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Distinct phospho-and sphingolipid species are linked to altered HDL function in apolipoprotein A-I deficiency

Keywords: apoA-I-deficiency, lipidomics, familial dyslipidemia, HDL, Apolipoproteins

Background: Familial apolipoprotein A-I (apoA-I) deficiency (FAID) involving low levels of both apoA-I and high-density lipoprotein (HDL)-cholesterol is associated with accelerated atherosclerosis.

Objective: To define distinctive patterns in the lipidome of HDL subpopulations in FAID in relationship to antiatherogenic activities.

Methods: Five HDL subfractions were isolated by ultracentrifugation from plasma of FAID Caucasian patients (n=5) and age-matched healthy normolipidemic Caucasian controls (n=8), and the HDL lipidome (160 molecular species of 9 classes of phospho-and sphingolipids) was quantitatively evaluated.

Results: Increased concentrations of numerous molecular species of lysophosphatidylcholine (up to 12-fold), ceramides (up to 3-fold), phosphatidylserine (up to 34-fold), phosphatidic acid (up to 71-fold) and phosphatidylglycerol (up to 20-fold) were detected throughout all five HDL subpopulations as compared to their counterparts from controls, whereas concentrations of phosphatidylethanolamine species were decreased (up to 5fold). Moderately-to highly-abundant, within their lipid class, species of phosphatidylcholine, sphingomyelin, phosphatidylinositol, phosphatidylethanolamine, phosphatidylserine and ceramide featuring multiple unsaturations were primarily affected by apoA-I deficiency; their HDL content, particularily that of phosphatidylcholine(34:2), was strongly correlated with HDL function, impaired in FAID. Metabolic pathway analysis revealed that sphingolipid, glycerophospholipid, and linoleic acid metabolism was significantly affected by FAID.

Conclusion: These data reveal that altered content of specific phospho-and sphingolipid species is linked to deficient anti-atherogenic properties of HDL in FAID.

Introduction

Hypoalphalipoproteinemia, equally termed genetic HDL deficiency, accounts for around 4% of all severe premature cardiovascular disease (CVD) cases [START_REF] Genest | Familial hypoalphalipoproteinemia in premature coronary artery disease[END_REF][START_REF] Genest | Familial lipoprotein disorders in patients with premature coronary artery disease[END_REF]. Apolipoprotein A-I (apo A-I) is a major protein of highdensity lipoprotein (HDL), comprising around 35% of total HDL mass and 70% of HDL protein [START_REF] Schaefer | Diagnosis and treatment of high density lipoprotein deficiency[END_REF]. Homozygous subjects with genetic HDL deficiency resulting from impaired apoA-I production typically display extremely low HDL-cholesterol (HDL-C) levels of less than 5 mg/dl [START_REF] Schaefer | Marked HDL deficiency and premature coronary heart disease[END_REF]. Familial ApoA-I deficiency can be manifested alone or in association with apoCIII/apoA-IV or apoC-III deficiency. ApoA-I plays a key role in cellular cholesterol efflux and displays other atheroprotective activities, including antioxidative, anti-inflammatory, anti-thrombotic and antiapoptotic actions [START_REF] Kontush | HDL-mediated mechanisms of protection in cardiovascular disease[END_REF]. Moreover, apoA-I occupies central place in lipoprotein metabolism, reflecting a fine balance between its lipid-associated and not lipid-associated states [6]. As a consequence, HDL metabolism, structure, function and composition are markedly affected in familial ApoA-I deficiency.

A large body of evidence documents a role for genetic regulation of the composition (lipidome, proteome) and biological function of HDL [START_REF] Iatan | Genetics of cholesterol efflux[END_REF][START_REF] Sorci-Thomas | The effects of altered apolipoprotein A-I structure on plasma HDL concentration[END_REF][START_REF] Von Eckardstein | Differential diagnosis of familial high density lipoprotein deficiency syndromes[END_REF][START_REF] Camont | Small, dense high-density lipoprotein-3 particles are enriched in negatively charged phospholipids: relevance to cellular cholesterol efflux, antioxidative, antithrombotic, anti-inflammatory, and antiapoptotic functionalities[END_REF][START_REF] Kontush | Functionally defective high-density lipoprotein: a new therapeutic target at the crossroads of dyslipidemia, inflammation, and atherosclerosis[END_REF]. In our previous studies [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF], we observed that HDL subpopulations isolated from patients with nonsense mutation at codon 2, Q[-2]X in the APOA1 gene, first described by Santos et al [START_REF] Santos | Characterization of high density lipoprotein particles in familial apolipoprotein A-I deficiency[END_REF],

possessed altered chemical composition. In particular, apoA-I, phospholipid, and cholesteryl ester contents were decreased while those of apoA-II, free cholesterol, and triglycerides (TG) were increased relative to HDL from healthy normolipidemic controls; furthermore, several lipid classes of the HDL phosphosphingolipidome were affected. In parallel, both small, dense HDL3 subfractions and total HDL exhibited defective antiatherogenic activity when compared to controls. Remarkably, cholesterol efflux capacity and antioxidative function of HDL subpopulations, isolated from patients, were reduced by up to 25% of their normal values. The diminished atheroprotective properties of HDL were correlated with altered lipid and apolipoprotein composition.

In continuation of these studies, we aimed to characterize lipidomic alterations in apoA-I-deficient HDLs at the molecular level in order to clarify which lipid species might contribute to functional HDL deficiency in this clinical condition. Our present in-depth analysis reveals that the most prominent alterations were observed in moderately to highly abundant, in their respective lipid classes, phospho-and sphingolipid species possessing multiple unsaturations in their fatty acid residues. Importantly, altered HDL content of these species, essentially, was tightly linked to deficient anti-atherosclerotic activities of HDL, potentially reflecting modulation of several genes involved in lipid metabolism in apoA-I deficiency.

