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Abstract
Aims: The effect of low-density lipoprotein cholesterol lowering therapy with alirocumab or evolocumab on individual clinical efficacy and safety endpoints remains unclear. We aimed to evaluate the efficacy and safety of alirocumab and evolocumab.
Methods and results: We performed a review of randomized controlled trials (RCT) comparing treatment with alirocumab or evolocumab versus placebo or other lipid-lowering therapies up to March 2018. Primary efficacy endpoints were all-cause death, cardiovascular death, myocardial infarction (MI) and stroke. We estimated risk ratios (RR) and 95% confidence intervals (CI) using random effect Mantel-Haenszel models. We included 39 RCTs comprising 66,478 patients of which 35,896 were treated with PCSK9 inhibitors (14,639 with alirocumab and 21,257 with evolocumab) and 30,582 with controls. Mean weighted follow-up time across trials was 2.3 years with an exposure time of 150,617 patient-years. Overall, the effects of PCSK9 inhibition on all-cause death and cardiovascular death were not statistically significant (p=0.14 and p=0.34, respectively). PCSK9 inhibitors were associated with lower risk of MI (1.49 vs. 1.93 per 100 patient-year; RR: 0.80; 95% CI: 0.74-0.86; I2=0%; p<0.0001), ischemic stroke (0.44 vs. 0.58 per 100 patient-year; RR: 0.78; 95% CI: 0.67-0.90; I2=0%; p=0.0005) and coronary revascularization (2.16 vs. 2.64 per 100 patient-year; RR: 0.83; 95% CI: 0.78-0.89; I2=0%; p<0.0001) compared with the control group. Use of a PCSK9 inhibitor was not associated with increased risk of neurocognitive adverse events (p=0.84), liver enzymes elevations (p=0.38), rhabdomyolysis (p=0.53) or new-onset diabetes mellitus (p=0.99).
Conclusion PCSK9 inhibition with alirocumab or evolocumab was associated with lower risk of myocardial infarction, stroke and coronary revascularization, with favorable safety profile. 
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INTRODUCTION
Atherosclerotic cardiovascular disease (ACVD) remains the leading cause of death worldwide.1–4 Lipid-lowering therapy with statins, targeting low-density lipoprotein cholesterol (LDL-C) levels, was demonstrated to reduce the risk of ACVD events in both primary and secondary prevention populations.5 However, a substantial proportion of patients cannot tolerate statins, do not achieve a significant reduction in LDL-C levels despite use of high-intensity statin therapy or may remain at significant residual risk for ACVD events despite being on maximally-tolerated statin therapy.5–7 Over a decade ago, proprotein convertase subtilisin–kexin type 9 (PCSK9) emerged as a therapeutic target to treat hypercholesterolemia in humans.8 PCSK9 plays a major role in cholesterol homeostasis by reducing the amount of functional LDL receptors on the plasma membranes thereby increasing the serum levels of LDL-C.8 In fact, carriage of loss-of-function PCSK9 alleles is associated with lower cholesterol levels and reduced risk of myocardial infarction.9–11 
Recently, results from phase 2 and phase 3 randomized controlled trials (RCTs) investigating the efficacy and safety of injectable monoclonal antibodies that inhibit PCSK9 have been reported.12–16 Across these studies, PCSK9 inhibition appeared to be associated with reductions in LDL-C levels by at least 60% alongside with lower rates of composite ACVD events. 12–15 These encouraging results led to the expedited approval from the Food and Drug Administration of these agents, as an adjunct to diet and maximally tolerated statin therapy for patients with familial hypercholesterolemia and/or clinical ASCVD. However, the overall effect of PCSK9 inhibitors as a class and of the individual approved agents (evolocumab and alirocumab) on hard efficacy and safety endpoints remain uncertain. We therefore performed a systematic review and meta‐analysis of RCTs to examine the efficacy and safety of PCSK9 inhibitors currently available in clinical practice.
