FH-PCSK9 HDL showed no

difference from the other groups with respect to the antithrombotic activity.
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Figure 2. Effect of HDL from patients with gain-of-function PCSK9 genetic variants (FH-PCSK9) as well as
from normolipidemic controls and patients carrying genetic variants in LDL receptor non treated (ntFH-
LDLR) and treated with a statin (tFH-LDLR). (A) Cells were cultured under serum deprivation in the absence or
presence of HDL at 100 pg protein/ml for 16 h. The percentage of apoptotic cell death was determined by flow
cytometry using annexin V. (B) Platelets from healthy subjects were incubated in the absence or presence of HDL
at 50 pg protein/ml for 10 min at 37°C following stimulation with collagen (0.24-0.31 pg/ml). Data are shown as
means + SD (n = 11 per group); * vs. reference full medium; #vs. non-treated cells; ° vs. normolipidemic HDL.

Single, double, triple, and quadruple symbols indicate p< 0.05, 0.01, 0.001, and 0.0001, respectively.

Antioxidative activity of HDL

While FH-PCSK9 HDL was inefficient, HDL from normolipidemic (-52%, p = 0.0001), ntFH-
LDLR (-24%, p = 0.036) and tFH-LDLR (-30%, p = 0.0024) groups significantly decreased
LDL oxidation rate in the propagation phase as compared to LDL oxidised alone, (Figure 3A).
Furthermore, all HDLs, except that from the FH-PCSK9 group, significantly reduced maximal
diene formation as compared to LDL alone (<-15%, p < 0.01; Figure 3B). In addition, LDL
oxidation rate in the presence of HDL from the FH-PCSK9 (+64%, p = 0.0018) and ntFH-
LDLR (+59%, p = 0.013) groups was elevated as compared to that measured in the
presence of HDL from the normolipidemic group. Similarly, HDL from the normolipidemic
group showed more potent activity in attenuation maximal diene formation as compared to
HDL from FH groups (>-12%, p < 0.001).

Cholesterol efflux capacity

No significant difference was observed in cholesterol efflux capacity of HDL from lipid-loaded
THP-1 macrophages between patients carrying genetic variants resulting in FH and

normolipidemic controls (Figure 3C).
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Cell-free anti-inflammatory activity

HDL modulates inflammatory response both directly via endothelial adhesion molecule

expression and indirectly by protecting LDL from generation of proinflammatory lipids upon

oxidation. The latter property of HDL was employed to develop a cell-free functional assay,

which measures the ability of HDL to prevent accumulation of proinflammatory oxidised

phospholipids (oxPL) in a cell-free 2’,7’-dichlorofluoresceine (DCF)-based assay in the

presence of Cu®* to induce oxidation. All HDLs showed a tendency to inhibit Cu®*-induced

accumulation of oxPL in LDL (<-80%; Figure 3C). Nevertheless, elevated levels of oxPL were
observed in the presence of HDL from the FH-PCSK9 (+182%, p = 0.021) and ntFH-LDLR

(+251%, p = 0.003) groups relative to those measured with HDL from normolipidemic

controls (Figure 3D), indicative of deficient antiinflammatory capacity of FH HDL.
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Figure 3. Antioxidative activity, cholesterol efflux capacity and cell-free anti-inflammatory activity of HDL

from patients with gain-of-function PCSK9 genetic variants (FH-PCSK9) as well as from normolipidemic

group and patients carrying genetic variants in LDL receptor not treated (ntFH-LDLR) and treated with