Materials and Methods

Subjects

We studied four Caucaisan male and one female heterozygous patients from a family with a nonsense mutation at APOA1 codon -2, Q[-2]X, genotyped according to Santos et al [START_REF] Santos | Characterization of high density lipoprotein particles in familial apolipoprotein A-I deficiency[END_REF], and eight healthy male Caucasian normolipidemic, non-smoking age-matched controls with no signs of a known disease, all recruited at the Heart Institute (InCor) of the University of Sao Paulo Hospital in Sao Paulo, Brazil, as previously described [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. None of the patients or controls had pathologies affecting lipid metabolism, including Type 2 diabetes, kidney disease and thyroid disease. All subjects were off lipid-lowering medication for at least 2 months at the time of assessment. As we reported earlier [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF], heterozygous apoA-I-deficient patients featured atherogenic dyslipidemia with significantly reduced apoA-I and HDL-C levels, while no difference between the groups in TG, total cholesterol, low-density lipoprotein cholesterol, apoB-100, apoC-III, fasting glucose and hsCRP levels was observed (Supplementary Table S1) [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. Written informed consent was obtained from all subjects, and the project was approved by the Ethics Committee of the Heart Institute-InCor in accordance with local institutional guidelines conformed to the Declaration of Helsinki.

Blood samples and isolation of lipoproteins

Blood samples were drawn from the cubital vein of each participant after overnight fasting and were centrifuged at low speed at 4°C yielding EDTA plasma and serum, which were stored at -80°C as described elsewhere [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF].

An aliquot of 3 ml serum was thawed and subjected to a single step, isopycnic nondenaturing density gradient ultracentrifugation in a Beckman SW41 Ti rotor at 40,000 rpm for 44 h in a Beckman XL70 ultracentrifuge at 15°C as described previously [START_REF] Guérin | Fenofibrate Reduces Plasma Cholesteryl Ester Transfer From HDL to VLDL and Normalizes the Atherogenic, Dense LDL Profile in Combined Hyperlipidemia[END_REF][START_REF] Chapman | A density gradient ultracentrifugal procedure for the isolation of the major lipoprotein classes from human serum[END_REF]. After the ultracentrifugation, five major HDL subfractions (HDL2b, 2a, 3a, 3b and 3c) were isolated and used for lipidomic analysis and functional studies. As small dense HDL3b and 3c particles display more potent biological activities as compared to large, light HDL2 [START_REF] Camont | Small, dense high-density lipoprotein-3 particles are enriched in negatively charged phospholipids: relevance to cellular cholesterol efflux, antioxidative, antithrombotic, anti-inflammatory, and antiapoptotic functionalities[END_REF][START_REF] Camont | Biological activities of HDL subpopulations and their relevance to cardiovascular disease[END_REF] and are markedly affected in apoA-I deficiency [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF], data on HDL3b and 3c are included in the main manuscript, while those on the other HDL subpopulations are placed in the Supplementary Materials.

Compositional analyses

Molecular isobaric lipid species (n = 160) belonging to seven principal glycerophospate subclasses [phosphatidylcholine (PC), lysophosphatidylcholine (LPC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylglycerol (PG), phosphatidylserine (PS), and phosphatidic acid (PA)] and two principal sphingolipid subclasses [sphingomyelin (SM) and ceramide (Cer)], were quantitatively assayed by LC/MS/MS as described elsewhere [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. Extraction, LC/MS analysis and quantification were performed according to [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. A blank (PBS) and a control (HDL2 obtained from a reference normolipidemic plasma) sample were extracted in parallel with each batch to ensure quality control; each sample was corrected for blank readings, as described in [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. Sphingosine-1-phosphate (S1P) content of HDL was assessed using HPLC, as described elsewhere [START_REF] Kontush | Preferential sphingosine-1-phosphate enrichment and sphingomyelin depletion are key features of small dense HDL3 particles: relevance to antiapoptotic and antioxidative activities[END_REF].

Lipid standards used for quantification of HDL lipidome were as described elsewhere [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. ApoA-I and apoA-II were measured in HDL by immunoturbidimetry [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF].

Functional assays: cholesterol efflux, antioxidative and anti-apoptotic activities of HDL

Cholesterol efflux capacity of HDL subpopulations was assessed, as described elsewhere [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. In short, THP-1 monocytes were cultured and differentiated into macrophage-like cells using PMA for 48 h. The cells were then washed and loaded with [ 3 H]cholesterol-labeled acLDL. Cellular cholesterol efflux to 15 µg/ml HDL-GP was assayed in serum-free medium for a 4 h chase period and quantified using liquid scintillation counter.

Antioxidative capacity of HDL3b and HDL3c subpopulations was assessed as described elsewhere [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. In short, ability of 10 mg total mass/dl of HDL to inhibit oxidation by azo-initiator 2,2'-azo-bis-(2-amidinopropane) hydrochloride in reference LDL isolated from one healthy normolipidemic control subject was measured as accumulation of conjugated dienes in absorbance at 234 nm.

Anti-apoptotic activity of HDL was assayed as described elsewhere [START_REF] Nofer | Suppression of Endothelial Cell Apoptosis by High Density Lipoproteins (HDL) and HDLassociated Lysosphingolipids[END_REF] with slight modifications. In brief, human umbilical vein endothelial cells (HUVEC) purchased from PromoCell (Germany) and maintained in Endothelial Cell Basal Medium (C-22111, Promocell) supplemented with fetal bovine serum (20%, v/v) and human basic fibroblast growth factor. Growth factor deprivation was induced by washing the cells two times with phosphate buffered saline (PBS) and changing the media to Endothelial Cell Basal Medium without supplements.

