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Abstract: Many studies have suggested that a significant risk factor for atherosclerotic
cardiovascular disease (ASCVD) is low high-density lipoprotein cholesterol (HDL-C). Therefore,
increasing HDL-C with therapeutic agents has been considered an attractive strategy. In the
prestatin era, fibrates and niacin monotherapy, which cause modest increases in HDL-C, reduced
ASCVD events. Since their introduction, statins have become the cornerstone of lipoprotein
therapy, the benefits of which are primarily attributed to decrease in low-density lipoprotein
cholesterol. Findings from several randomized trials involving niacin or cholesteryl ester transfer
protein inhibitors have challenged the concept that a quantitative elevation of plasma HDL-C
will uniformly translate into ASCVD benefits. Consequently, the HDL, or more correctly,
HDL-C hypothesis has become more controversial. There are no clear guidelines thus far for
targeting HDL-C or HDL due to lack of solid outcomes data for HDL specific therapies. HDL-C
levels are only one marker of HDL out of its several structural or functional properties. Novel
approaches are ongoing in developing and assessing agents that closely mimic the structure
of natural HDL or replicate its various functions, for example, reverse cholesterol transport,
vasodilation, anti-inflammation, or inhibition of platelet aggregation. Potential new approaches
like HDL infusions, delipidated HDL, liver X receptor agonists, Apo A-I upregulators, Apo A
mimetics, and gene therapy are in early phase trials. This review will outline current therapies
and describe future directions for HDL therapeutics.

Keywords: high-density lipoprotein, lipids, cholesterol, atherosclerosis, cardiovascular
disease, therapy

Introduction

Atherosclerotic cardiovascular disease (ASCVD) is a major cause of mortality globally.
Epidemiological studies have clearly shown low high-density lipoprotein cholesterol
(HDL-C) and high low-density lipoprotein cholesterol (LDL-C) as ASCVD risk factors.
However, despite substantial risk reductions conferred by targeting LDL-C reduction
with statin therapy, significant risk remains as demonstrated by incident and repeated
ASCVD events that still occur despite treatment with statins.? Hence, there has been
a continual search for potential therapies in order to further reduce ASCVD mortality
and morbidity by elevating HDL-C levels and/or enriching HDL functions.

HDL particles are accountable for reverse cholesterol transport (RCT), a process
which can facilitate reversal of atheroma formation. Despite this, findings from several
randomized trials have challenged the concept that a quantitative elevation of plasma
HDL-C will uniformly translate into ASCVD benefits.® The ongoing excitement over
HDL treatment and its future directions is mostly based on the studies assessing the
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association of HDL functionality and ASCVD risk. Modifi-
cation of HDL has been heavily researched, particularly in
recent years. This review will outline current therapies and
describe future directions for HDL therapeutics.

Epidemiology of HDL

One of the major risks for cardiovascular deaths is low
HDL-C. There is angiographic correlation between coronary
artery disease (CAD) and reduced HDL-C. Framingham
was the first large study identifying HDL-C as a protective
factor against ASCVD. Observational data show that each
1 mg/dL rise in HDL-C is associated with a drop in CAD
by 2%-3%.* Having more than 60 mg/dL of HDL-C is an
independent negative risk factor; however, low HDL-C may
not sufficiently predict ASCVD if LDL-C is low.> Mendelian
randomization data does not uphold HDL-C as causative
factor;® however, this does not rule out the causality for other
metrics of HDL structure and functions.

Findings from recent studies have increased contro-
versy surrounding the HDL hypothesis’ due to several
reasons: 1) lack of evidence showing a direct causal role of
HDL-C to outcomes through a primary biological mecha-
nism (thus far, the data have been linked to the specific
drugs used, which usually have complex relationships
between HDL-C and other lipid parameters); 2) complex
HDL metabolism, which is unlike the apolipoprotein (Apo)
B-containing lipoproteins that generally exhibit dose-
dependent risk; 3) multiple mechanisms of action of HDL
outside of RCT and lipid transport; 4) inability of HDL-C
to accurately reflect RCT flux and effect on outcomes; and
5) cross-sectional nature of most epidemiology studies of

HDL-C, not reflective of longitudinal or interventional
effects with drugs.

The total concentration of HDL-C levels in the serum
is only one aspect of HDL out of its several structural or
functional properties (for example, RCT, anti-inflammatory,
antioxidant, or anticoagulant activities). Some patients with
ASCVD may still have dysfunctional HDL in spite of nor-
mal or even high HDL-C.? Types of diet, exercise, drugs,
or concomitant diseases also influence HDL-C levels. The
association of the structure of the HDL particle with its
functionality and metabolism has not been fully clarified.
More research will be indispensable to evaluate the asso-
ciation of HDL functionality with ASCVD risk. Based on
current understanding and given strong epidemiological and
biological evidence, targeting HDL still remains a potentially
promising way to further reduce ASCVD risk.’

