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Treatment with PCSK9 inhibitors induces a more anti-atherogenic HDL lipid profile in patients at high cardiovascular risk
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Background: Proprotein Convertase Subtilisin/Kexin type 9 inhibitors (PCSK9-I) have been reported to cause a moderate increase in high-density lipoprotein (HDL) cholesterol in human studies. We thus evaluated the effect of two approved PCSK9-I on the concentration and lipid composition of HDL particle subclasses.

Subjects and methods: 95 patients (62.8 ± 10.3 years old, 58% men), with or without statin and/or ezetimibe treatment and eligible for PCSK9-I therapy, received either evolocumab (140 mg) or alirocumab (75 or 150 mg). Their HDL particle profiles were measured by NMR spectroscopy at baseline and after 4 weeks of PCSK9-I treatment.

Results: PCSK9-I treatment increased the level of HDL-C by 7%. The level of medium-sized HDL particles (M-HDL-P) increased (+8%) while the level of XL-HDL-P decreased (-19%). The lipid core composition was altered in the smaller S-and M-HDL-P, with a reduction in triglycerides (TG) and an enrichment in cholesterol esters (CE), whereas the for the larger XL-and L-HDL-P the relative CE content decreased and the TG content increased. Ezetimibe therapy differentially impacted the HDL particle distribution, independently of statin use, with an increase in S-HDL-P in patients not receiving ezetimibe.

Conclusions:

As S-and M-HDL-P levels are inversely related to cardiovascular risk, PCSK9-I treatment may result in a more atheroprotective HDL particle profile, particularly in patients not concomitantly treated with ezetimibe.

Introduction

Proprotein Convertase Subtilisin/Kexin type 9 inhibitors (PCSK9-I) are the latest class of available therapies to reduce low-density lipoprotein cholesterol (LDL-C), and they have been shown to be effective at reducing the risk of cardiovascular disease (CVD) [START_REF] Sabatine | FOURIER Steering Committee and Investigators, Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease[END_REF][START_REF] Schwartz | ODYSSEY OUTCOMES Committees and Investigators, Alirocumab and Cardiovascular Outcomes after Acute Coronary Syndrome[END_REF]. PCSK9 is a circulating protease that binds to the LDL receptor (LDL-R) and promotes its lysosomal degradation of the LDL receptor (LDL-R) in hepatocytes. PCSK9-I act by blocking the circulating PCSK9 protein. The consequent decrease in circulating PCSK9 activity results in an increase in LDL-R levels, thereby promoting the uptake of LDL by the liver and thus leading to a decrease in the level of circulating LDL cholesterol (LDL-C). Currently, the only approved PCSK9-I are two fully human monoclonal antibodies, alirocumab and evolocumab. In clinical trials, alirocumab and evolocumab, either alone or in combination with statins and/or other lipidlowering therapies, have been shown to significantly reduce LDL-C levels (60% on average), depending on dosage [START_REF] Sabatine | PCSK9 inhibitors: clinical evidence and implementation[END_REF]. These two PCSK9-I are currently recommended by the ESC/EAS to treat individuals with a very high CVD risk and who have been unable to sufficiently lower their LDL levels [START_REF] Mach | ESC/EAS Guidelines for the management of dyslipidaemias: lipid modification to reduce cardiovascular risk[END_REF]. While PCSK9-I have been shown to be effective at reducing LDL-C levels, the limited number of studies to date have shown variable effects of PCSK9-I therapy on other lipoprotein classes, including high-density lipoprotein (HDL) [START_REF] Ferri | Proprotein convertase subtilisin kexin type 9 and high-density lipoprotein metabolism: experimental animal models and clinical evidence[END_REF]. HDL cholesterol (HDL-C) has been repeatedly inversely related to cardiovascular risk in most [START_REF] Kuivenhoven | Beyond the genetics of HDL: why is HDL cholesterol inversely related to cardiovascular disease?[END_REF][START_REF] Gordon | High density lipoprotein as a protective factor against coronary heart disease. The Framingham Study[END_REF] but not all epidemiological studies [START_REF] Singh | Examining the paradox of high high-density lipoprotein and elevated cardiovascular risk[END_REF]. Additional parameters beyond the cholesterol content of HDL particles (i.e., HDL-C) may help improve risk prediction. Indeed, HDL particles are heterogeneous in size and biochemical composition, and different HDL subpopulations may have different functional properties [START_REF] Camont | Biological activities of HDL subpopulations and their relevance to cardiovascular disease[END_REF]. Nuclear magnetic resonance (NMR) spectroscopy was recently proposed as a reference tool to measure the concentration of total HDL particles (referred to as HDL-P), their size distribution, and lipid composition. To date, measurement of HDL particle profiles by NMR spectroscopy has been carried out in numerous cohort studies, and most have shown that small-and medium-sized HDL particles (referred to as S-and M-HDL-P) are inversely related to cardiovascular risk in various clinical settings [START_REF] Mackey | High-density lipoprotein cholesterol and particle concentrations, carotid atherosclerosis, and coronary events: MESA (Multi-Ethnic Study of Atherosclerosis)[END_REF][START_REF] Mcgarrah | High-density lipoprotein subclass measurements improve mortality risk prediction, discrimination and reclassification in a cardiac catheterization cohort[END_REF][START_REF] Duparc | Serum level of HDL particles are independently associated with long-term prognosis in patients with coronary artery disease: The GENES study[END_REF][START_REF] Ditah | Small and medium sized HDL particles are protectively associated with coronary calcification in a cross-sectional populationbased sample[END_REF]. In light of these results, NMR-based HDL-P measurement may improve risk prediction in cardiovascular high-risk populations receiving lipid-lowering pharmacotherapy, i.e. PCSK9-I.

