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Abstract


Supported by evidence from basic science, clinical, and epidemiological studies, the high-density lipoprotein (HDL) hypothesis posits that 
reduction in HDL levels may accelerate the development of coronary heart disease (CHD). HDL may also exert cardiovascular protection via anti-
oxidative, anti-thrombotic, anti-inflammatory, and anti-apoptotic properties. However, controversial results from clinical trials involving HDL-
raising interventions have cast doubts on the validity of HDL hypothesis. The coevolution of HDL physiology and CHD pathogenesis has prompted 
the revision of hypothesis, with an alternative focus on the functionality of HDL particles. Instead of raising the quantity of HDL, improving the 
quality  of  HDL  by  promoting  reverse  cholesterol  transport  may  be  a  more  appropriate  strategy  in  preventing  adverse  cardiovascular  events.  
Preliminary data suggest that administration of apolipoprotein A1 mimetic peptides and reconstituted HDL particles could be safe and effective 
in promoting plaque stabilization and regression. Future studies are warranted to clarify the effect of HDL subspecies on atherosclerosis and 
determine whether the effect could translate into cardiovascular benefits.
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Introduction

The potential beneficial role of high-density lipoprotein (HDL) in preventing coronary heart disease (CHD) was first reported in the Framingham Study [1]. The inverse relationship between HDL levels and the incidence of CHD has prompted the development of “HDL hypothesis”, which posits that increasing HDL may reduce the risk of atherosclerosis. However, data from large clinical trials of HDL-raising interventions have cast doubts on the validity of HDL hypothesis. In the AIM-HIGH study (ClinicalTrials.gov: NCT00120289) [2], the addition of niacin to statin therapy showed no clinical benefit among patients with atherosclerotic disease despite a significant improvement in HDL and triglyceride levels. In the dal-OUTCOMES study (ClinicalTrials.gov: NCT00658515) [3], dalcetrapib was associated with an increase in HDL but failed to reduce the risk of recurrent cardiovascular events among patients with recent acute coronary syndrome (ACS). As a result, it is suggested that HDL concentration may be a risk factor but not an appropriate therapeutic target.

Mechanistically, HDL is a pivotal intermediary in the process of reverse cholesterol transport (RCT), in which cholesterol is removed from macrophages within atherosclerotic plaques and transferred to the liver for biliary excretion (Figure 1) [4]. Furthermore, HDL particles may possess several protective effects to the circulatory system, including anti-oxidative [5], anti-inflammatory [6], anti-apoptotic [7], and anti-thrombotic properties [8]. The HDL hypothesis has been revised to reflect the alternative focus on the functionality of HDL particles (i.e., cholesterol efflux) [9]. To examine the revised “HDL flux hypothesis”, this review summarizes the findings from human studies involving the administration of apolipoprotein A1 (ApoA1) mimetic peptides and recombinant HDL (rHDL) particles (Figure 2).
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Figure 1:  The biologic role of HDL in cholesterol efflux and reverse cholesterol transport.
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Figure 2:  Timeline of human studies on HDL-targeted therapy.

 



 

 

 
Discussion

ApoA1 infusion

ApoA1, the main protein component of HDL, was postulated to initiate reverse cholesterol transport and provide a substrate for the formation of mature HDL particles via various mechanisms. Nanjee et al. first examined the effect of intravenous infusion of lipid-free ApoA1 and showed that there was no associated increase of HDL unesterified or esterified cholesterol [10]. In contrast, infusions of apolipoprotein A1/phosphatidylcholine (ApoA1/PC) over 4 h resulted in HDL increase that persisted for more than 72h [11]. It was concluded that acute ApoA1/PC infusions promote the intravascular production of nascent pre- β-HDLs. Results from a later study from Nanjee et al. support the hypothesis that these pre-β-HDLs readily cross endothelium into tissue fluid and enhance the efflux of cholesterol from tissues [12]. Furthermore, infusions of nascent HDL particles were associated with increased concentrations of key mediators of RCT including lecithin-cholesterol acyltransferase (LCAT) and cholesteryl ester transfer protein (CETP) [13]. In the study from Eriksson et al. [14], subjects with heterozygous familial hypercholesterolemia received intravenous infusion of proApoA1 (the precursor of human ApoA1). Although the improvement in plasma concentrations of HDL was transient, the fecal excretion of cholesterol was increased in all subjects, indicating that ApoA1 may stimulate RCT and eventually lead to enhanced cholesterol excretion.