METHODS
Research strategy and selection criteria. We conducted a systematic review of the literature according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) guidelines (Supplementary Table 1).17 We searched PubMed/Medline, CENTRAL (Cochrane Central Register of Controlled trials), clinicaltrials.gov and slides presentations from the latest international conferences for relevant abstracts and manuscripts published up to March 13, 2018. The following keywords were used: PCSK9 inhibitor, alirocumab, evolocumab, SAR236553, REGN727 or AMG145. Citations were screened at the title and abstract level and retrieved if considered relevant. The main inclusion criterion was a phase 2 or 3 randomized trial comparing alirocumab or evolocumab to a control strategy (placebo and/or other lipid-lowering drugs) in adult patient with dyslipidemia and/or established ACVD. There was no restriction on follow-up and study size. Observational studies (including single-arm pilot studies), case reports, case series, meta-analyses, and studies with duplicate data were excluded from this analysis. PCSK9 inhibitors not approved by the FDA, such as bococizumab, were not included in this study16. The primary efficacy endpoints of interest were: all-cause and cardiovascular death, myocardial infarction (MI) and stroke, as per individual study definitions. Primary safety endpoints of interest were: study drug discontinuation, neurocognitive adverse events, liver enzymes elevations and rhabdomyolysis. Neurocognitive adverse events were defined as per single study criteria. Liver dysfunction was defined as an increase of alanine aminotransferase or aspartate aminotransferase as reported in each study. Rhabdomyolysis was defined as an elevation of serum creatine kinase above >10 time the upper reference limit. The study is registered in PROSPERO (CRD42018090768).
Data extraction. Two investigators not involved in any of the selected studies (P.G. and S.S.) independently screened each title and abstract, excluding duplicates and studies not meeting the inclusion criteria. Data were extracted using prespecified data collection forms. The following relevant data were extracted: trial name, design, sample size, follow-up duration, type of control and PCSK9 dosage. Baseline characteristics of the study population and the mean LDL-C at baseline and at the maximum time of follow-up available were extracted and entered in a pre-specified structured dataset. Efficacy and safety endpoints were collected at the longest available time of follow-up according to the intention-to-treat principle. The accuracy of the abstracted data was independently confirmed by two other investigators (B.V. and D.K.) and discrepancies were resolved by consensus. Risk of bias of the included studies was assessed according to the Cochrane Collaboration guidelines. 
[bookmark: _GoBack]Statistical analysis. Study-level data was entered in a pre-specified structured dataset and analyzed according to the intention-to-treat principle. Baseline characteristics across studies are reported with summary rate estimates. Exposure times with weighted incidence rates of adverse events per 100 patient-years of follow-up and corresponding incidence risk differences were analyzed taking into account the variable follow-up times within each study. Risk ratios (RRs) and 95% confidence intervals (CI) were estimated using Mantel-Haenszel random-effect models according to DerSimonian and Laird. Fixed effect models for all efficacy and safety outcomes were also reported, regardless of the degree of heterogeneity. Heterogeneity among trials for each outcome was estimated with chi-square tests and quantified with I2 statistics (with I2 <50%, 50 to 75% and >75% indicating low, moderate and high heterogeneity, respectively). Publication bias and small study effect for the primary efficacy and safety endpoints was estimated via visual inspection of the funnel plot and with the Harbord test. Sensitivity analyses including only placebo-controlled trials and excluding trials with low statin use (≤20% overall statin use in the trial) were also performed. A P<.05 was set as the threshold for statistical significance. Analyses were conducted using STATA version 14.0 (Stata Corp., College Station, Texas) and Cochrane’s Review Manager (RevMan) version 5.3 (The Cochrane Collaboration, Copenhagen, Denmark).
RESULTS
Baseline Characteristics. 
The study selection flow diagram is illustrated in Supplementary Figure 1. A total of 39 RCTs comprising 66,478 patients were included. Of these 35,896 were treated with a PCSK9 inhibitor (14,639 with alirocumab and 21,257 with evolocumab), on top of maximally tolerated statin therapy or other adjunct lipid-lowering therapies and 30,582 were treated with placebo or control therapy. Out of 39 studies, 31 (79.4%) were placebo-controlled. Mean weighted follow-up time was 2.3 years across trials and 3.1 years and 1.7 years for alirocumab and evolocumab respectively. The exposure time was 150,617 patient-years overall and 83,289 patients-years and 67,329 patients-years for alirocumab and evolocumab, respectively. Characteristics of the included RCTs are resumed in Supplementary Tables 2-3. Out of 39 studies, in 7 (17.9%) statins were used in ≤20% of the study population either because of documented statin intolerance or assessment of PCSK9 inhibition as monotherapy (Supplementary Table 2). Pooled estimates of baseline characteristics across trials overall and by study drug are displayed in Table 1. Mean pooled LDL-C levels at baseline were 128.9 mg/dL in the PCSK9 inhibitors arm and 126.6 mg/dL in the control arm. At the longest available follow-up time mean pooled LDL-C levels were 52.6 mg/dL in the PCSK9 inhibitor arm and 121.6 mg/dL in the control arm.