To date, only four studies have analyzed the effects of PCSK9-I therapy on HDL particle profiles measured by NMR, with one study reporting no change [START_REF] Schettler | NMRbased lipoprotein analysis for patients with severe hypercholesterolemia undergoing lipoprotein apheresis or PCSK9-inhibitor therapy (NAPALI-Study)[END_REF], while the others found a moderate increase Journal Pre-proof in the total HDL-P level of approximately 10% [START_REF] Koren | Effect of PCSK9 Inhibition by Alirocumab on Lipoprotein Particle Concentrations Determined by Nuclear Magnetic Resonance Spectroscopy[END_REF][START_REF] Toth | Effect of alirocumab on specific lipoprotein non-high-density lipoprotein cholesterol and subfractions as measured by the vertical auto profile method: analysis of 3 randomized trials versus placebo[END_REF][START_REF] Wan | Effects of Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9) Inhibition with Bococizumab on Lipoprotein Particles in Hypercholesterolemic Subjects[END_REF]. However, the aforementioned studies were performed in patients from randomized controlled trials and were mostly restricted to analysis of the total HDL-P concentration. Hence, we have evaluated the effects of the two approved PCSK9-I, alirocumab and evolocumab, on the concentration and lipid composition of HDL subclasses, as measured by NMR spectroscopy, in high cardiovascular risk patients eligible for PCSK9-I therapy. 

Patients and methods

Patients

Ninety

Laboratory analyses

All laboratory analyses were performed on fasting EDTA plasma samples. Concentrations of total cholesterol (TC), triglycerides (TG), LDL cholesterol (LDL-C) [beta-quantification], HDL cholesterol (HDL-C), and apolipoproteins A-I and B were measured on the same day of blood draw at a local laboratory (Labor Berlin, Berlin, Germany) as described previously [START_REF] Hollstein | Treatment with PCSK9 inhibitors reduces atherogenic VLDL remnants in a real-world study[END_REF]. The concentration of non-HDL cholesterol (non-HDL-C) was calculated by subtracting HDL-C from TC.

NMR-based HDL profiling

NMR analyses were carried out on additional plasma EDTA aliquots that had been stored at -80 °C until the biological analyses were carried. The number and lipid composition (cholesterol ester, triglycerides, phospholipids and free cholesterol) of HDL subclasses and mean HDL size were measured with a Nightingale high-throughput NMR metabolomics platform (Nightingale Ltd., Helsinki, Finland). Details of the experimental protocols have been described and reviewed elsewhere [START_REF] Würtz | Quantitative Serum Nuclear Magnetic Resonance Metabolomics in Large-Scale Epidemiology: A Primer on -Omic Technologies[END_REF][START_REF] Soininen | Highthroughput serum NMR metabonomics for cost-effective holistic studies on systemic metabolism[END_REF][START_REF] Ala-Korpela | Quantitative high-throughput metabolomics: a new era in epidemiology and genetics[END_REF][START_REF] Soininen | Quantitative serum nuclear magnetic resonance metabolomics in cardiovascular epidemiology and genetics[END_REF].