statin (tFH-LDLR). (A) Influence of HDL (40 mg total mass/dL) on the LDL oxidation rate in the propagation
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phase and (B) maximal diene formation during 2,2'-azobis-(2-amidinopropane) hydrochloride (AAPH)-induced
oxidation of reference LDL (10 mg TC/dL; AAPH,1 mM). LDL was oxidized in phosphate-buffered saline (PBS) at
37°C and conjugated diene formation was measured by absorbance increment at 234 nm. (C) Cellular [3H]-
cholesterol efflux from macrophages to HDLs was initially calculated as the percentage amount of the label
recovered in the medium divided by the total label in each well. (D) Cell-free anti-inflammatory activity of HDLs
assessed as inhibition of Cu?*-induced formation of proinflammatory oxPL. The potency of HDL (20 mg total
mass/dL) against Cu**-induced accumulation of oxPL in reference LDL (LDL, 5 mg TC/dL; cu®, 0.05uM) as
reflected by DCF fluorescence was evaluated. LDL was oxidized in PBS at 37°C, and the fluorescence intensity of
DCF (0.2 mg/ml) was measured over 24 h at 485/530 nm. Data are shown as % fluorescence intensity of DCF
measured in reference LDL incubated without added HDL. Data are shown as means + SD (n = 10). * vs.
reference LDL alone (incubated without added HDL); #ys. normolipidemic; $ys. ntFH-LDLR, and 8 vs. tFH-LDLR.
Single, double, triple, and quadruple symbols indicate p< 0.05, 0.01, 0.001, and 0.0001, respectively.

Omics

A total of 63 protein, 23 carbohydrate and 222 lipid species were detected in HDL particles
using targeted mass spectrometry. FH-PCSK9 HDL showed enrichment in 22 individual
proteins relative to normolipidemic HDL, of which only apoA-IV, a-1-acid glycoprotein 2,
platelet basic protein, serotransferrin and haptoglobin were equally enriched in HDLs from
FH-LDLR patients employed as dyslipidemic controls (Supplementary Figure 1, A and B and
Supplementary Figure 2). Enrichment in two proteins, including Ig gamma-1 chain C region
and lg lambda-6 chain C region, was specific for FH-PCSK9 HDL. ntFH-LDLR HDLs showed
significant alterations in 26 protein species relative to normolipidemic subjects, while only 16
individual proteins were altered in the tFH-LDLR HDL (Supplementary Figure 1, B),
consistent with a partial normalization of the proteome by the treatment. Interestingly, most of
these 16 proteins, including complement C3, apoA-1V, haptoglobin, apoCll, transthyretin and
serotransferrin, were commonly enriched in HDL from both ntFH-LDLR and tFH-LDLR
patients relative to normolipidemic controls, suggesting a treatment-independent effect of FH.
In addition, serum amyloid A-1, beta-2-glycoprotein 1 (apoH), and beta-2-microglobulin were
depleted in the tFH-LDLR vs. ntFH-LDLR HDL, indicative of the treatment effect (data not

shown).

For 23 glycan peaks (GPs) identified in HDL particles (Supplementary Table 2 and
Supplementary Figure 3), there was no difference in the glycomic composition of HDL
between FH-PCSK9 and FH-LDLR patients employed as dyslipidemic controls, indicative of
the absence of specific effects of PCSK9 genetic variants on the HDL glycome
(Supplementary Figure 1, C). Enrichment in GP13 and depletion of GP3, GP12 and GP16

was common for all the three FH groups (Supplementary Figure 1, C and D).

Lipidomic analysis revealed that the FH-PCSK9 group was distinguished from the two FH-
LDLR dyslipidemic groups by the HDL content of 42 lipid species, predominantly TGs
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(Supplementary Figure 1, E). Among these species, the content of TG (16:0/36:4), TG
(14:0/36:4) and TG (18:2/32:2) was also different relative to normolipidemic controls, with all
the species being depleted in the FH-PCSK9 HDL. Interestingly, only 11 of 62 altered lipid
species were enriched in the FH-PCSK9 HDL as compared to the other groups, while most

of the lipids were depleted.

Together, our data showed that when the FH-PCSK9 group was compared to the both
dyslipidemic and normolipidemic controls, HDL lipidomics displayed the most pronounced
differences and glycomics the least pronounced differences (Supplementary Figures 1, 2 and
4). Consistent with this result, statin treatment, while partially reversing proteomic and

glycomic alterations, caused more variation in the HDL lipidome.
Network analysis

Proteomics. Correlations between HDL content of 32 individual proteins were organised into
four clusters (Supplementary Figure 5, A). The largest cluster was formed by functionally
distinct proteins, including hemopexin, transthyretin and angiotensinogen. Interestingly,
abundances of complement C3, platelet basic protein and platelet factor-4 protein were
correlated within a single cluster, while those of apolipoproteins, including apo A-Il, apo A-IV,
apo C-Il, apo C-lll, apo E and apo F, were clustered separately. Abundances of four other
proteins, including serum amyloid A-1, galectin-3-binding protein, haptoglobin and alpha-1-

antitrypsin, formed a separate cluster.