Deprived cells were either incubated with HDL at a final concentration of 100 µg protein/ml or without HDL (substituted with PBS) for 16 h. Floating endothelial cells were collected by centrifugation and adherent cells were collected by trypsinization. For determination of the annexin V binding, combined cell populations (5 × 105/ml) were resuspended in 140 mM NaCl, 10 mM Hepes buffer, and 2.5 mM CaCl 2 . Annexin V-FITC (BioLegend's FITC Annexin V Apoptosis Detection Kit with 7-AAD) was added for 15 min at room temperature.

For determination of the cell membrane permeability, endothelial cells (5 × 10 5 /ml) were incubated for 30 min in PBS. Flow cytometric measurements of annexin V binding were performed on a BD LSRFortessa flow cytometer (BD Biosciences, Franklin Lakes, New Jersey, USA).

Statistical analysis

Between-group differences were analyzed using Mann-Wilcoxon U-test. Pearson's product moment correlations were calculated to evaluate relationships between variables. For all statistical tests, a p value of less than 0.05 (Benjamini-Hochberg adjusted, otherwise known as False Discovery Rate (FDR) corrected) was considered statistically significant.

Principal Component Analysis (PCA) was performed to provide a broad view on a dataset, emphasizing its most valuable informationwise subsets. PCA reduces intricate multiple-dimension data into several (usually two, less often three or more) most meaningful Principal Components in terms of information carried by them by maximizing the variance among the components. In this study Principal Components (eigenvectors and eigenvalues) were calculated using R built-in prcomp function with scale parameter set True; corresponding charts were built using ggbiplot R package.

Heatmap is a graphical representation of data where individual values contained in a matrix are represented as colors. To create heatmaps, following rules were employed: (i) abundance of each lipid species from the patient group was normalized to the mean value of the abundances of this species in the control group; (ii) the given species was represented as a single colored bar; (iii) the bar color corresponded to the ratio of the abundances of this species between the patient and the control groups, varying from red (decreased abundance in the patient vs.

control group) through black (no difference) to green (increased abundance in the patient vs. control group). All the charts were built using R, specifically the heatmap.2 function from gplots package.

Bubble plots were employed, which can be described as a more sophisticated variety of a heatmap with multiple additions, to provide a more in-depth view on the data as compared to heatmaps. As in the heatmaps, the main type of information conveyed in this plot type was the ratio of mean abundance of any given molecular species from the patient group to the mean abundances of the same species in the control group. In addition, the bubble plots provided quantitative information about mean abundances for all molecular species from the patient group.

Finally, the bubble plots contained p-values of the differences between abundances of lipid species in the patient vs. control groups, thereby excluding from the plots all species which were not significantly different between the groups. Every molecular species was presented as a colored circle ("bubble"), the color coded for phospho-and sphingolipid class. The circle position along X axis represented the abundance of the species, and the position along the Y axis represented the ratio of the abundances in the patient vs control groups. The size of the bubble was inversely proportional to the p value mentioned above. All the axes as well as the size of the bubbles were plotted using logarithmic scale.

Structural 3D plots were built to convey information about the structure of fatty acid residues of affected lipid species, notably the number of double bonds and the length of carbon chains. Each dot represented a single molecular species, with a number of double bonds displayed along the X axis and a number of carbon atoms in the fatty acid chains displayed along the Z axis. The Y axis enlisted all five HDL subfractions. Only molecular species that revealed statistically significant differences between the patient and control groups were shown in the plots.

Network maps offer a graph-type visual representation of all intrinsic correlations within a dataset. Network maps were created in order to reveal relationships between the lipidome, proteome and function of HDL. In a given network community a network map reveals all interconnections between the nodes of this community. Assuming the HDL lipidome and function representing the community, molecular species and functional metrics stood for the nodes of the graph. If there was a significant correlation between abundances of any two species of the lipidome or functional metrics (nodes), these species and metrics were assumed to have a connection (edge). The length of the vertices between the nodes was proportional to the value of the correlation coefficient between the abundances of the lipid species represented by the nodes. Size of the node was proportional to the number of neighbouring vertices connected to the node. Color of the node indicated lipid class each species belonged to, as for the bubble plots described above. All lipid species from all HDL subpopulations were employed to build network maps. To correlate the lipidomic data with the functional metrics, the species abundances were recalculated on the HDL concentration basis employed to evaluate a given metric (phospholipid for cholesterol efflux capacity and total mass for antioxidative activity).

Affected metabolic pathways were identified and included in classical pathway representation after identification using the MetExplore web-based tool [START_REF] Jourdan | Use of reconstituted metabolic networks to assist in metabolomic data visualization and mining[END_REF]. The metabolic network Homo sapiens (strain: Global Network, source: KEGG Map, Version 24/08/2017) of human species was based on 88 metabolic pathways including 1572 metabolites [START_REF] Kanehisa | Data, information, knowledge and principle: back to metabolism in KEGG[END_REF]. Metabolic networks are directed graphs, so it is possible to calculate compound importance based on relative betweenness centrality and out-degree centrality of any given compound from a pathway.

Pathway impact then is calculated as a sum of the importance measures of the matched metabolites normalized by the sum of the importance measures of all metabolites in each pathway.

Affected genes were identified using Metaboanalyst's Network Explorer tool [START_REF] Xia | Using MetaboAnalyst 3.0 for Comprehensive Metabolomics Data Analysis[END_REF]. Metaboanalyst uses Globaltest [START_REF] Goeman | A global test for groups of genes: testing association with a clinical outcome[END_REF] and GlobalANCOVA [START_REF] Hummel | GlobalANCOVA: exploration and assessment of gene group effects[END_REF], which are similar algorithms designed for testing differentially expressed genes or metabolites in functionally related groups. Degree centrality and betweenness centrality are two measures to estimate the importance of a compound within a given gene-metabolic network and both are employed to find the affected genes. The former measures the number of connections which the node of interest has to other nodes, while the latter measures the number of shortest paths going through the node of interest.