Statistical analyses

Statistical analyses of data were performed using the SAS statistical software package (SAS Enterprise Guide Version 7.15; SAS Institute, Cary, NC, USA). Unless otherwise stated, data are presented as percentages for categorical (qualitative) variables and as means with standard deviation (SD) or 95% confidence intervals (CI) for quantitative data. The Shapiro-Wilks test was used to test the normality of the distribution of the residuals. The Chi-Square test was used to compare categorical variables. Individual n (∆) n lipid parameters were calculated as the difference between post-minus pre-treatment values and were analyzed using n ' paired t-tests when data were normally distributed.

Comparisons between statin-taking versus statin-intolerant patients were made using n ' np t-tests. Data were adjusted for concomitant lipid-lowering therapy by analysis of variance (ANOVA) follow y k y' post-hoc tests.
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Results

Patients characteristics at inclusion

The present cohort consisted of 95 patients receiving PCSK9-I (alirocumab at 75 or 150 mg sc once every 2 nd week or evolocumab 140 mg sc once every 2 nd week) in clinical routine. Patient characteristics and lipid values at baseline (i.e., at the initiation of PCSK9-I treatment) are presented in Almost half of patients (47.4%) received a statin treatment at baseline, while the other half (50.3%) was statin-intolerant and did not receive statins. Ezetimibe was used by half of the patients (50.5%) either in combination with statin therapy (80%) or as stand-alone lipid-lowering therapy (20%). Patients without statin therapy were older and less treated with ezetimibe than statin-taking patients. Similarly, patients without ezetimibe tended to be older and treated less with statins. Patients without concomitant ezetimibe therapy were more frequently treated with high-dose alirocumab.

Regarding fasting lipid levels at baseline, TC, LDL-C, non-HDL-C and apoB levels were consistently lower in statin-taking and ezetimibe-taking patients as compared to the patients without statin or ezetimibe therapy (all p < 0.05, Table 1).

Regarding baseline values of HDL-related markers, HDL-C level was 1.42 ± 0.44 mmol/L, while apoA-I, the major protein in HDL, was 1.57 ± 0.30 g/L in the total cohort, without differences between statin-taking versus statin-intolerant or ezetimibe-taking versus ezetimibe-non-taking patients, respectively (Table 1).

The HDL particle profiles were determined by NMR-spectroscopy. At baseline, the average size of total HDL particles (mean HDL size) was 9.57 ± 0.18 nm (Table 2). The mean concentration of total HDL-P was 15737 ± 2641 nmol/L (Table 2). S-HDL-P represented the main subclass of HDL particles (10467 ± 1421 nmol/L), followed by M-HDL-P (3704 ± 944 mol/L) and then L-HDL-P (1340 ± 720 nmol/L) and XL-HDL-P (226 ± 97 nmol/L). The concentration of XL-HDL-P was significantly lower in the Journal Pre-proof statin-taking patients compared to statin-intolerant patients (-51 nmol/L [95% CI: -89; -12], p=0.01), while there were no differences in baseline concentrations of other HDL particle subclasses, regardless of statin or ezetimibe usage (Table 2).

Effect of PCSK9-I on plasma lipids and apolipoproteins

As shown in Figure 1, PCSK9-I treatment for 4 weeks led to a pronounced decrease in TC (-37 2F). Similar results were obtained when males and females were compared (supplementary Table 1). This was also the case for comparisons between alirocumab and evolocumab, except for changes in XL-HDL-P: here, evolocumab led to a significantly greater decrease compared to alirocumab (-56.8 versus -22.7 nmol/L, p=0.03) (Supplementary Table 2). However, this effect was no longer significant when only evolocumab at 140 mg and alirocumab at 150 mg were compared (p=0.09) without considering low-dose (75 mg) alirocumab.

Effect of PCSK9-I on HDL-P subclasses and size

Effect of PCSK9-I on lipid composition of HDL particles

Table 3 presents the relative lipid molecular composition, expressed as the percentage of total lipid, in each of the HDL particle subclasses at baseline and following PCSK9-I treatment (week 4). At baseline, lipid core composition (i.e., esterified cholesterol and triglycerides) differed for the various HDL Journal Pre-proof subclasses. For instance, M-and S-HDL-P had a higher CE content (36.2% and 37.9%, respectively)

than XL-and L-HDL-P (32.7% and 32.4%, respectively). Conversely, M-and S-HDL-P had a lower TG content (5.7% and 5.9%, respectively) than XL and L-HDL-P (9.6% and 6.2%, respectively).