Glycomics. Abundances in HDL of highly sialylated GPs, including GP12, GP15, GP16 and
GP18, were positively correlated with each other but not with that of GP13 (Supplementary
Figure 5, B). On the other hand, abundances of non-sialylated GPs, including GP2 and GP3,

were positively correlated with each other but not with that of GP1.

Lipidomics. Abundances in HDL of 31 lipid species from various classes, including PA, PI,
PE, PC, PG, LPE, LPC, TG, and Cer, revealed strong intercorrelations which were organised
into five distinct clusters (Supplementary Figure 5, C). Interestingly, abundances of 22 of
these species were identified as features distinguishing FH and normolipidemic control HDLs

(Supplementary Figure 1, E and F).

Structure-function analysis. Structure-function relationships across HDL revealed nine
distinct clusters (Figure 4, A). The largest cluster was formed by lipids and included 70 lipid
species. Proteins were present in several clusters formed either exclusively by proteins
themselves or by proteins together with lipids, glycans and functional metrics of HDL.

Glycans were present in two clusters only.

Functional metrics revealed complex associations with compositional features of HDL.

Indeed, antioxidative activity of HDL formed a cluster with 8 lipid species, 8 glycans and one
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protein (transthyretin) as well as with plasma levels of cholesterol, TG and LDL-C (Figure 4,
A and B). Antiapoptotic activity of HDL was associated with the abundance of a single lipid
species PG (36:3) and with plasma HDL-C, while anti-inflammatory and antithrombotic
functions were interrelated but unrelated to HDL composition. Cholesterol efflux capacity of
HDL was specifically associated with the abundances of serotransferrin and haptoglobin in
HDL as well as with plasma activities of CETP, PLTP and LCAT.
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Figure 4. Global network analysis of structure-function relationships across HDL. (A) Global pathway clustering
was performed across all studied groups using datasets of HDL proteomics (rectangle) glycomics (diamonds),
lipidomics (ovals) and functional metrics (hexagones), together with clinical parameters (triangles). Different
colors of nodes correspond to different clusters and edges represent positive (red) or negative (blue) correlations.
The thickness of the edge represents the strength of the correlations. Purple cluster: PE(38:6),
PE(40:6),TG(20:4/34:2), PG(38:4), PE(40:7), TG(18:2/36:4),TG(18:1/36:4), TG(14:0/36:4), TG(20:4/36:2),
TG(16:0/36:4), TG(18:1/36:2), TG(16:1/36:3), TG(18:0/36:4), TG(20:4/34:1), TG(20:5/36:1), PC(34:3),
TG(22:5/34:2), TG(22:6/32:0), TG(22:6/34:0), TG(18:1/34:0), TG(20:4/32:0), TG(18:2/32:0), TG(20:4/34:0),
TG(18:2/34:1), TG(18:2/32:1), TG(14:0/36:1), TG(18:1/32:2), TG(18:2/32:2). Pink cluster: PE(34:2), PE(36:2),
PE(38:3), PE(40:5), PC(38:3), PG(36:1), Cer (d18:1/18:1), PC(36:3), SM(36:2), SM(34:2), PA(36:3), PA(34:3),
PA(38:5), SM(32:1), PA(34:2), PA(34:1), PI(34:1), PI(36:4), PA(36:4), PI(32:0), PI(40:6), PI(34:2), PI(38:2).
Green cluster: PE(32:1), complement C3, PG(34:2), Ig lambda-6-chain C region, LPE(18:3), |g gamma-1-chain
C region, alpha-1-acid glycoprotein 2, alpha-2-HS glycoprotein, LPC(16:1), LPC(18:1), LPC(16:0), LPC(18:0),
LPC(20:1), PS(36:1), PS(38:5), vitamin D-binding protein, Beta-2-macroglobulin, alpha-1-acid glycoprotein 1.
Turquoise cluster: LPC(22:5), LPC(22:6), PA(38:6), PE(16:0p/22:6), PE(18:0p/22:6), GP18, GP16, GP12, GP8,
GP13, GP3, GP2, GP15, transthyretin, antioxidative activity, plasma LDL-C, maximal diene formation, plasma
cholesterol, plasma TG, Cer (d18:1/26:0), Cer (d18:1/20:0), Cer (d18:2/23:0). Light red cluster: alpha-1-
antitrypsin, apolipoprotein A-1V, platelet basic protein, apolipoprotein C-l11I, apolipoprotein C-ll, apolipoprotein E,
apolipoprotein A-Il, apolipoprotein F, apolipoprotein B-100, serum amyloid A-1 protein, GP1. Red cluster:
serotransferrin, haptoglobin, cholesterol efflux capacity, CETP, PLTP, LCAT. Light green cluster:
angiotensinogen, Beta-2-glycoprotein 1, pigment epithelium-derived factor, protein AMBP, zinc-alpha-2-
glycoprotein, Ig alpha-1- chain C region, hemoglobin subunit alpha, hemopexin, galectin-3-binding protein, Alpha-
2-macroglobulin, platelet factor 4, thymosin beta-4. Orange cluster: PG(36:3), plasma HDL-C, antiapoptotic
activity. Light blue cluster: antiinflammatory activity, antithrombotic activity. (B) Mosaic structure-function model
of HDL linking functional metrics to protein (orange), glycoprotein (green) and lipid (yellow) components.
Individual HDL components found to be associated with functional metrics using global network analysis are
shown within a circle. Individual functional metrics and HDL components associated to them are shown within