Results

Abundances of lipid species

In terms of their overall abundance, PC predominated in the HDL lipidome followed by SM, LPC, PI, PE, PS, Cer, PA and PG [START_REF] Camont | Small, dense high-density lipoprotein-3 particles are enriched in negatively charged phospholipids: relevance to cellular cholesterol efflux, antioxidative, antithrombotic, anti-inflammatory, and antiapoptotic functionalities[END_REF][START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. The HDL lipidome was markedly perturbed in apoA-I-deficient patients as reported by us earlier [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. Among the nine phospho-and sphingolipid subclasses studied, PA and PG were most strongly affected. Indeed, total PA and PG were significantly increased in apoA-I-deficient patients relative to controls in all five HDL subpopulations, including both large, light and small, dense HDLs [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. Other lipid classes showed significant between-group differences in three (PC decreased in HDL2b, HDL3b, HDL3c; LPC elevated in HDL2b, HDL3b and HDL3c; PI elevated in HDL2b, HDL3a and HDL3c; PS increased in HDL2b, HDL2a and HDL3c), two (SM elevated in HDL2b and decreased in HDL3a) and one (PE decreased in HDL2b; Cer elevated in HDL2b) subpopulations [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF].

When abundances of lipid species were analysed, all HDL subpopulations revealed significant between-group differences. However, the number of significantly differing (FDR-corrected) between the groups species varied greatly across the HDL subpopulations for all lipid classes, including PC (from 1 to 6), SM (from 2 to 7), LPC (from 1 to 9), PI (from 1 to 3), PE (from 1 to 5), PS (from 2 to 8), Cer (from 1 to 19), PA (from 5 to 10) and PG (from 3 to 9) lipid species (Supplementary Tables S2 andS3). Significant between-group differences (FDRcorrected) were typically found in the abundances of unsaturated lipid species. Indeed, among molecular species significantly differing between apoA-I-deficient and control groups 92% (55 of 61), 95% (18 of 19), 94% (16 of 17), 91% (30 of 33) and 93% (51 of 55) possessed one or more double bond in their fatty acid carbon chain residues in HDL2b, 2a, 3a, 3b and 3c, respectively.

PCA

When PCA was applied to our dataset, the control and patient groups were entirely separated for the lipidome of both small, dense (Fig. 1) and large, light (Supplementary Figure S1) HDL subpopulations on a plane of the first two Principal Components, indicating that individual components of the HDL lipidome were strongly altered in apoA-I-deficient subjects. Indeed, for all five HDL subpopulations, the amount of variance explained by the first two Principal Components was higher than 45%, consistent with marked differences between the groups.

Heatmaps

When heatmaps were built for the differences in the abundances of lipid species between apoA-I-deficient and control subjects, a distinct pattern was observed across all HDL subpopulations (Fig. 2; Supplementary Figure S2). Notably, abundances of LPC, PA, PG and, to a lesser extent, Cer species were typically elevated in apoA-Ideficient HDLs as compared to their counterparts from controls, while the content of PE species was decreased.

PC, SM, PE and PI profiles revealed mixed patterns with species overrepresented and underrepresented in apoA-Ideficient HDLs making up approximately equal shares.

Bubble plots

Similar to the heatmaps, the bubble plots revealed that abundances of numerous molecular species of LPC, PA and PG, as well as some Cer species were consistently increased in apoA-I-deficient HDLs (Fig. 3, Supplementary Figure S3). By contrast, PC, SM, PE and PI species revealed mixed patterns across HDL subpopulations, involving both elevated and reduced abundances. Importantly, a majority of lipid species significantly altered (FDR-corrected) by apoA-I deficiency were located in the middle-right part of the plots, indicating that they were moderately to highly abundant. This pattern was observed across all HDL subpopulations (Supplementary Figure S3). Together with the heatmaps, the bubble plots thereby demonstrated that the LPC, PA and PG species were altered most when compared to the control group, while being low abundant, whilst moderately-to highlyabundant species of PC and SM revealed mixed patterns.

Structural analysis

The next type of chart reveals the structure of lipid species significantly differing between the groups. Cornucopia of PC, LPC, PE, PA, and PG species with multiple double bonds in their fatty acid moieties showed significant differences (FDR-corrected) in their abundances between the patient and control groups, while differences in the species containing only saturated fatty acid residues did not reach significance (Fig. 4). There were several significantly different (FDR-corrected) between the groups fully saturated species of PC, LPC and Cer classes, while the majority of the species shown in Fig. 4, possessed one or several double bonds in their structure. The most prominent and consistent differences (FDR-corrected) were found throughout HDL subpopulations for PC 34:2 (which was significantly decreased in apoA-I-deficient vs control subjects), SM 32:1 and 34:0 (which were decreased), LPC 20:3 (which was increased), PA 34:1, 36:3, 36:4 and 38:4 (which were increased), and PG 34:1, 34:2, 36:1, 36:2 and 36:3 (which were increased), revealing that unsaturated molecular species were most strongly affected by the apoA-I deficiency in the HDL lipidome. Of particular interest was the PC 34:2 species, which, as mentioned above, not only was underrepresented in all five apoA-I deficient HDL subpopulations, but was also highly abundant, representing the major HDL phospholipid species (~22 wt% of phospholipid+sphingolipid).

Network analysis

To elucidate the role of compositional alterations for biological properties of HDL particles, network analysis was performed for all correlations between functional metrics and individual lipids' abundances in HDLs, as well as abundances of apoA-I and apoA-II.

Compositional relationships revealed a systematic pattern across HDL subpopulations. Notably, SM, Cer and PS species formed three separate clusters, while LPC and PA species overlapped in another cluster. PC, PE and PI species were largely scattered around these clusters, with PG species on top (Fig 5A). SM species were located next to those of Cer, while PS species appeared in the vicinity of those of LPC, PA and PG.