Efficacy Endpoints. 
The effect of PCSK9 inhibition on clinical efficacy endpoints is reported in Figures 1-2, and Supplementary Figures 2-8. Overall, there were no significant differences between PCSK9 inhibitors and control in all-cause death (1.03 vs. 1.15 per 100 patient-years; RR: 0.93; 95% CI: 0.85-1.02; I2=13%; P=0.14) and cardiovascular death (0.66 vs. 0.73 per 100 patient-years; RR: 0.94; 95% CI: 0.84-1.06; I2=0%; P=0.34). However, use of alirocumab, but not of evolocumab, was associated with lower risk of all-cause death compared with control using fixed effect models (0.81 vs. 1.01 per 100 patient-years; RR: 0.83; 95% CI: 0.73-0.96; I2=0%; P=0.01). Of note, alirocumab was associated with a trend toward lower all-cause mortality after exclusion of the ODYSSEY-OUTCOMES trial (0.37 vs. 0.68 per 100 patient-years; RR: 0.59; 95% CI: 0.34-1.03; I2=0%; P=0.06). Compared with controls, use of PCSK9 inhibitors was associated with significant reductions in myocardial infarction (1.49 vs. 1.93 per 100 patient-years; RR: 0.80; 95% CI: 0.74-0.86; I2=0%; P<0.0001), ischemic stroke (0.44 vs. 0.58 per 100 patient-years; RR: 0.78; 95% CI: 0.67-0.90; I2=0%; P=0.0005) and coronary revascularization (2.16 vs. 2.64 per 100 patient-years; RR: 0.83; 95% CI: 0.78-0.89; I2=0%; P<0.0001). Individually, both evolocumab and alirocumab were associated with significant benefits on myocardial infarction, ischemic stroke and coronary revascularization (Figures 1-2 and Supplementary Figures 2-8). There were no significant differences between PCSK9 inhibitors and controls for the endpoints of unstable angina requiring hospitalization and heart failure-related hospitalizations (Figure 2). 
Safety Endpoints. 
Clinical safety endpoints for PCSK9 inhibitors versus control are reported in Figures 3-4 and Supplementary Figures 9-16. There were no significant differences in the risk of drug discontinuation between groups (1.26 vs. 1.07 per 100 patient-years; RR: 1.05; 95% CI: 0.95-1.15; I2=0%; P=0.32). No significant differences in the risk of neurocognitive adverse events (0.57 vs. 0.55 per 100 patient-years; RR: 1.01; 95% CI: 0.89-1.16; I2=6%; P=0.84), liver enzymes elevation (0.73 vs. 0.73 per 100 patient-years; RR: 0.95; 95% CI: 0.84-1.07; I2=0%; P=0.38), allergic reactions (2.05 vs. 1.83 per 100 patient-years; RR: 1.04; 95% CI: 0.97-1.12; I2=0%; P=0.29), hemorrhagic stroke (0.06 vs. 0.06 per 100 patient-years; RR: 0.93; 95% CI: 0.60-1.44; I2=53%; P=0.73), rhabdomyolysis (0.14 vs. 0.14 per 100 patient-years; RR: 0.89; 95% CI: 0.62-1.28; I2=0%; P=0.53) or new-onset diabetes mellitus (1.92 vs. 1.93 per 100 patient-years; RR: 1.00; 95% CI: 0.93-1.07; I2=0%; P=0.99) were observed between PCSK9 inhibitors and controls. However, PCSK9 inhibitors were associated with higher injection site reactions (1.51 vs. 0.83 per 100 patient-years; RR: 1.50; 95% CI: 1.36-1.66; I2=19%; P<0.0001) (Supplementary Figure 16).
Bias Assessment and Sensitivity Analyses. 
No evidence of publication bias or small study effect was found for both efficacy and safety outcomes (Supplementary Figures 17-18). Internal bias assessment for each study is reported in Supplementary Table 4. The effect of PCSK9 inhibitors on safety and efficacy outcomes remained consistent with the application of random effect models (Supplementary Figures 2-16). Results for the primary efficacy remained consistent after inclusion of only placebo-controlled trials (Supplementary Table 5). Effect estimates for the primary efficacy endpoints remained consistent also after exclusion of trials with low statins use (defined as ≤20% overall statin use in the trial) (Supplementary Table 6). The effect of PCSK9 inhibitors on the primary efficacy endpoints was consistent when evaluated across secondary-prevention trials only versus other trials (Supplementary Table 7), or across trials enrolling statins-intolerant patients versus patients without statins intolerance (Supplementary Table 8). Of note, a significant interaction was observed in terms of the reduction in all-cause death in trials with an average baseline LDL-C level >100mg/dL versus ≤100mg/dL (Supplementary Table 9). Consistently, a significant interaction was present in terms of the reduction in MI when a LDL-C level at follow-up ≤50mg/dL was achieved, compared to LDL-C level >50mg/dL (Supplementary Table 10). Finally, no significant interaction was observed in terms of study-drug discontinuation and neurocognitive adverse events with the use of PCSK9 inhibitors and the achievement of low level of LDL-C at follow-up (i.e. ≤50mg/dL, Supplementary Table 11). 