The quality and functions of HDL

versus the quantity of HDL-C
The HDL lipoprotein is the densest and smallest lipoprotein
particle in circulation. The life cycle of HDL is summarized
in Figure 1 and its functions in Table 1. For historical reasons,
cost considerations, and other technical and practical chal-
lenges related to other measures of HDL, the most common
method of laboratory assessment is HDL-C: the aggregate
cholesterol concentration associated with HDL particles.
Different lifestyle and therapeutic approaches have shown
a quantitative elevation of static HDL measures at various
degrees (Table 2). While several static measures of HDL lipi-
dation (HDL-C) and structure (ApoA-I) correlate with clinical
and epidemiologic risk data, it is essential to emphasize that
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Figure 1 Life cycle of HDL.
Adapted by permission from Macmillan Publishers Ltd: Nature Medicine,®®* © 2012.

Abbreviations: ABCA, ATP-binding cassette transporter family A; ABCG, ATP-binding cassette transporter family G; Apo, apolipoprotein; HDL, high-density lipoprotein;

SR-BI, scavenger receptor class Bl.

submit your manuscript

206

Dove

Vascular Health and Risk Management 2014:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

HDL therapy review

Table | Functions of HDL

Reverse cholesterol Promotes net movement of cholesterol to the

transport*’ liver from peripheral tissues via plasma
Role in Inhibits endothelial cell adhesion molecules
inflammation*’ Inhibits inflammatory cytokines, infiltration of
leukocytes and free radical species in arterial wall
Exhibits potential proinflammatory role as acute
phase reactant

Antioxidant effects*’ Inhibits oxidized LDL production through
several mechanisms

Antithrombotic

effects’

Inhibits platelet activation and aggregation
Inhibits thrombin-mediated production of
tissue-factor in vascular endothelial cells
Inhibits factor X

Enhances activities of protein S and protein C
Antiapoptotic effects’”  Prevents oxidized LDL-prompted apoptosis by
impeding intracellular signaling

Promotes TNFoi- generated apoptosis and
apoptosis stimulated by growth factor deficit

Vasodilation’ Stimulates production of nitric oxide

Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein;
TNF, tumor necrosis factor.

these are crude measures and do not directly reflect the quality
and function of HDL, including RCT efficiency, inflammation,
redox conditions, or the proteomic cargo of HDL. Furthermore,
whether increasing the cholesterol concentration within HDL
particles leads to improvement in atherosclerosis is debatable.
Many recent niacin trials with modest elevation in HDL-C or
cholesteryl ester transfer protein (CETP) inhibitor trials with
remarkable elevations in HDL-C have failed to produce any
significant improvement in clinical outcomes.

Therefore, in recent years, the focus has shifted to develop
agents that closely mimic the structure of HDL or improve
the endogenous production of HDL particles, which are
expected to have similar effects to natural HDL.'* Many of
these studies are in early phases.

Current guidelines
for HDL in therapy

Whereas statin treatment to lower LDL-C and risk is con-
sistently the primary target of dyslipidemia therapy across

Table 2 Percent of HDL-C elevation anticipated by therapy

Smoking cessation 5%
Weight reduction 5%—20%
Physical exercise 5%—30%
Statins 5%—10%
Fibrates 5%—15%
Niacin 15%-30%

CETP inhibitors
ApoA infusions

30%—138%
60%—70%

Abbreviations: Apo, apolipoprotein; CETP, cholesteryl ester transfer protein;
HDL-C, high-density lipoprotein cholesterol.

the US, European, and Canadian guidelines, there is less
consensus on targeting HDL-C. Prior lipid guidelines from
the Adult Treatment Panel (ATP)-III had been widely
followed in dyslipidemia treatment."" ATP-III stated that
after LDL-C targets were satisfied, lowering non-HDL-C
(at least =30 mg/dL greater than the LDL-C goal) could be
a secondary goal.