When changes in lipid composition between baseline and week 4 were compared, PCSK9-I treatment led to a relative decrease in CE in larger XL-and L-HDL-P of 1.4% and 2.1%, respectively (both p < 0.0001, Table 3), while CE increased in smaller M-and S-HDL-P by 1.2% and 1.1%, respectively, (both p < 0.0001). Conversely, TG content increased in larger XL-and L-HDL-P by 3.1% and 0.9%, respectively, (both p < 0.0001), while it decreased in smaller M-and S-HDL-P by 0.4% and 0.3%, respectively, (both p ≤ 0.03).

Upon PCSK9-I treatment, phospholipid (PL) and free cholesterol (FC) contents, which are the main HDL surface components, decreased in all of the HDL subclasses, except for XL-HDL-P, in which the FC content was unchanged, and for L-HDL-P, in which PL content increased by 1.8% (p < 0.0001, Table 3).

Similar results were obtained when males and females we compared (supplementary Table 3), as well as for alirocumab versus evolocumab (supplementary Table 4).

Effect of PCSK9-I treatment on HDL-related parameters with regard to concomitant lipid lowering therapy

In the present cohort, 47% of patients received a concomitant statin therapy during PCSK9-I treatment, while 53% were not treated with statins (Table 1). Similarly, 51% of the patients received a concomitant ezetimibe therapy, while 49% did not receive ezetimibe while being treated with PCSK9-I. [START_REF] Duprez | High-Density Lipoprotein Subclasses and Noncardiovascular, Noncancer Chronic Inflammatory-Related Events Versus Cardiovascular Events: The Multi-Ethnic Study of Atherosclerosis[END_REF].9% of patients received a combination of both statin and ezetimibe treatment.

The effects of PCSK9-I treatment on mean HDL size and HDL particle concentrations according to concomitant lipid-lowering therapy are reported in Figure 3 (statin vs. no statin) and Figure 4 (ezetimibe vs. no ezetimibe). As reported for the entire cohort (Figure 2), no change was observed in mean HDL size with respect to concomitant statin or ezetimibe therapy (all p > 0.37, Figures 3A and4A).

Total HDL-P remained unchanged in statin-taking patients (p=0 

Figure 4B

). The latter effect remained significant after further adjustment for concomitant statin therapy (p=0.04).

When analyzing the effect of PCSK9-I treatment on the HDL particle subclasses according to statin treatment, similar changes were observed as for the entire cohort (Figure 2), with a decrease in the XL- However, the increase in the concentration of M-HDL-P was greater in the patients without concomitant ezetimibe therapy, as compared to ezetimibe-taking patients (inter-group difference: 256 nmol/L [95% CI, 12; 500], p=0.04, Figure 4E). However, in sensitivity analyses, the latter effect did not remain significant after further adjustment for concomitant statin therapy (p=0.15).

As for the entire cohort (Figure 2), the concentrations of L-and S-HDL-P remained unchanged in patients who did and who did not take statins, with no inter-group differences (all p > 0.07, Figures 3D and3F).

Similarly, the concentration of L-HDL-P remained unchanged with regard to ezetimibe therapy, with no intergroup difference (p=0.27, Figure 4D). However, in patients without ezetimibe therapy, S-HDL-P increased by 3.7% (+384 nmol/L [95% CI, +39; +729], p=0.03), while it remained unchanged in the ezetimibe-taking patients (p=0.17), with an inter-group difference of 609 nmol/L [95% CI, 140; +1,079] (p=0.01, Figure 4F). In sensitivity analyses, the latter effect remained significant after further adjustment for concomitant statin therapy (p=0.04).
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Discussion