As earlier reported by us, biological properties of HDL differed significantly between the control and patient groups for the majority of HDL subpopulations [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. Indeed, cellular cholesterol efflux capacity was significantly reduced in the patient vs control group in all HDL subpopulations, except HDL3c. In addition, antioxidative activity of HDL, evaluated as oxidation rate in the propagation phase and maximal concentration of dienes at the end of the propagation phase, showed significant decrease in the patient group for the HDL3c subpopulation, although no differences were found in HDL3b [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. By contrast, anti-apoptotic activitiy of HDL subpopulations evaluated in HUVEC exposed to starvation did not differ between apoA-I-deficient and control subjects (Supplementary Table S5). As reported by us earlier [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF], inhibition of apoptosis by small, dense HDL3b was significantly higher than by large, light HDL2a in control subjects (+48%, p<0.05).

Cholesterol effflux capacity and antioxidative activity of HDLs were correlated with the abundances of multiple lipid species (Figs. 5B, 5C, 5D). Whereas cholesterol efflux capacity of HDLs was most closely associated with a single PC 34:2, as well as with numerous PS and PE species, the relationships between the HDL lipidome and antioxidative activity were less specific. Remarkably then, abundances of several species revealed significant correlations (FDR-corrected) with all the metrics of HDL functions assessed. The list of such species whose abundances correlated with both cholesterol efflux capacity and antioxidative metrics contained 6 PC, 2 SM, 1 PI, 4 PE, 6 PS, and 5 Cer species (Table 1). Curiously, this list contained only species with unsaturated fatty acid moieties. LPC, PA and PG species whose HDL content was markedly affected by apoA-I deficiency did not reveal significant associations with all the three functional metrics evaluated by us.

As expected, abundances of the species we observed to be positively correlated with the biological activities of HDL were significantly decreased (FDR-corrected) in apoA-I-deficient patients, while abundances of the species negatively correlated with those metrics were found to be increased (Table 1, green and red arrows).Abundances of 13 out of 24 species, linked to biological function of HDL did not show significant differences (FDR-corrected) between the groups in any HDL subpopulation. Strikingly, the abundance of PC 34:2 was decreased in apoA-Ideficient subjects throughout all five HDL subpopulations, while abundances of PC 40: Finally, anti-apoptotic activity of HDL particles assessed as inhibition of annexin V binding to starving HUVEC cells was not significantly correlated with abundances of any lipid species (data not shown). Given that S1P may provide a key contribution to the capacity of HDL to reduce apoptosis [START_REF] Nofer | Suppression of Endothelial Cell Apoptosis by High Density Lipoproteins (HDL) and HDLassociated Lysosphingolipids[END_REF], S1P content of HDL was evaluated to provide additional insight into compositional determinants of this biological activity. No difference in S1P content of HDL subpopulations was observed between apoA-I-deficient and control subjects (Supplementary Table S6).

As reported by us earlier [START_REF] Kontush | Preferential sphingosine-1-phosphate enrichment and sphingomyelin depletion are key features of small dense HDL3 particles: relevance to antiapoptotic and antioxidative activities[END_REF], S1P was more abundant in small, dense relative to large, light HDL in the both control and apoA-I-deficient groups. While no correlation between S1P abundance and biological activities of HDL was observed, there were significant (FDR-corrected) negative correlations of S1P with the abundances of Cer d18:1/18:0, Cer d18:1/19:0, Cer d18:1/24:0, Cer d18:1/25:0 and Cer d18:2/23:0 in HDL2a as well as of S1P

with the abundances of PS 36:1 and PS 38:2 in HDL3a (data not shown).

Metabolic pathways affected by apoA-I deficiency

The list of lipid species whose abundances were correlated with the biological activities of HDL and were significantly differing between the groups was entered into the MetExplore web server [START_REF] Jourdan | Use of reconstituted metabolic networks to assist in metabolomic data visualization and mining[END_REF] in order to identify metabolic pathways altered by apoA-I deficiency. The representation of the metabolic pathways identified was subsequently included in classical pathway representation (Fig. 6; a high-resolution version including names of intermediary metabolites is available as Supplementary Figure S4). The list of affected pathways included sphingolipid metabolism, glycerophospholipid metabolism, glycosylphosphatidylinositol-anchor biosynthesis, linoleic acid metabolism and alpha-linoleic acid metabolism (Supplementary Table S4). After Benjamini-Hochberg correction, significant metabolic alterations were only detected for sphingolipid metabolism, glycerophospholipid metabolism and linoleic acid metabolism pathways.

Lipid-related genes affected by apoA-I deficiency

The list of lipid species whose abundances were correlated with the biological activities of HDL and were significantly differing between the groups (FDR-corrected) was further employed to identify lipid-related genes affected by apoA-I deficiency. For this purpose, the species names were converted to their corresponding Human Metabolome DataBase (HMDB) accessions and entered into the MetaboAnalyst Network Explorer tool. The analysis revealed seven genes being associated with impaired lipid metabolism in apoA-I deficiency, namely APOA1, LCAT, CDS1, CDS2, GLTP, PLA2G1B, and PCSK7 (Fig. 7).

Discussion

In this study, HDL particles isolated from apoA-I-deficient patients revealed a markedly altered profile of molecular lipid species characterized by multiple perturbations in the phospho-and sphingolipidome, adding to the deficient biological activities of HDL. Importantly, the analysis of abundances of lipid species uncovered numerous alterations in apoA-I deficient HDLs, which remained hidden in the analysis of abundances of lipid classes performed by us earlier [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF].