DISCUSSION
In this large, comprehensive meta-analysis of RCTs we investigated the efficacy and safety of the FDA-approved PCSK9 inhibitors, evolocumab and alirocumab, across a broad range of patients with hyperlipidemia or established ACVD. At a mean weighted follow-up time of 2.3 years, use of PCSK9 inhibitors was associated with lower risk of myocardial infarction, ischemic stroke and coronary revascularization compared with controls. While overall, we did not observe a mortality benefit with use of PCSK9 inhibitors, alirocumab, but not evolocumab, was associated with lower risk of all-cause mortality compared with controls. There were no significant differences between PCSK9 inhibitors and the control group in terms of major safety endpoints including neurocognitive adverse events, rhabdomyolysis, liver enzymes elevations, new-onset diabetes mellitus or allergic reactions. Results were consistent with restriction of the analysis to only placebo-controlled trials.
Inhibition of PCSK9 emerged as a key therapeutic target to lower LDL-C in humans. Inhibition of PCSK9 increases the extracellular membrane density of LDL receptors, thereby reducing the levels of circulating LDL-C18. Recently the FDA approved two fully human, injectable, monoclonal antibodies that inhibit PCSK9 (evolocumab and alirocumab), for the treatment of adults with familial hypercholesterolemia and/or clinical ASCVD who require additional lowering of LDL-C as an adjunct to diet and maximally tolerated statin therapy.19 
In our large meta-analysis encompassing the totality of the evidence from RCTs investigating the efficacy and safety of the FDA-approved PCSK9 inhibitors, PCSK9 inhibition on top of maximally tolerated statin therapy or other adjunct lipid-lowering therapies was associated with an average absolute reduction in LDL-C levels of roughly 75.0 mg/dL from baseline compared with controls. Overall, use of PCSK9 inhibitors was associated with statistically significant relative risk reductions of myocardial infarction by 20%, ischemic stroke by 22% and coronary revascularization by 18%. Of note, significant and meaningful benefits on clinical ischemic endpoints were noted with both FDA-approved PCSK9 inhibitors, evolocumab and alirocumab. The observed effects of PCSK9 inhibitors on ASCVD events are in alignment with the mechanistic observations from the Global Assessment of Plaque Regression with a PCSK9 Antibody as Measured by Intravascular Ultrasound (GLAGOV) trial in which patients with angiographic coronary disease treated with statins, the addition of evolocumab, compared with placebo, resulted in greater reductions in total atheroma volume and plaque regression.20 Given that ACVD is in continuum across the coronary, cerebral and peripheral circulation, the benefits of aggressive cholesterol-lowering therapy extend systemically with correspondent reductions in myocardial infarction, ischemic stroke and possibly major adverse limb events as suggested by recent post-hoc analyses from the FOURIER trial. 21,22
Although post-marketing studies, observational registries and small RCTs have suggested that LDL-C lowering therapies may be associated with adverse outcomes such as neurocognitive impairment, rhabdomyolysis or significant enzymes elevation23, in this large meta-analysis PCSK9 inhibitors had an excellent safety profile with no significant differences between controls and either evolocumab or alirocumab in terms of major safety endpoints. Particularly for neurocognitive adverse events, our findings are in line with the Evaluating PCSK9 Binding Antibody Influence on Cognitive Health in High Cardiovascular Risk Subjects (EBBINGHAUS) study in which, compared with placebo, evolocumab neither improved nor worsened neurocognition among 1,974 patients enrolled in the FOURIER trial.24 With enhanced statistical power we corroborated these initial observations and further shed light on the safety profile of PCSK9 inhibitors. The only safety endpoint that occurred more frequently with use of PCSK9 inhibitors was injection site reactions; however, this was not paralleled by a greater risk of study-drug discontinuation.