The present study confirmed that patients at high cardiovascular risk treated for four weeks with PCSK9-I displayed a major decrease in the levels of total cholesterol and atherogenic lipids, including LDL-C and non-HDL-C, as well as apoB. A moderate but significant increase in HDL-C and apoA-I was also observed, which is an effect of PCSK9-I that has been previously reported in a number of clinical trials, albeit with some discrepancies [START_REF] Schettler | NMRbased lipoprotein analysis for patients with severe hypercholesterolemia undergoing lipoprotein apheresis or PCSK9-inhibitor therapy (NAPALI-Study)[END_REF][START_REF] Koren | Effect of PCSK9 Inhibition by Alirocumab on Lipoprotein Particle Concentrations Determined by Nuclear Magnetic Resonance Spectroscopy[END_REF][START_REF] Robinson | Efficacy and safety of alirocumab in reducing lipids and cardiovascular events[END_REF][START_REF] Kereiakes | Efficacy and safety of the proprotein convertase subtilisin/kexin type 9 inhibitor alirocumab among high cardiovascular risk patients on maximally tolerated statin therapy: The ODYSSEY COMBO I study[END_REF][START_REF] Giugliano | LAPLACE-TIMI 57 Investigators, Efficacy, safety, and tolerability of a monoclonal antibody to proprotein convertase subtilisin/kexin type 9 in combination with a statin in patients with hypercholesterolaemia (LAPLACE-TIMI 57): a randomised, placebo-controlled, dose-ranging, phase 2 stu[END_REF][START_REF] Hilvo | PCSK9 inhibition alters the lipidome of plasma and lipoprotein fractions[END_REF][START_REF] Toth | Effect of Evolocumab on Lipoprotein Particles[END_REF]. Although the level of HDL-C has been repeatedly inversely related to cardiovascular risk in epidemiological studies, a single measurement of HDL-C does not necessarily reflect the functionality of HDL particles and their pleiotropic atheroprotective properties.

Indeed, HDL particles are heterogeneous in size and biochemical composition, and HDL subpopulations may have different functional properties [START_REF] Camont | Biological activities of HDL subpopulations and their relevance to cardiovascular disease[END_REF].

We found that PCSK9 inhibition in hypercholesterolemic patients led to an increase in the concentration of M-HDL-P that was conversely associated with a decrease in the concentration of XL-HDL-P, thus resulting in no net change in the total concentration of HDL particles. Several studies have previously analyzed association between HDL particle subclasses, measured by NMR, and cardiovascular risk.

While a few have reported a negative association with L-HDL-P [START_REF] Harchaoui | High-density lipoprotein particle size and concentration and coronary risk[END_REF][START_REF] Mora | Lipoprotein particle profiles by nuclear magnetic resonance compared with standard lipids and apolipoproteins in predicting incident cardiovascular disease in women[END_REF][START_REF] Aday | Lipoprotein Particle Profiles, Standard Lipids, and Peripheral Artery Disease Incidence[END_REF], most have found S-and M-HDL-P to be independently associated with a lower cardiovascular risk in various clinical settings and to have a better prognostic value than HDL-C in high cardiovascular risk patients [START_REF] Mcgarrah | High-density lipoprotein subclass measurements improve mortality risk prediction, discrimination and reclassification in a cardiac catheterization cohort[END_REF][START_REF] Duparc | Serum level of HDL particles are independently associated with long-term prognosis in patients with coronary artery disease: The GENES study[END_REF][START_REF] Ditah | Small and medium sized HDL particles are protectively associated with coronary calcification in a cross-sectional populationbased sample[END_REF][START_REF] Kuller | Multiple Risk Factor Intervention Trial Research Group, Lipoprotein particles, insulin, adiponectin, C-reactive protein and risk of coronary heart disease among men with metabolic syndrome[END_REF][START_REF] Duprez | High-Density Lipoprotein Subclasses and Noncardiovascular, Noncancer Chronic Inflammatory-Related Events Versus Cardiovascular Events: The Multi-Ethnic Study of Atherosclerosis[END_REF][START_REF] D O J M. Š Ć G. N A. Ol | nk m Concentration of HDL Particles Predicts Mortality in Acute Heart Failure Patients[END_REF][START_REF] Kim | Concentration of Smaller High-Density Lipoprotein Particle (HDL-P) Is Inversely Correlated With Carotid Intima Media Thickening After Confounder Adjustment: The Multi Ethnic Study of Atherosclerosis (MESA)[END_REF][START_REF] Otvos | Low-density lipoprotein and high-density lipoprotein particle subclasses predict coronary events and are favorably changed by gemfibrozil therapy in the veterans affairs high-density lipoprotein intervention trial[END_REF]. Treatment with PCSK9-I may, therefore, result in a more atheroprotective HDL particle profile.

To date, only two studies have measured HDL particle concentrations by NMR spectroscopy in hypercholesterolemic patients treated the two currently approved PCSK9-I, namely 420 mg of evolocumab monthly for 52-weeks [START_REF] Toth | Effect of Evolocumab on Lipoprotein Particles[END_REF] and 150 mg of alirocumab bi-weekly for a period of 12 weeks [START_REF] Koren | Effect of PCSK9 Inhibition by Alirocumab on Lipoprotein Particle Concentrations Determined by Nuclear Magnetic Resonance Spectroscopy[END_REF].