Reconstituted HDL infusion

Spieker et al. examined the effect of reconstituted HDL (rHDL) infusion on endothelial function in hypercholesterolemic subjects [15]. Intravenous rHDL infusion was found to restore endothelium-dependent vasodilation by increasing the bioavailability of nitric oxide among patients with hypercholesterolemia. Shaw et al. demonstrated that in patients with claudication scheduled for percutaneous superficial femoral artery revascularization, there was an increase in HDL levels and cholesterol efflux capacity after infusion of rHDL. Additionally, rHDL treatment led to acute changes in plaque characteristics with a reduction in lipid content, macrophage size, and inflammatory markers [16]. Taken together, these studies support the potential therapeutic benefit of rHDL in patients at risk of atherosclerosis.

ApoA1 Milano

ApoA1 Milano is an ApoA1 variant identified in individuals who exhibit very low levels of HDL. Nissen et al. [17] investigated the effect of intravenous infusion of ETC-216 (recombinant ApoA1 Milano/phospholipid complexes) on atheroma volume in a randomized controlled trial of patients with ACS. Compared to placebo, ApoA1 Milano significantly reduced the atheroma burden as measured by intravascular ultrasound. Bisgaier et al. [18] demonstrated a dose-dependent elevation of HDL following ETC-216 administration to normal human volunteers. The formula ETC-216 was considered to contain host cell proteins that carry a risk for eliciting inflammatory reactions. MDCO- 216, the successor of ETC-216, is a complex of dimeric ApoA1 Milano and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. Kallend et al. [19] investigated the use of MDCO-216 in healthy volunteers as well as patients with coronary artery disease, and demonstrated that MDCO-216 was well tolerated and associated with an enhancement of ABCA1-mediated cholesterol efflux. Kempen et al. [20] evaluated single ascending doses of MDCO- 216 on HDL in relation to changes in cholesterol efflux capacity in healthy volunteers and in patients with stable angina pectoris. MDCO-216 was found to increase the formation of lipid-rich HDLs (α1-HDL and α2-HDL) that may directly augment cholesterol efflux capacity. Reijers et al. further examined the safety profile of MDCO-216 with respect to adverse immunostimulation [21]. It was concluded that intravenous administration of MDCO-216 did not induce inflammatory response in healthy volunteers and subjects with stable coronary artery disease. Further clinical studies are warranted to determine whether MDCO-216 would reduce the risk of atherosclerotic disease or cardiovascular events.

 
CER-001

CER-001 is comprised of recombinant human ApoA1 complexed with phospholipids and has similar beneficial effects of nascent pre-β-HDLs on RCT. The safety of CER-001 was examined in a double-blind, randomized cross-over study from Keyserling et al. [22]. CER-001 infusion was reported to be safe and well tolerated. In addition, administration of CER-001 elevated total and free cholesterol in HDL fraction, indicating an increase in reverse cholesterol transport. Tardif et al. investigated the effects of various dosage of CER-001 on atheroma volume as assessed by intravascular ultrasonography and quantitative coronary angiography [23]. CER-001 infusions did not reduce coronary atherosclerosis when compared with placebo. Hovingh et al. studied the effect of serial infusions with CER-001 on carotid artery wall dimensions in patients with homozygous familial hypercholesterolemia on top of maximal low-density lipoprotein-lowering therapy [24]. Compared with placebo, there was a significant reduction in carotid mean vessel wall area among subjects who received CER-001. Kootte et al. [25] studied the effect of CER-001 infusions among patients with familial hypoalphalipoproteinemia in an open-label, uncontrolled, proof-of-concept study [25]. Similarly, it was concluded that CER-001 increased cholesterol efflux and reduced carotid artery wall area. In patients with atherosclerotic carotid artery disease, Zheng et al. [26] demonstrated that infusion of CER-001 increased plasma ApoA1 concentration and cholesterol efflux capacity [26]. CER-001 was also found to specifically target plaque regions as evidenced by contrast enhancement. Kataoka et al. compared the effect of 6 weekly infusions of CER- 001 versus placebo on coronary atherosclerosis in patients with ACS [27]. CER-001 induced atheroma regression in patients with baseline atheroma volume percentage of =30% but not in those with <30%, suggesting that the efficacy of CER-001 would increase with the severity of atherosclerosis. The ongoing phase 2, multicenter CARAT trial (ClinicalTrials.gov: NCT02484378) will further investigate the impact of serial 3mg/kg infusions of CER-001 on plaque burden in patients with recent ACS [28].