[bookmark: _Hlk4250603][bookmark: _Hlk4250899]The use of PCSK9 inhibitors overall was not associated with a significant benefit in terms of all-cause and cardiovascular death. However, alirocumab was associated with a statistically significant reduction in all-cause mortality by 17% using fixed-effect models compared with controls. This finding is mainly driven by the recently reported ODYSSEY-OUTCOMES trial in which the use of alirocumab was associated with a 15% relative reduction in all-cause mortality compared with placebo (p=0.026) at a median follow-up time of 2.8 years.15 However, this finding should be considered hypothesis-generating given that, in the ODYSSEY-OUTCOMES trial, all-cause mortality was a secondary endpoint planned to be tested in a hierarchical fashion. Given that in this trial coronary heart disease death (which preceded all-cause death in the hierarchical endpoint) was found to be not statistically significant reduced (p=0.38), the effect of alirocumab on all-cause mortality remains inconclusive. Although the results of our study do not firmly support a mortality benefit of PCSK9 inhibitors as a class, given the significant reductions in clinical ischemic endpoints coupled with an excellent safety profile, it remains biologically plausible that a potential survival benefit with this class of therapies could be observed with longer follow-up times and within subset of patients at greater risk of ACVD events.25 The underlying differences of the study populations and duration of follow-up of the largest trials, FOURIER and ODYSSEY OUTCOMES, may explain the variance between the two agents on long term mortality observed in our analysis. In addition, longer follow-up may be needed to observe a mortality benefit with use of PCSK9. In fact, in previous statin trials, a time of exposure of 5 to 6 years was needed to observe a mortality benefit with cholesterol-lowering therapy.26,27 
Limitations
Our study has multiple limitations that need to be disclosed. First, the present findings are subject to the inherent limitations of the included RCTs due to study design, follow-up, definitions and events ascertainment. Second, as we lack patient-level data we remained unable to perform time-to-event analyses and to evaluate the efficacy and safety of PCSK9 inhibition across different levels of baseline patient risk. Consistently, we were unable to further characterize the interplay between the effectiveness of PCSK9 inhibitions and clinical presentation.  In addition, we could not directly evaluate the effect between the magnitude of LDL-C lowering and the proportional benefits on hard ischemic endpoints observed with PCSK9 inhibitors. Third, although the majority of patient enrolled in the included studies were treated with high-intensity statin therapy some received other lipid-lowering therapies due to statin intolerance or other factors. Fourth, inclusion and exclusion criteria and study definitions across RCTs were not homogeneous despite an observed minimal heterogeneity for most of the analyzed endpoints. Fifth, although all-cause and cardiovascular mortality are now commonly treated as competing risks, this may not have been the cases in all included trials, which further limit our results regarding these endpoints. Finally, the control group included a mixture of placebo-controlled and open-label studies; however, effect estimates for the primary efficacy and safety endpoints remained consistent with restriction of the analysis to only placebo-controlled trials.
CONCLUSIONS
Across a broad range of patients with hyperlipidemia or established ACVD, use of PCSK9 inhibitors significantly reduced the risk of myocardial infarction, ischemic stroke and coronary revascularization. However, the effect of PCSK9 inhibitors on all-cause and cardiovascular mortality as a class remains inconclusive. No major safety issues associated with PCSK9 inhibition were observed. On the basis of this favorable benefit-risk ratio, the results of the present study support the use of PCSK9 inhibitors in clinical practice to mitigate residual ACVD risk or to reduce LDL-C for patients who cannot tolerate statin therapy.
Funding: This work was not support by any external source of funding.
Conflict of interest
GM reports research grants to the Institution or consulting/lecture fees from Abbott, Amgen, Actelion, AstraZeneca, Bayer, Boehringer Ingelheim, Boston-Scientific, Bristol-Myers Squibb, Beth Israel Deaconess Medical, Brigham Women’s Hospital, Cardiovascular Research Foundation, Daiichi-Sankyo, Idorsia, Lilly, Europa, Elsevier, Fédération Française de Cardiologie, ICAN, Medtronic, Journal of the American College of Cardiology, Lead-Up, Menarini, MSD, Novo-Nordisk, Pfizer, Sanofi, Servier, The Mount Sinai School, TIMI Study Group, and WebMD. 