The perturbations of phospho-and sphingolipidome of HDL affected species from all lipid classes. Among highly-to-moderately abundant classes of PC, SM and PI, the pattern was complex, with some species featuring elevated abundances in apoA-I-deficient HDLs, while abundances of other species were reduced. Remarkably, apoA-I-deficient HDLs lacked numerous polyunsaturated lipid species, including PC 34:2 and PC 40:8, while possessing increased amounts of saturated species, including PC 32:0 and PC 34:0. It is generally accepted that saturated fatty acids exert proinflammatory actions, whereas the opposite can be said about polyunsaturated fatty acids which possess anti-inflammatory properties [START_REF] Quehenberger | The human plasma lipidome[END_REF]. The imbalance of polyunsaturated relative to saturated species found in the present study may have contributed to elevated low-grade inflammation as observed by us in the apoA-I deficiency.

When plotted as a part of a correlation network map, PC, PE and PI species were scattered along parallel lines, ending in three clusters separately formed by SM, Cer and PS species, as well as in another cluster formed by LPC and PA species together. Such distribution can be attributed to LPC, PS and PA species predominantly present in small HDL3 particles, while SM and Cer species are known to be concentrated in large HDL2 [START_REF] Camont | Small, dense high-density lipoprotein-3 particles are enriched in negatively charged phospholipids: relevance to cellular cholesterol efflux, antioxidative, antithrombotic, anti-inflammatory, and antiapoptotic functionalities[END_REF].

Combining with functional characteristics of HDL, the network analysis demonstrated that multiple moderately to highly abundant PC and SM species were related to cholesterol efflux capacity and antioxidative activity of HDL.

Unsurprisingly, abundances of the species that were decreased in apoA-I-deficient HDL subpopulations displayed positive correlations with the HDL functional metrics, while negative correlations were observed for the species whose HDL content was increased. Notwithstanding, all the species linked to functional properties of HDL carried one or more double bonds in their fatty acid moieties.

The clustering patterns revealed that cholesterol efflux capacity of HDL was located, at the network map, between the PS and PE clusters, in the vicinity of a single PC species of PC 34:2. The highly abundant PC 34:2, moderately abundant SM 42:1 and PC 40:4, as well as low abundant PC 40:8 species were all significantly associated with the both biological acitivities, and their HDL abundances were significantly different between the patient and control groups. Of particular interest, while SM lipid species revealed a number of links to biological functions of HDL, total SM was not correlated with HDL functional metrics in our previous study [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. The associations with HDL function were thus masked by summarizing abundances of all the SM species in the previous study [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF], emphasizing the strength of our present in-depth approach.

Major alterations were present in polyunsaturated lipid species of LPC, Cer, PA and PG species, manifesting themselves as their increased abundances in apoA-I-deficent vs. control HDL subpopulations. LPC is well-known to possess proinflammatory properties [START_REF] Marathe | To hydrolyze or not to hydrolyze: the dilemma of platelet-activating factor acetylhydrolase[END_REF] and to display a high affinity for G-protein-coupled receptors, thereby playing a signaling role [START_REF] Xu | Targeted lipidomics -advances in profiling lysophosphocholine and platelet-activating factor second messengers[END_REF][START_REF] Zmijewski | Cell signalling by oxidized lipids and the role of reactive oxygen species in the endothelium[END_REF][START_REF] Litvack | Review: Soluble innate immune pattern-recognition proteins for clearing dying cells and cellular components: implications on exacerbating or resolving inflammation[END_REF]. PA participates in the regulation of inflammation [START_REF] Lim | Phosphatidic acid regulates systemic inflammatory responses by modulating the Aktmammalian target of rapamycin-p70 S6 kinase 1 pathway[END_REF] and intracellular signaling [START_REF] Delon | Sphingosine kinase 1 is an intracellular effector of phosphatidic acid[END_REF] as well, while ceramides possess proapoptotic activity [START_REF] Green | Apoptosis and sphingomyelin hydrolysis. The flip side[END_REF]. Although a whole array of LPC, Cer, PA and PG species was significantly enriched in apoA-I-deficient HDLs, the structure-function analysis revealed direct links with biological function of HDL only for Cer lipids. The species of the proatherogenic trio of LPC, PA and Cer may therefore have acted indirectly by promoting formation of a pro-inflammatory milieu, further deteriorating HDL function already hampered by the altered particle composition. In a similar fashion, PG species revealed significant between-group differences in their HDL content but their abundances were not associated with the HDL function.

Between-group differences in PE species were complex, with some apoA-I-deficient HDL subpopulations (HDL2b and 2a) displaying decreased PE content, while others (HDL3c) being enriched in PE. In particular, the content of a saturated species of PE 34:0 was significantly elevated in apoA-I-deficient HDL, adding up to the set of saturated species of PC 32:0 and PC 34:0 with increased HDL content described above. As in the correlation network map PE species were located closely to cholesterol efflux capacity of HDL, there were several PE species whose HDL content was correlated with the HDL function. Among them, species of PE 38:6 and PE 40:7 were significantly decreased in apoA-I-deficient HDL2b and 2a relative to control HDLs, consistent with their beneficial functional role.

Interestingly, altered biological functions of HDL in apoA-I-deficient subjects were confined to cholesterol efflux capacity and antioxidative activity and did not include anti-apoprotic properties. This result probably reflects the protein concentration basis employed for the measurements of anti-apoptotic activity of HDL. Indeed, apoA-Ideficient HDL were not deficient in S1P when the latter was expressed per unit protein, consistent with their normal capacity to reduce apoptosis.