CSL-111 and CSL112

CSL-111 is synthesized from combining human plasma derived-ApoA1 with phosphatidylcholine from soybean to mimic the biochemical profile of native HDL. In the A randomized, placebo-controlled ERASE trial (ClinicalTrials.gov: NCT00225719) [29], patients with coronary atherosclerosis were randomized to receive placebo or CSL-111 at the dosage of 40mg/kg or 80 mg/kg. CSL-111 treatment was discontinued prematurely in the 80mg/kg group due to liver function abnormalities. Infusions of CSL-111 40mg/kg was relatively well tolerated, albeit with self-limiting elevations of transaminase. Although there was no significant reduction in plaque burden, CSL-111 was associated with a statistically significant improvement in the plaque characterization index and coronary score on quantitative coronary angiography. In the study from Calkin et al. [30], patients with type 2 diabetes mellitus were infused with placebo or CSL-111 20mg/kg/h for four hours. In addition to an increase in plasma HDL, CSL-111 was shown to inhibit platelet hyper-reactivity via reducing the cholesterol content of platelet membranes. The study from Gebhard et al. points to a potential cardiovascular repair effect of CSL-111 in the ACS setting [31]. Administration of CSL-111 appeared to preserve the circulating levels of CD34, possibly via its beneficial effects on increased migration and reduced apoptosis of progenitor cells. CSL112 is the reformulated version of CSL-111 and its pharmacokinetics, safety, and tolerability have been studied in healthy subjects by Easton et al. [32]. A dose-dependent sustained increase in ApoA1 concentration was observed following CSL112 infusions. Multiple infusions of CSL112 were also found to be safe and well tolerated without evidence of major organ toxicity or immunogenicity. Gille et al. reported that CSL112 administration was associated with an elevation of cholesterol efflux mediated by ATP-binding cassette transporter A1 (ABCA1) [33]. The safety, pharmacokinetics, and pharmacodynamics of CSL112 infusion among patients with stable atherosclerotic disease was studied in a phase 2a, randomized, double-blind, multicenter, dose-ranging trial by Tricoci et al. (ClinicalTrials.gov: NCT01499420) [34]. CSL112 was well tolerated and resulted in an immediate elevation of ApoA1 levels as well as an increase in the cholesterol efflux capacity. The study by Didichenko et al. [35] demonstrated that CSL112 may enhance the HDL functionality by remodeling of HDL particles. Three sizes of particles were generated after spontaneous fusion of CSL112 with HDL. Lipid-poor and small HDL displayed both high capacity for ABCA1-mediated cholesterol efflux and anti-inflammatory effects, whereas the large particles possessed strong antioxidant functions. These findings offer a novel approach in devising HDL-targeted therapy. It is plausible that enrichment of a specific pool of HDL particles may confer a specific facet of cardiovascular protection, and achieving the right blend of HDL compositions may be required to optimize the benefits of rHDL infusion. In the post- myocardial infarction setting, CSL112 infusions were also well tolerated and not associated with significant alterations in liver or kidney function [36]. The efficacy of CSL112 in improving cardiovascular outcome needs to be evaluated in future studies.

Conclusion

Infusion of reconstituted HDL agents may promote reverse cholesterol transport from peripheral tissues to liver and eventually into the bile. Additional potential cardiovascular benefits of HDL-targeted therapy include stabilization of atherosclerotic plaque, suppression of inflammatory response, and inhibition of thrombogenesis or oxidative stress. Given its safety profile and preliminary evidence in reducing atheroma burden, future clinical studies are warranted to assess the therapeutic and prophylactic value of HDL-targeted infusion agents for patients with coronary heart disease.
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