RM and GD have received personal fees for serving on the Executive Committees of Janssen Pharmaceuticals and Osprey Medical Inc.; have served on the Data and Safety Monitoring Board (DSMB) of Watermark Research Partners; have served as a consultant to Medscape, The Medicines Company, Boston Scientific, Merck, Cardiovascular Systems, Inc., Sanofi USA, Shanghai BraccoSine Pharmaceutical Corp., and AstraZeneca; have equity stock options in Claret Medical Inc. and Elixir Medical Corporation; and their institution has received research funding from Eli Lilly/Daiichi-Sankyo, Bristol-Myers Squibb, AstraZeneca, The Medicines Company, OrbusNeich, Bayer, CSL Behring, Abbott Laboratories, Watermark Research Partners, Novartis Pharmaceuticals, Medtronic, AUM Cardiovascular, Inc., and Beth Israel Deaconess Medical Center. 
RSR has received research grants from Akcea, Amgen, Astra Zeneca, Medicines Company, and Regeneron; has received consulting fees/honoraria from Akcea, Amgen, Kowa, and Pfizer; and has stock holdings in MediMergent, and royalties from UpToDate. 
All other authors have reported that they have no relationships relevant to the contents of this paper to disclose.






References
1. 	Benjamin EJ, Virani SS, Callaway CW, Chamberlain AM, Chang AR, Cheng S, Chiuve SE, Cushman M, Delling FN, Deo R, Ferranti SD de, Ferguson JF, Fornage M, Gillespie C, Isasi CR, Jiménez MC, Jordan LC, Judd SE, Lackland D, Lichtman JH, Lisabeth L, Liu S, Longenecker CT, Lutsey PL, Mackey JS, Matchar DB, Matsushita K, Mussolino ME, Nasir K, O’Flaherty M, et al. Heart Disease and Stroke Statistics-2018 Update: A Report From the American Heart Association. Circulation 2018;137:e67–e492. 
2. 	Piepoli MF, Hoes AW, Agewall S, Albus C, Brotons C, Catapano AL, Cooney M-T, Corrà U, Cosyns B, Deaton C, Graham I, Hall MS, Hobbs FDR, Løchen M-L, Löllgen H, Marques-Vidal P, Perk J, Prescott E, Redon J, Richter DJ, Sattar N, Smulders Y, Tiberi M, Worp HB van der, Dis I van, Verschuren WMM, Binno S, ESC Scientific Document Group. 2016 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 representatives of 10 societies and by invited experts)Developed with the special contribution of the European Association for Cardiovascular Prevention & Rehabilitation (EACPR). Eur Heart J 2016;37:2315–2381. 
3. 	Townsend N, Wilson L, Bhatnagar P, Wickramasinghe K, Rayner M, Nichols M. Cardiovascular disease in Europe: epidemiological update 2016. Eur Heart J 2016;37:3232–3245. 
4. 	Timmis A, Townsend N, Gale C, Grobbee R, Maniadakis N, Flather M, Wilkins E, Wright L, Vos R, Bax J, Blum M, Pinto F, Vardas P, ESC Scientific Document Group. European Society of Cardiology: Cardiovascular Disease Statistics 2017. Eur Heart J 2018;39:508–579. 
5. 	Catapano AL, Graham I, De Backer G, Wiklund O, Chapman MJ, Drexel H, Hoes AW, Jennings CS, Landmesser U, Pedersen TR, Reiner Ž, Riccardi G, Taskinen M-R, Tokgozoglu L, Verschuren WMM, Vlachopoulos C, Wood DA, Zamorano JL, Authors/Task Force Members, Additional Contributor. 2016 ESC/EAS Guidelines for the Management of Dyslipidaemias. Eur Heart J 2016;37:2999–3058. 
6. 	Serban M-C, Colantonio LD, Manthripragada AD, Monda KL, Bittner VA, Banach M, Chen L, Huang L, Dent R, Kent ST, Muntner P, Rosenson RS. Statin Intolerance and Risk of Coronary Heart Events and All-Cause Mortality Following Myocardial Infarction. J Am Coll Cardiol 2017;69:1386–1395. 
7. 	Rosenson RS, Baker S, Banach M, Borow KM, Braun LT, Bruckert E, Brunham LR, Catapano AL, Elam MB, Mancini GBJ, Moriarty PM, Morris PB, Muntner P, Ray KK, Stroes ES, Taylor BA, Taylor VH, Watts GF, Thompson PD. Optimizing Cholesterol Treatment in Patients With Muscle Complaints. J Am Coll Cardiol 2017;70:1290–1301. 
8. 	Shimada YJ, Cannon CP. PCSK9 (Proprotein convertase subtilisin/kexin type 9) inhibitors: past, present, and the future. Eur Heart J 2015;36:2415–2424. 