We employed metabolic pathway ab intitio analysis to identify the pathways, possibly affected in the metabolism of apoA-I-deficient HDL. Our approach revealed that glycerophospholipid, sphingolipid and linoleic acid (LA) metabolism were significantly altered in apoA-I deficiency. Glycerophospholipid and sphingolipid metabolism are reportedly associated with atherosclerosis progression in apoE-deficient mice, with distinct plasma metabolomic profiles differentiating between the different stages of atherosclerotic progression [START_REF] Dang | Comprehensive Plasma Metabolomic Analyses of Atherosclerotic Progression Reveal Alterations in Glycerophospholipid and Sphingolipid Metabolism in Apolipoprotein E-deficient Mice[END_REF]. Glycerophospholipids represent a common class of lipids critically important for integrity of cellular membranes; oxidation of esterified unsaturated fatty acid moieties dramatically alters biological activities of phospholipids [START_REF] Bochkov | Generation and biological activities of oxidized phospholipids[END_REF]. ApoA-I-deficient HDL particles can be prone to oxidation due to increased amounts of pro-inflammatory lipids LPC and PA, as mentioned above. It is also worth noting that biological actions of phospholipids may potentially ameliorate the metabolic syndrome [START_REF] Castro-Gomez | Relevance of dietary glycerophospholipids and sphingolipids to human health[END_REF]. Finally, linoleic acid (LA) metabolism is tightly linked to atherogenesis. Indeed, it is well documented that LA exerts multiple anti-atherogenic activities. Conjugated LAs can reduce the concentration of atherogenic lipoproteins and the intensity of inflammatory processes in the plasma [START_REF] Stachowska | Conjugated linoleic acid isomers may diminish human macrophages adhesion to endothelial surface[END_REF]. LA possess a protective effect against cholesterol accumulation in THP-1-derived macrophages [START_REF] Song | Polyunsaturated fatty acid relatively decreases cholesterol content in THP-1 macrophagederived foam cell: partly correlates with expression profile of CIDE and PAT members[END_REF]. Dietary supplementation of LA-rich fat, compared with a saturated fatty acid-rich fat in apolipoprotein E (apoE)-deficient mice, led to lowered atherosclerosis, reduced serum total cholesterol levels, increased HDL-cholesterol levels and lowered hepatic cholesterol levels [START_REF] Sato | Linoleic acid-rich fats reduce atherosclerosis development beyond its oxidative and inflammatory stress-increasing effect in apolipoprotein E-deficient mice in comparison with saturated fatty acid-rich fats[END_REF].

Genes potentially playing a role in the observed alterations of the HDL lipidome and function in the apoA-Ideficiency, were identified using MetaboAnalyst's network analysis. Validating our approach, we found that the APOA1 gene was involved as it directly follows from the study design. This result is consistent with our earlier demonstration of perturbed HDL proteome in heterozygous apoA-I deficiency, primarily involving reduced content of apoA-I deficiency, equally that of apoA-II [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF], which might both contribute to the defective HDL function. Other genes affected included lecithin-cholesterol acyltransferase (LCAT), CDP-diacylglycerol synthetase 1 (CDS1) and 2 (CDS2), glycolipid transfer protein (GLTP), group 1b phospholipase A2 (PLA2G1B), and proprotein convertase subtilisin/kexin type 7 (PCSK7). The presence of the LCAT gene in this list additionally supports our earlier observation of the dysregulation of LCAT in apoA-I deficiency [START_REF] Rached | Defective functionality of HDL particles in familial apoA-I deficiency: relevance of alterations in HDL lipidome and proteome[END_REF]. Both CDS1 and CDS2

genes are known to regulate PI production [START_REF] Lykidis | The role of CDP-diacylglycerol synthetase and phosphatidylinositol synthase activity levels in the regulation of cellular phosphatidylinositol content[END_REF], and thus, may contribute to the observed alterations of PI content.

The GLTP gene is tightly linked to Cer biosynthesis [START_REF] Malinina | Sphingolipid transfer proteins defined by the GLTP-fold[END_REF], which was also disturbed in the apoA-I deficiency. The enzyme encoded by PLA2G1B gene is responsible for hydrolysis of PLs to LPC in the intestine [START_REF] Hui | Intestinal phospholipid and lysophospholipid metabolism in cardiometabolic disease[END_REF], and may reflect increased LPC and decreased PC contents in the apoA-I deficiency. PCSK7 gene was reportedly associated with lipid metabolism [START_REF] Kurano | Genome-wide association study of serum lipids confirms previously reported associations as well as new associations of common SNPs within PCSK7 gene with triglyceride[END_REF], consistent with its association with the alterations found in the HDL lipidome in our study.

Expectedly, we observed that apoA-I and, as a consequence, HDL-C concentrations were significantly lower in the patient group than in controls, reflecting hampered apoA-I production in the patients [START_REF] Schaefer | HDL metabolism, composition, function and deficiency[END_REF]. In parallel, TG levels were significantly elevated in the patient group as much as one third from the control group level.

Interestingly, this value can reach a much higher magnitude -available literature describes a case of a patient with apoA-I deficiency involving TG concentration as high as 417 mg/dl, which is more that three times of what we observed in our study, despite intensive treatement with statins, ezetimibe, fenofibrate, and niacin [START_REF] Lee | HDL Deficiency due to a New Insertion Mutation (ApoA-I(Nashua)) and Review of the Literature[END_REF]. These observations additionally emphasize the absence of efficient therapeutic strategy to treat this metabolic condition.

Our present data may therefore have clinical implication. Indeed, they suggest that a proven therapy involving plasma transfusions in apoA-I-deficient patients [START_REF] Kootte | Effect of open-label infusion of an apoA-I-containing particle (CER-001) on RCT and artery wall thickness in patients with FHA[END_REF][START_REF] Murayama | Effects of plasma infusion on plasma lipids, apoproteins and plasma enzyme activities in familial lecithin: cholesterol acyltransferase deficiency[END_REF][START_REF] Shamburek | Familial lecithin:cholesterol acyltransferase deficiency: First-in-human treatment with enzyme replacement[END_REF] can be enhanced by HDL enriched in vitro with the lipids we found in this study to be positively associated with antiatherogenic function of HDL and to be reduced in apoA-I deficiency. The most obvious candidate for this approach represents such a major lipid of HDL as palmitoyllinoleoyl PC, a major isomer of PC 34:2.