They reported an increase in the concentration of total HDL-P of 9.4% and 11.2%, respectively, while in the present study HDL-P concentration increased by 2.4% (p=0.06) upon PCSK9-I treatment for four weeks. Thus, a longer treatment period and/or higher dose (or exposure) might be more effective at increasing the total HDL-P concentration.

This is the first study to analyze the effects of PCSK9-I on the lipid composition of HDL particle subclasses by NMR spectroscopy. Upon PCSK9-I treatment, the lipid core composition was altered in the smallest S-and M-HDL-P, with a reduction in TG and an enrichment in CE, whereas, conversely, the Journal Pre-proof larger XL-and L-HDL-P exhibited a decrease in their relative CE content and an increase in the TG content. To explain these changes in the lipid core composition of HDL subclasses, we hypothesize that the lower availability of apoB-containing particles in serum, as a consequence of PCSK9 inhibition, is likely to impair the action of the cholesteryl ester transfer protein (CETP) in reciprocal exchanges of HDLcholesterylesters for triacylglycerols from apoB-containing lipoproteins [START_REF] Loudet | Triacylglycerol increase in plasma very low density lipoproteins in cyclophosphamide-treated rabbit: relationship with cholesteryl ester transfer activity[END_REF]. Thus, the effects on the HDL profile observed under PCSK9 inhibition are probably an indirect consequence of the pronounced decrease in apoB-containing lipoproteins. However, Girona et al. observed a positive and independent association between the circulating PCSK9 concentration and plasma CETP activity in patients at high risk of a cardiovascular event, suggesting that PCSK9 and CETP could also share some molecular regulatory mechanisms that still need to be elucidated [START_REF] Girona | Journal Pre-proof Circulating PCSK9 levels and CETP plasma activity are independently associated in patients with metabolic diseases[END_REF]. Interestingly, a recent Mendelian randomization study, based on a CETP genetic score, suggests that CETP activity is associated with a higher TG content specifically in S-and M-HDL-P [START_REF] Blauw | Mendelian randomization reveals unexpected effects of CETP on the lipoprotein profile[END_REF]. This latter observation supports the hypothesis that PCSK9-I treatment induces a metabolism-dependent decrease in plasma CETP activity that leads to a relatively lower TG and higher CE content in S-and M-HDL-P. This could contribute to the maintenance or increase of these small HDL particles upon PCSK9-I therapy as they are less degraded by hepatic or endothelial lipases, because of their lower triacylglycerol content [START_REF] Deckelbaum | Conversion of human plasma high density lipoprotein-2 to high density lipoprotein-3. Roles of neutral lipid exchange and triglyceride lipases[END_REF]. In addition, the CE enrichment in the core of S-and M-HDL-P may reflect an increased HDL-dependent cholesterol efflux capacity (HDL-CEC), since these particles behave as high-affinity acceptors of ATP Binding Cassette Subfamily A Member 1 (ABCA1)-mediated free cholesterol efflux from macrophages to HDL, thus leading to subsequent cholesterol esterification by lecithin-cholesterol acyltransferase (LCAT) [START_REF] Asztalos | Differential effects of HDL subpopulations on cellular ABCA1-and SR-BI-mediated cholesterol efflux[END_REF][START_REF] Du | HDL particle size is a critical determinant of ABCA1-mediated macrophage cellular cholesterol export[END_REF].