9. 	Cohen JC, Boerwinkle E, Mosley TH, Hobbs HH. Sequence variations in PCSK9, low LDL, and protection against coronary heart disease. N Engl J Med 2006;354:1264–1272. 
10. 	Kathiresan S, Myocardial Infarction Genetics Consortium. A PCSK9 missense variant associated with a reduced risk of early-onset myocardial infarction. N Engl J Med 2008;358:2299–2300. 
11. 	Kent ST, Rosenson RS, Avery CL, Chen Y-DI, Correa A, Cummings SR, Cupples LA, Cushman M, Evans DS, Gudnason V, Harris TB, Howard G, Irvin MR, Judd SE, Jukema JW, Lange L, Levitan EB, Li X, Liu Y, Post WS, Postmus I, Psaty BM, Rotter JI, Safford MM, Sitlani CM, Smith AV, Stewart JD, Trompet S, Sun F, Vasan RS, et al. PCSK9 Loss-of-Function Variants, Low-Density Lipoprotein Cholesterol, and Risk of Coronary Heart Disease and Stroke: Data From 9 Studies of Blacks and Whites. Circ Cardiovasc Genet 2017;10:e001632. 
12. 	Sabatine MS, Giugliano RP, Wiviott SD, Raal FJ, Blom DJ, Robinson J, Ballantyne CM, Somaratne R, Legg J, Wasserman SM, Scott R, Koren MJ, Stein EA, Open-Label Study of Long-Term Evaluation against LDL Cholesterol (OSLER) Investigators. Efficacy and safety of evolocumab in reducing lipids and cardiovascular events. N Engl J Med 2015;372:1500–1509. 
13. 	Robinson JG, Farnier M, Krempf M, Bergeron J, Luc G, Averna M, Stroes ES, Langslet G, Raal FJ, El Shahawy M, Koren MJ, Lepor NE, Lorenzato C, Pordy R, Chaudhari U, Kastelein JJP, ODYSSEY LONG TERM Investigators. Efficacy and safety of alirocumab in reducing lipids and cardiovascular events. N Engl J Med 2015;372:1489–1499. 
14. 	Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, Kuder JF, Wang H, Liu T, Wasserman SM, Sever PS, Pedersen TR, FOURIER Steering Committee and Investigators. Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease. N Engl J Med 2017;376:1713–1722. 
15. 	Schwartz GG, Steg PG, Szarek M, Bhatt DL, Bittner VA, Diaz R, Edelberg JM, Goodman SG, Hanotin C, Harrington RA, Jukema JW, Lecorps G, Mahaffey KW, Moryusef A, Pordy R, Quintero K, Roe MT, Sasiela WJ, Tamby J-F, Tricoci P, White HD, Zeiher AM, ODYSSEY OUTCOMES Committees and Investigators. Alirocumab and Cardiovascular Outcomes after Acute Coronary Syndrome. N Engl J Med 2018;379:2097–2107. 
16. 	Ridker PM, Revkin J, Amarenco P, Brunell R, Curto M, Civeira F, Flather M, Glynn RJ, Gregoire J, Jukema JW, Karpov Y, Kastelein JJP, Koenig W, Lorenzatti A, Manga P, Masiukiewicz U, Miller M, Mosterd A, Murin J, Nicolau JC, Nissen S, Ponikowski P, Santos RD, Schwartz PF, Soran H, White H, Wright RS, Vrablik M, Yunis C, Shear CL, et al. Cardiovascular Efficacy and Safety of Bococizumab in High-Risk Patients. N Engl J Med 2017;376:1527–1539. 
17. 	Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. BMJ 2009;339:b2535. 
18. 	Rosenson RS, Hegele RA, Fazio S, Cannon CP. The Evolving Future of PCSK9 Inhibitors. J Am Coll Cardiol 2018;72:314–329. 
19. 	Lloyd-Jones DM, Morris PB, Ballantyne CM, Birtcher KK, Daly DD, DePalma SM, Minissian MB, Orringer CE, Smith SC. 2017 Focused Update of the 2016 ACC Expert Consensus Decision Pathway on the Role of Non-Statin Therapies for LDL-Cholesterol Lowering in the Management of Atherosclerotic Cardiovascular Disease Risk: A Report of the American College of Cardiology Task Force on Expert Consensus Decision Pathways. J Am Coll Cardiol 2017;70:1785–1822. 