In conclusion, our findings presented herein document multiple alterations in the molecular composition of HDL Tables Table 1. Molecular lipid species significantly correlated with cholesterol efflux capacity and antioxidative activity of HDL subpopulations Species significantly associated with HDL functions HDL subopulations in which species abundance revealed between-group differences 

  1,2-Dipalmitoyl-snglycero-3-phosphocholine-N,N,N-trimethyl-d9 (PC 16:0/16:0 d9), 1-lauroyl-2-tridecanoyl-sn-glycero-3-phospho-(1'-myo-inositol) (PI 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-phosphoethanolamine (PE 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (PG 12:0/13:0), 1-dodecanoyl-2-tridecanoylsn-glycero-3-phosphate (PA 12:0/13:0), 1-dodecanoyl-2-tridecanoyl-sn-glycero-3-phospho-l-serine (PS 12:0/13:0), 1-pentadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC 15:0), and N-heptadecanoyl-derythro-sphingosine (Cer d18:1/17:0) were used as internal standards. 1-Palmitoyl-2-hydroxy-sn-glycero-3phosphocholine (LPC 16:0), 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC 18:0), 1,2-dimyristoyl-snglycero-3-phosphocholine (PC 14:0/14:0), 1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (PC 14:0/16:0), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (PC 16:0/16:0), 1-palmitoyl-2-stearoyl-sn-glycero-3phosphocholine (PC 16:0/18:0), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC 16:0/18:1), 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine (PC 16:0/18:2), 1,2-distearoyl-sn-glycero-3-phosphocholine (PC 18:0/18:0), 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC 18:0/18:1), 1-stearoyl-2-linoleoyl-sn-glycero-3phosphocholine (PC 18:0/18:2), 1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphocholine (PC 18:0/20:4), 1palmitoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (PC 16:0/22:6), 1-stearoyl-2-docosahexaenoyl-snglycero-3-phosphocholine (PC 18:0/22:6), 1-stearoyl-2-hydroxy-sn-glycero-3-phosphoethanolamine (LPE 18:0), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (PE 18:0/18:0), 1-heptadecanoyl-2-(9Z-tetradecenoyl)-sn-glycero-3-phospho-(1'-myo-inositol) (PI 17:0/14:1), N-stearoyl-d-erythro-sphingosine (Cer d18:1/18:0), 1,2distearoyl-sn-glycero-3-phosphate (PA 18:0/18:0), 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (PG 18:0/18:0), and 1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-l-serine (PS 16:0/18:2) were purchased from Avanti Polar Lipids (Alabaster, AL) to construct separate calibration curves as a function of the number of double bonds in fatty acid moieties and of their chain length. Adequate lipid recovery across different samples was ensured by optimising extraction conditions (pH and solvent v/v ratios) of the classical Folch extraction[START_REF] Folch | A simple method for the isolation and purification of total lipides from animal tissues[END_REF] to improve the recovery of negatively charged lipids. LC/MS-grade solvents were used without further purification and obtained from Sigma-Aldrich (St. Louis, MO) or VWR (West Chester, PA).

  4 and PC 40:8 differed in three HDL subpopulations. In addition, abundances of SM 42:1 and PS 38:4 differed in two HDL subpopulations, while abundances of PC 36:5, SM 41:1, PE 38:6, PE 40:7, Cer d18:2/14:0 and Cer d18:2/24:1 revealed differences in one HDL subpopulation only.

  lipidome and their links to HDL functionality in heterozygous apoA-I deficiency involving a nonsense mutation at APOA1 codon -2. Multiplied by low circulating HDL concentrations, such deficiency in HDL composition and function can be expected to contribute to accelerated atherogenesis observed in this clinical condition. As a corollary, normalization of HDL phospho-and/or sphingolipid composition (i.e. via HDL enrichment in functional phospho-and/or sphingolipid through a diet or medical intervention), may represent promising therapeutic strategy to reduce cardiovascular risk in genetic apoA-I deficiency.

PC 34 : 2 ↓

 342 All (HDL2b, HDL2a, HDL3a, HDL3b and HDL3c) HDL2bRed and green arrows alongside the names of the species in the left column indicate their decreased and increased abundance respectively in apoA-I-deficient vs. control HDL subpopulations listed in the right column.

FiguresFigure 1 .

 1 Figures

Figure 2 .

 2 Figure 2. Heatmaps of molecular lipid species in the lipidome of small, dense HDL3b and HDL3c subpopulations of apoA-I-deficient patients and healthy controls. Abundance of every molecular species in apoA-I-deficient HDL is shown as a colored bar relative to its mean abundance in control HDL. The color represents the direction and the magnitude of the between-group differences: green color corresponds to increases in the abundance of molecular species in patients vs controls, while red color stays for their decreases. Within each lipid subclass the order the species of presentation is in increase of their backbone carbon chain length from left to right.

Figure 7 .

 7 Figure 7. Genes associated with alterations of the HDL lipidome in apoA-I deficiency. Blue nodes depict molecular lipid species of phosphatidylcholine and sphingomyelin, both representatives of their lipid classes. Changes in the abundances of these species were significantly associated with seven genes shown as orange dots, notably APOA1, CDS1, CDS2, GLTP, LCAT, PCSK7, PLA2G1B. White dots denote genes significantly associated with the lipid species of phosphatidylcholine and sphingomyelin only separately, with their names therefore not provided. The analysis was performed using Metaboanalyst.
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Abundance in apoA-I-deficient HDL3b

ApoA-I-deficient/Control abundance ratio Abundance in apoA-I-deficient HDL3c Positive correlations of metrics of antioxidative activity and the abundances (D) are also represented. Node size is proportional to the number of connections this particular node has with its neighbours. In this analysis data obtained for all HDL subpopulations were combined.