The idea of targeting HDL-C is generally avoided
though desirable levels are often specified. For example,
the American Association of Clinical Endocrinologist’s
Guidelines recommend raising HDL-C as much as possible
but minimally to >40 mg/dL in both women and men with
isolated low HDL-C and strong risk factors (presence of
CAD, CAD equivalents, or 10-year risk >20%) (Grade C,
best evidence level 4).1

The latest European Society of Cardiology guidelines
(2011) consider niacin as the most efficient drug to raise HDL-C
(class I1a)."* However neither the results of Atherothrombosis
Intervention in Metabolic Syndrome with low HDL-C/High
Triglyceride and Impact on Global Health Outcomes (AIM-
HIGH)" nor Heart Protection Study 2: Treatment of HDL to
reduce the incidence of vascular events (HPS2-THRIVE)"
trials were available when this guideline was released. Canadian
guidelines recommend consideration for lipid-lowering therapy
in subjects if their risk defined by a total cholesterol/HDL-C
ratio is >6.0 (class IIb) but have no specific endorsements for
targeting HDL-C or HDL.'¢

More recently, the 2013 American College of Cardiology
and American Heart Association cholesterol guidelines
contain substantial changes from ATP-III and other existing
guidelines.!” The expert panel made no recommendations for
specific LDL-C or non-HDL-C targets for the primary and
secondary prevention of ASCVD because of lack of evidence
from randomized, controlled, clinical trials to support treat-
ment to specific targets. Instead, the new guidelines identified
four groups of primary and secondary prevention patients
in whom physicians should focus their efforts to reduce
ASCVD events. Primary targets are appropriate “intensity”
of statin therapy in order to achieve relative reductions in
LDL-C. Nonstatin drugs have no clearly defined roles, and
their use is left to the judgment of clinicians. No specific
recommendation was made for targeting HDL-C in therapy
due to lack of convincing data.!”

Established drug therapies

Statins
Statin therapy generally increases HDL-C by 5%—10%; how-
ever, most risk reduction is achieved by lowering LDL-C.'
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HDL-C can predict residual risk for ASCVD events among
patients sufficiently treated with statins.> Some studies indi-
cate that among patients adequately treated with statins who
have low HDL-C, the ApoB/ApoA-I ratio may better predict
a first acute major coronary event.'

Significant risk remains despite adequately addressing
LDL-C and ApoB on statins. Though much residual risk is
related to nonlipid factors, the hope is that some of this risk
could be attenuated by HDL-targeted therapies. Therefore,
several agents are currently in development.

Fibrates
Fibrates can raise HDL-C up to 15% by enhancing the expres-
sions of ApoA-I and ApoA-II. These also reduce triglycerides
(TG) and modestly lower LDL-C. Fibrates reduce fibrinogen
levels and increase fibrinolysis. Unfortunately, most studies
investigating the outcome of fibrates on ASCVD and all-
cause mortality have produced discouraging findings.?
However, in a subgroup analysis of the ACCORD trial,
diabetic and metabolic syndrome patients with both higher
baseline TG (=204 mg/dL) and lower HDL-C (=34 mg/dL)
did benefit from fenofibrate in addition to simvastatin.?!
This was particularly true in men. Among dyslipidemic
patients, TG levels decreased and HDL-C increased, along
with a relative risk reduction of 10% for major cardio-
vascular events (P=0.048) and 13% for coronary events
(P<<0.0001). This effect was absent in patients without

Table 3 Summary of niacin trials

atherogenic dyslipidemia.”! These findings are similar to post
hoc subgroup analyses performed from the previous fibrate
monotherapy trials, the Bezafibrate Infarction Prevention
studies? and the Helsinki Heart Study.?

Niacin

Niacin can considerably increase HDL-C, up to 30%. It
also decreases LDL-C, suggesting a possible mechanism
for benefits seen in prestatin niacin trials. In the poststatin
era, in patient populations with aggressively treated LDL-C
(ApoB) levels, there was no improvement when niacin was
added.* It has not been tested in statin-treated patients with
residually elevated LDL-C or ApoB. A summary of clinical
trials of niacin is presented in Table 3.

The AIM-HIGH trial failed to demonstrate any advantage
for niacin when combined with statin therapy compared to
statin alone." A nonsignificant trend toward greater risk
of ischemic stroke was noted. The HPS-2/THRIVE trial
showed more adverse events with no benefits." Participants
in HPS-2/THRIVE also had very tightly controlled LDL-C
levels at baseline. It is unknown to what extent the adverse
events were related to niacin or the flushing inhibitor that was
administered along with niacin (laropiprant).

Furthermore, in a recent study by Khera et al, long-acting
niacin added to statin therapy increased HDL-C but did not
enhance measures of functionality such as RCT or the anti-
inflammatory index.? Thus, the clinically relevant action of

Drugs Trials

Outcomes

Niacin alone Coronary Drug Prevention project (1975)¢
Add on colestipol

versus placebo

Cholesterol Lowering Atherosclerosis
study (CLAS) (1987)%°

HDL Atherosclerosis Treatment
study (HATS) (2001)”
Arterial Biology for the Investigation of the

Add on statin

Add on statin
Treatment Effects of Reducing Cholesterol
(ARBITER) 2 (2004)"!