separate rectangles.
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Discussion

In this study, we applied proteomic, lipidomic and glycomic approaches paralleled by
functional evaluations for profiling structure-function relationships across HDL in patients
carrying GOF PCSK9 genetic variants as compared to dyslipidemic patients carrying genetic
variants in LDLR treated or not treated with a statin, and to normolipidemic controls. Overall,
our data reveal a remarkable distinction between FH-PCSK9 patients and both FH-LDLR
patients and normolipidemic controls, suggesting that the pathology of GOF PCSK9 genetic
variants is associated with specific alterations in HDL metabolism.

PCSKQ is involved in the regulation of HDL metabolism, affecting clearance of apoE-
containing HDL via LDL-R in mice [10]. In our study, a non-significant reduction in HDL-C
was observed in FH-PCSK9 patients, consistent with earlier data [2, 25, 26]. Our results
show that the role of PCSK9 in dyslipidemia may go beyond its immediate effects on LDL-R
activity and LDL-C levels [2], potentially including altered activities of LCAT and PLTP, key
players of lipoprotein metabolism.

In addition to these metabolic alterations, several functional alterations were found in FH-
PCSK9 HDL in our study, which were predominantly common to all FH groups. Indeed, HDL
particles from all FH groups, independent of the underlying genetic variant, were less
effective in attenuating apoptosis in endothelial cells relative to normolipidemic HDL.
Although there is no data available on the antiapoptotic activity of HDL in FH, several studies
highlight that in this metabolic disease, reduced HDL-C levels can be accompanied by a
variety of HDL modifications, including oxidative damage [23, 53-55]. Our data further
revealed deficiency of antioxidative activity of FH HDL, which was most pronounced in the
presence of GOF PCSK9 genetic variants. Consistent with these data, defective antioxidative
activity of HDL subfractions paralleled by compositional alterations resulting in elevated
rigidity of the HDL surface lipid monolayer was reported in FH [23]. Similar to other
atheroprotective properties, HDL capacity to blunt inflammatory response can be deficient in
patients subjected to elevated oxidative stress and dyslipidemia [56, 57]. Consistent with this
observation, FH-PCSK9 and ntFH-LDLR HDLs were defective in their capacity to reduce
accumulation in LDL of proinflammatory oxPL in our study.