20. 	Nicholls SJ, Puri R, Anderson T, Ballantyne CM, Cho L, Kastelein JJP, Koenig W, Somaratne R, Kassahun H, Yang J, Wasserman SM, Scott R, Ungi I, Podolec J, Ophuis AO, Cornel JH, Borgman M, Brennan DM, Nissen SE. Effect of Evolocumab on Progression of Coronary Disease in Statin-Treated Patients: The GLAGOV Randomized Clinical Trial. JAMA 2016;316:2373–2384. 
21. 	Sabatine MS, De Ferrari GM, Giugliano RP, Huber K, Lewis BS, Ferreira J, Kuder JF, Murphy SA, Wiviott SD, Kurtz CE, Honarpour N, Keech AC, Sever PS, Pedersen TR. Clinical Benefit of Evolocumab by Severity and Extent of Coronary Artery Disease. Circulation 2018;138:756–766. 
22. 	Bonaca MP, Nault P, Giugliano RP, Keech AC, Pineda AL, Kanevsky E, Kuder J, Murphy SA, Jukema JW, Lewis BS, Tokgozoglu L, Somaratne R, Sever PS, Pedersen TR, Sabatine MS. Low-Density Lipoprotein Cholesterol Lowering With Evolocumab and Outcomes in Patients With Peripheral Artery Disease: Insights From the FOURIER Trial (Further Cardiovascular Outcomes Research With PCSK9 Inhibition in Subjects With Elevated Risk). Circulation 2018;137:338–350. 
23. 	Mefford MT, Rosenson RS, Cushman M, Farkouh ME, McClure LA, Wadley VG, Irvin MR, Bittner V, Safford MM, Somaratne R, Monda KL, Muntner P, Levitan EB. PCSK9 Variants, Low-Density Lipoprotein Cholesterol, and Neurocognitive Impairment: Reasons for Geographic and Racial Differences in Stroke Study (REGARDS). Circulation 2018;137:1260–1269. 
24. 	Giugliano RP, Mach F, Zavitz K, Kurtz C, Im K, Kanevsky E, Schneider J, Wang H, Keech A, Pedersen TR, Sabatine MS, Sever PS, Robinson JG, Honarpour N, Wasserman SM, Ott BR, EBBINGHAUS Investigators. Cognitive Function in a Randomized Trial of Evolocumab. N Engl J Med 2017;377:633–643. 
25. 	Hlatky MA, Kazi DS. PCSK9 Inhibitors: Economics and Policy. J Am Coll Cardiol 2017;70:2677–2687. 
26. 	Randomised trial of cholesterol lowering in 4444 patients with coronary heart disease: the Scandinavian Simvastatin Survival Study (4S). Lancet 1994;344:1383–1389. 
27. 	Long-Term Intervention with Pravastatin in Ischaemic Disease (LIPID) Study Group. Prevention of cardiovascular events and death with pravastatin in patients with coronary heart disease and a broad range of initial cholesterol levels. N Engl J Med 1998;339:1349–1357. 

[bookmark: _Hlk509478677][bookmark: _Hlk509135548][bookmark: _Hlk509077224]Figure Legends
Figure 1. Primary Efficacy Endpoints for PCSK9 Inhibitors versus Control. 
Results are reported as risk ratios and 95% confidence intervals estimated using Mantel-Haenszel fixed effect model. PCSK9: Proprotein convertase subtilisin–kexin type 9 inhibitors. 

Figure 2. Secondary Efficacy Endpoints for PCSK9 Inhibitors versus Control. 
Results are reported as risk ratios and 95% confidence intervals estimated using Mantel-Haenszel fixed effect model. PCSK9: Proprotein convertase subtilisin–kexin type 9 inhibitors. 

Figure 3. Primary Safety Endpoints for PCSK9 Inhibitors versus Control. 
Results are reported as risk ratios and 95% confidence interval estimated using Mantel-Haenszel fixed effect models. PCSK9: Proprotein convertase subtilisin–kexin type 9 inhibitors.

Figure 4. Secondary Safety Endpoints for PCSK9 Inhibitors versus Control. 
Results are reported as risk ratios and 95% confidence interval estimated using Mantel-Haenszel fixed effect models. PCSK9: Proprotein convertase subtilisin–kexin type 9 inhibitors.

Take-home figure. Safety and Efficacy of PCSK9 Inhibitors.
PCSK9: Proprotein convertase subtilisin–kexin type 9 inhibitors.

One-sentence summary: In this large meta-analysis, PCSK9 inhibition was associated with lower risk of myocardial infarction, stroke and coronary revascularization, with favorable safety profile.
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