Concomitant statin therapy did not influence the effect of PCSK9-I on the distribution of HDL particle subclasses. One the other hand, our study revealed that ezetimibe therapy could differentially impact HDL particle distribution. Indeed, patients who were not treated with ezetimibe displayed a more favorable HDL subclass profile following PCSK9-I treatment, notably with an increase in S-HDL-P, while this profile was unchanged in patients treated with ezetimibe. This increase was independent of statin therapy status and translated into an increase in total HDL-P level. Ezetimibe monotherapy treatment has been reported to specifically reduce the concentration of small HDL particles, without affecting the concentration of other HDL subclasses [START_REF] Ad | Effect of ezetimibe monotherapy on the concentration of lipoprotein subfractions in patients with primary dyslipidaemia[END_REF]. Given that dietary cholesterol significantly contributes to Journal Pre-proof nascent HDL that are produced by the intestine [START_REF] Field | Origins of intestinal ABCA1-mediated HDL-cholesterol[END_REF], this effect could be attributed to the ezetimibeinduced inhibition of intestinal cholesterol absorption. Since S-HDL-P have been reported to represent the most potent anti-atherogenic HDL subclass [START_REF] Schettler | NMRbased lipoprotein analysis for patients with severe hypercholesterolemia undergoing lipoprotein apheresis or PCSK9-inhibitor therapy (NAPALI-Study)[END_REF][START_REF] Koren | Effect of PCSK9 Inhibition by Alirocumab on Lipoprotein Particle Concentrations Determined by Nuclear Magnetic Resonance Spectroscopy[END_REF][START_REF] Robinson | Efficacy and safety of alirocumab in reducing lipids and cardiovascular events[END_REF][START_REF] Kereiakes | Efficacy and safety of the proprotein convertase subtilisin/kexin type 9 inhibitor alirocumab among high cardiovascular risk patients on maximally tolerated statin therapy: The ODYSSEY COMBO I study[END_REF][START_REF] Giugliano | LAPLACE-TIMI 57 Investigators, Efficacy, safety, and tolerability of a monoclonal antibody to proprotein convertase subtilisin/kexin type 9 in combination with a statin in patients with hypercholesterolaemia (LAPLACE-TIMI 57): a randomised, placebo-controlled, dose-ranging, phase 2 stu[END_REF][START_REF] Hilvo | PCSK9 inhibition alters the lipidome of plasma and lipoprotein fractions[END_REF][START_REF] Toth | Effect of Evolocumab on Lipoprotein Particles[END_REF][START_REF] Kontush | Antiatherogenic small, dense HDL--guardian angel of the arterial wall?[END_REF], further follow-up studies of patients treated with PCSK9-I are required to investigate the impact of concomitant ezetimibe treatment on long-term prognosis.

The present study is the first to assess the effect of PCSK9-I on HDL particles by in-depth HDL profiling, including the concentration of total HDL particles as well as the proportion of 4 HDL subclasses (XL-, L-, M-, and S-HDL-P) and their individual lipid compositions. However, there are limitations to our study. It included a low number of participants treated for one month with PCSK9-I, and thus, further long-term follow-up studies are required to confirm whether these effects are maintained or amplified over long-term treatments and to determine their specific impact on long-term CVD risk. It was an observational study and we did not assess the activity of HDL-associated enzymes contributing to HDL remodeling such as CETP and LCAT neither HDL functionality such as cholesterol efflux capacity. Thus, the translation of these HDL profile changes into HDL atheroprotective functions deserves further investigation.

Conclusions

We here report that, in addition to its well-established hypocholesterolemic effect, PCSK9 inhibition using clinically approved monoclonal antibodies in hypercholesterolemic patients can also favorably affect the distribution of HDL subclasses, especially in patients who do not receive concomitantly ezetimibe.

Although the mechanisms underlying these effects still need to be clarified, they are potentially caused by reduced levels of apoB-containing lipoproteins in serum as acceptors of cholesterol from HDL, which is an effect that could be partially concealed by ezetimibe-induced inhibition of intestinal cholesterol absorption. Further exploration is needed to determine whether the reported effects of PCSK9 inhibition on HDL particle profiles associate with reduced cardiovascular risk. 

  -five patients were consecutively selected from a prospective, open-label, single-center study conducted from 2016 until present at the Outpatient Lipid Clinic of the Charité Universitätsmedizin Berlin (Berlin, Germany). The selection period was from July 20 th , 2016 until January 26 th , 2017 and included all patients who participated in the study at this time, who provided written informed consent for an additional blood draw for the present analysis, and who had complete follow-up data of the second study visit (95 out of 133 patients). All patients received PCSK9-I (alirocumab at 75 or 150 mg sc once every 2 nd week or evolocumab 140 mg sc once every 2 nd week) in clinical routine. The in l on w ≥ 18 years, prescription of PCSK9-I, and the ability to understand the purpose of the study. of Cardiology guidelines were eligible for inclusion in the study [18-20]. All patients received instructions from a physician regarding the use of PCSK9-I. PCSK9-I were prescribed in addition to statin therapy and other lipid-lowering therapies. The study involved two consultations, the first one took place before the start of the PCSK9-I treatment and the second one took place four weeks after treatment initiation (all of the patients received two PCSK9-I injections). At the first consultation, all patients completed a standard questionnaire regarding their medical history. In addition, they underwent a routine clinical examination. At both consultations, the patients underwent blood sampling following an overnight fast