By contrast, no deficiency in the capacity of FH HDL to reduce collagen-induced platelet
aggregation was found by us. Prior studies reveal that HDL isolated from patients with
hypertriglyceridemia displays impaired activity against platelet aggregation [58]. However,
antithrombotic activity of HDL was never evaluated in FH. HDL can remove cholesterol from
peripheral macrophages and transport it to the liver in a process of reverse cholesterol
transport [59, 60]. Several clinical studies reported that cholesterol efflux capacity of HDL

was more closely associated with atherosclerotic burden than HDL-C [61, 62]. Although data
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obtained in a murine model demonstrate that PCSK9 deficiency decreases serum cholesterol
efflux capacity from macrophages [63], no change in cholesterol efflux capacity of HDL was
found by us in patients with FH, consistent with earlier reports [22, 25].

In addition to these functional alterations, several compositional abnormalities, including
enrichment in CE and depletion of FC and PL, were observed in HDL from all FH groups, in
agreement with earlier data [23]. Such alterations typically reflect enhanced LCAT activity,
which was however found to be reduced in FH HDL using a fluorescent activity assay, which
is known to largely reflect LCAT mass rather than activity [64]. Moreover, large-scale
analysis of the omics data established further distinction between FH-PCSK?9 patients and
controls.

First, proteomic analysis detected altered content of several proteins in FH-PCSK9 HDL.
Interestingly, alterations in the content of haptoglobin were common to all the three FH
groups. While increased plasma levels of haptoglobin are consistently associated with
inflammation [65, 66], HDL dysfunction can be related to the presence of glycosylated
haptoglobin—haemoglobin complex [67]. In addition, increased serum concentration of
haptoglobin was found in hypercholesterolemia [68]. Mechanisms behind alterations of
haptoglobin metabolism in hypercholesterolemia might involve induction of inflammatory
cytokine release, which stimulates hepatocytes to synthesize this acute-phase protein.
Serotransferrin is an iron-binding protein [69] whose content was elevated in HDL from FH-
PCSK9 and tFH-LDLR patients. Although there are no studies of the effects of
hypercholesterolemia on serotransferrin metabolism, an antiiflammatory treatment increased
HDL content of transferrin in patients with rheumatoid arthritis [70]. The increased
serotransferrin content of HDL observed by us could therefore reflect antiinflammatory
effects of LDL-lowering in these groups. Next, apo A-1V content was increased in HDL from
FH-PCSK9 and ntFH-LDLR groups. ApoA-IV is a multifunctional protein, which contributes to
antioxidative activity and cholesterol efflux capacity of HDL. Consistent with our data, HDL3
from coronary artery disease (CAD) patients were enriched in apoA-IV [71]. Finally, we
identified elevated content of complement C3 in both ntFH-LDLR and tFH-LDLR HDL.
Consistent with this result, enrichment of HDL with complement components was reported in
CAD [71]. Earlier studies documented relevance of complement components in promoting
immune responses during atherogenesis [72].

Second, the N-glycome analysis of HDL revealed that the content of a single sialylated N-
glycan GP13 specifically distinguished HDLs from the FH-PCSK9 and normolipidemic groups.
By contrast, the content of four common sialylated N-glycans distinguished HDL of statin-
treated or non-treated FH-LDLR groups from normolipidemic HDL. Compared to
normolipidemic controls, HDL from FH patients carried elevated content of sialylated N-

glycans containing one or two sialic acid residues but lacking fucose residues. Sialylated
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glycans are well recognized to participate in diverse cellular events and are highly abundant
in HDL [73, 74]. Although there are no studies of the HDL N-glycome in FH, conflicting
results were reported in other clinical settings involving CAD and metabolic syndrome [73,
75]. Interestingly, desialylation of HDL can significantly attenuate its capacity to efflux cellular
cholesterol [76]. Mechanisms that drive compositional transformation of FH HDL toward an
enrichment in sialylated glycans lacking fucose residues are unclear.

Third, our study revealed distinct lipidomic profile of HDL in the FH-PCSK9 group. Notably,
lysophospholipids were enriched in HDL isolated from FH-PCSK9 patients. Increased
concentrations of LPC species were reported in plasma of FH patients [77]. Several studies
document implication of proinflammatory LPCs in the pathogenesis of atherosclerosis [78—
80]. Although underlying mechanisms of LPC increase in hypercholesterolemia remain
unknown, plasma Lp-PLA2 activity is elevated in FH [81], potentially accounting for the
enrichment in HDL of LPC species. Furthermore, we observed an overall depletion of several
PL classes, including PA, PS, PG, PE and PCs, in FH-PCSK9 HDL as compared to both FH-
LDLR patients and to normolipidemic controls. Similarly, depletion of several PL classes was
found in FH-LDLR HDL as compared to normolipidemic controls. PLs represent a major
bioactive lipid component of HDL, which contribute to multiple HDL functions [82]. Thus,
deficient HDL functions found in the present study can be attributed to the reduction of HDL
content of bioactive PLs. Consistent with these findings, lipidomic analysis showed elevated
PL content in HDL from patients receiving PCSK9 inhibitors, suggesting that PCSK9
inhibition may restore HDL functions associated with PL depletion [83]. In parallel, SM (36:2),
Cer (d18:1/26:0) and several TG species were enriched in PCSK9 HDL relative to
normolipidemic controls. Similarly, Cer (d18:1/26:0) and several TG species were enriched in
HDL from the both FH-LDLR groups as compared to the controls. Consistent with our data,
sphingomyelin content of HDL3 was elevated in FH [23], concomitant with increased surface
rigidity and reduced antioxidative capacity of HDL3 [17, 84]. Furthermore, plasma ceramides
were associated with accelerated development of CAD [85, 86]. Finally, marked triglyceride
enrichment of HDL particles reduced their anti-inflammatory activity following Intralipid™
administration in humans [87].

Using network analysis, we attempted to identify relationships between HDL function and
composition in FH resulting from genetic variants in PCSK9 and LDLR. We found that
metrics of HDL function were specifically associated with multiple compositional features of
HDL. Thus, antioxidative function of HDL was linked to the abundances of 17 components,
including eight lipid species, eight glycans and one protein. In contrast, cholesterol efflux
capacity of HDL was associated with the abundances of two proteins and activities of lipid
transfer proteins, while antiapoptotic activity was only associated with the abundance of a

single lipid species. Intriguingly, antiinflammatory and antithrombotic functions were
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unrelated to HDL composition in our study; moreover, most of the HDL functions were not
interrelated. These results are in agreement with previous study of structure-function
relationships across HDL in patients with Type 2 diabetes and CAD [19].

Lipids, proteins and glycans contribute to biological activities of HDL, acting via several
mechanisms [74, 88, 89]. In our study, increased HDL content of haptoglobin, serotransferrin
and A2G2S2 glycan (GP13), and decreased content of several PL species, mainly PAs,
together with increased content of LPC 20:1 and Cer (18:1-26:0), were observed in FH HDLs.
These observations suggest that reduced biological activities of HDL in FH may arise from
combined alterations of protein, lipid and glycan moieties. Together, these data allow us to
propose a novel mosaic structure-function model of HDL in which each biological function of
the lipoprotein is linked to a specific, potentially distinct or in part overlapping, set of
individual components (Figure 6, B). Our study thereby provides a first glimpse into these
complex associations in FH, which requires further study.

Despite its originality, our study is not free of limitations. FH-LDLR patients recruited for this
study as dyslipidemic controls were treated or not by statins in a “real-life” clinical setting. To
directly assess effects of statins on the parameters of interest, a separate group of FH
patients needs to be enrolled before and after statin treatment. In addition, the study groups
were not fully matched according to sex, although no significant differences in the sex ratio
between the groups was observed. Finally, fluorescent activity assays employed may

frequently reflect enzyme mass rather than activity.

Conclusions

In the context of atherosclerosis, mechanisms of how HDL function, composition and
structure can be affected by PCSK9 activity are yet not understood. The present study for the
first time documents altered HDL particle profile and functionality in patients with GOF
PCSKO9 genetic variants. Based on these data, we propose a mosaic structure-function

model for the assessment of HDL biology in the context of FH.
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