Following

  PCSK9-I treatment for 4 weeks, mean HDL size remained unchanged as compared to baseline (p=0.49, Figure 2A), while total HDL-P tended to slightly increase (+2.4%, or +379 nmol/L [95% CI, -10; +768], p=0.06, Figure 2B). With regard to HDL particle subclasses, M-HDL-P increased by 8% (+326 nmol/L [95% CI, +202; +450], p < 0.0001, Figure 2E) and XL-HDL-P decreased by 19% (-43 nmol/L [95% CI, -58; -28], p < 0.0001, Figure 2C), while L-HDL-P and S-HDL-P levels remained unchanged (both p > 0.5, Figures 2D and

  

Table 1

 1 for the total cohort and according to the use of statins or ezetimibe. The total cohort consisted of 98.9% Caucasians, 57.9% men, and mean age was 62.8 ± 10.3 years. Former CVD was recorded in 84.2% of patients, and 92.6% of patients had a very high risk of CVD according to the 2016 ESC guidelines[START_REF] Piepoli | European Guidelines on cardiovascular disease prevention in clinical practice: The Sixth Joint Task Force of the European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention in Clinical Practice (constituted by representati[END_REF].

Diabetes was diagnosed in 23.2% of patients, hypertension in 72.6% and 21.1% of patients were current smokers. In the total cohort, 51.6% of the patients were prescribed evolocumab and 48.4% alirocumab.

Table 1 -Baseline characteristics of the study cohort

 1 For categorical variables, values are presented as number with frequency (%) in parentheses. For continuous variables, values are expressed as mean ± SD. *: p < 0.05 between patients who did or who did not take statins (middle two columns) or between patients who did or who did not take ezetimibe (right two columns), tested by the unpaired Students t-test for continuous and normally distributed variables and by the χ 2 test for categorical variables.
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	Tables					
			TOTAL	Statin-taking patients	Patients without statins	Ezetimibe-taking patients	Patients without
			(n = 95)	(n = 45)	(n = 50)	(n = 48)	ezetimibe (n = 47)
	Male, n (%)	55 (57.9)	29 (64.4)	26 (52.0)	29 (60.4)	26 (55.3)
	Caucasians, n (%)	94 (98.9)	44 (97.8)	50 (100.0)	47 (97.9)	47 (100.0)
	Age (years)	62.8 ± 10.3	59.4 ± 9.7	65.8 ± 10.0*	60.9 ± 10.2	64.7 ± 10.3
	BMI, kg/m	2	27.2 ± 5.0	27.5 ± 4.7	27.0 ± 5.3	27.4 ± 4.9	27.1 ± 5.2
	Clinical characteristics					
	CVD, n (%)	80 (84.2)	40 (88.9)	40 (80.0)	42 (87.5)	38 (80.1)
	Very high CVD risk, n (%)	88 (92.6)	43 (95.6)	45 (90.0)	46 (95.8)	42 (89.4)
	Diabetes, n (%)	22 (23.2)	10 (22.2)	12 (24.0)	12 (25.0)	10 (21.3)
	Hypertension, n (%)	69 (72.6)	35 (77.8)	34 (68.0)	37 (77.1)	32 (68.1)
	Current/former smoker, n (%)	20 (21.1)	9 (20.0)	11 (22.0)	9 (18.8)	11 (23.4)
	Concomitant lipid-lowering therapy					
	Statin treatment, n (%)	45 (47.4)	45 (100.0)	0 (0.0)	36 (75.0)	9 (19.2)*
	Ezetimibe treatment, n (%)	48 (50.5)	36 (80.0)	12 (24.0)*	48 (100.0)	0 (0.0)
	Prescribed PCSK9-I					
	Evolocumab 140 mg, n (%)	49 (51.6)	25 (55.6)	24 (48.0)	26 (54.2)	23 (48.9)
	Alirocumab 150 mg, n (%)	23 (24.2)	7 (15.6)	17 (34.0)	7 (14.6)	17 (36.2)*
	Alirocumab 75 mg, n (%)	23 (24.2)	13 (28.9)	9 (18.0)	15 (31.3)	7 (14.9)
	Lipid parameters					
	Total cholesterol (mmol/L)	6.02 ± 1.55	5.26 ± 1.31	6.69 ± 1.43*	5.47 ± 1.59	6.59 ± 1.29*
	LDL-C (mmol/L)	4.11 ± 1.41	3.43 ± 1.20	4.71 ± 1.32*	3.62 ± 1.44	4.62 ± 1.20*
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 it decreases plasma levels of extra-large HDL particles.

 it increases plasma levels of medium-sized HDL particles.

 it increases small HDL particle levels in patients not receiving ezetimibe.
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