Add on statin ARBITER 3 (2006)*

ARBITER-6 HDL and LDL Treatment

Strategies (HALTS) (2010)7

Atherothrombosis Intervention in Metabolic

Add on statin

Add on statin
Syndrome with low HDL-C/High Triglyceride
and Impact on Global Health Outcomes
(AIM-HIGH) (201 1)"

Heart Protection Study 2: Treatment of HDL
to reduce the incidence of vascular events
(HPS2-THRIVE) (2013)"*

Add on statin;
niacin/laropiprant

Reduced Ml and stroke in 3,906 patients with prior MI.

Significant atherosclerosis regression was noted in treatment group
compared to placebo. Fewer people were found to develop new
lesions in grafts and coronary arteries.

Simvastatin plus niacin showed notable angiographic and clinical
benefits among patients with CAD and low HDL-C levels.

ERN added to statins slowed the progress of atherosclerotic disease
among patients with previous CAD and moderately-low HDL-C.

When added to statins, ERN significantly increased HDL-C and
regression of CIMT.

Niacin showed superiority to ezetimibe for regression of CIMT
among patients on statins.

This trial was ended early as it did not show increased benefit on
ASCVD outcomes, in spite of a 0% increment in HDL-C.

No reduction in CVD events compared to statins alone over a mean
follow-up of 3 years.

Abbreviations: ASCVD, atherosclerotic cardiovascular disease; CAD, coronary artery disease; CIMT, carotid artery intima—media thickness; CVD, cardiovascular disease;
ERN, extended-release niacin; HDL-C, high-density lipoprotein cholesterol; Ml, myocardial infarction.
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niacin may actually be lowering of atherogenic lipid fractions
rather than producing favorable changes in the beneficial
properties of the HDL.

Niacin may still have a role in dyslipidemia treatment.
In recent niacin trials, all patients were already treated with
statins. Because of the further LDL-C lowering effect, niacin
may be suitable for those individuals who cannot tolerate
maximal statin treatment or those who cannot achieve the
desired LDL-C/Non-HDL-C/ApoB goal on a maximal statin
treatment.?®

Another approach is to treat with ARI-3037MO, a once-
a-day structural analog of niacin, presently in Phase I
trials.?” Future investigators must be aware that conducting
“surrogate-endpoints” trials versus “events-driven” trials for
niacin may be challenging.?®

Future therapeutic options

Several agents targeting HDL function (Figure 2) are being
evaluated in various phases of development. Most of the
currently available agents are summarized in Table 4.

Cholesteryl ester transfer

protein inhibitors

Cholesteryl ester transfer protein (CETP) promotes the trans-
port of cholesteryl esters to proatherogenic ApoB-containing
lipoproteins (intermediate density lipoprotein, LDL, very

low-density lipoprotein [VLDL] and its remnants) from
antiatherogenic HDLs, and it exchanges TGs from VLDLs
or LDLs to HDLs at the same time. Reduced CETP activity
is coupled with increased HDL-C and diminished LDL-C,
a combination that is probably antiatherogenic.?

A pivotal regulator of the RCT pathway is CETP, which
generally has an inverse relationship with cardiovascular
protection, although data are mixed.*® Several approaches
have been followed to counteract CETP functions, includ-
ing antisense deoxynucleotides, small molecule inhibitors
of CETP, and vaccination.” Four CETP inhibitors have been
tested in clinical trials so far, with disappointing results in
the first two trials, and trials involving anacetrapib and eva-
cetrapib are ongoing (Table 5).3°

Recombinant HDL infusions

Instead of indirectly raising HDL-C by intervening in HDL
metabolism, there is interest in raising HDL directly by infusing
recombinant or reconstituted HDL (rHDL) into blood. ApoA-I
Milano, perhaps the most well-known rHDL, is a variant of
apolipoproteins, originally discovered in a small percentage
of the population in rural Milan. In spite of extremely minimal
HDL-C, carriers surprisingly exhibited marked longevity and
reduced risk for atherosclerosis due to a mutation in ApoA-I,
causing dimerization of ApoA-I molecules in HDL, increased
effectiveness in RCT, and resistance to HDL catabolism.?!

ApoA therapy
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Figure 2 Therapeutic targets for HDL therapy (adapted by permission from Macmillan Publishers Ltd: Nature Reviews Cardiology, © 201 I).

Abbreviations: ABCA, ATP-binding cassette transporter family A; ABCG, ATP-binding cassette transporter family G; ACAT, acyl-CoA cholesterol acyltransferase; Apo,
apolipoprotein; CE, cholesteryl esters; CETP, cholesterol ester transfer protein; EL, endothelial lipase; HDL, high-density lipoprotein; HL, hepatic lipase; IDL, intermediate
density lipoprotein; LCAT, lecithin cholesterol acyl transferase; LXR, liver X receptor; PL, phospholipid; PLTP, phospholipid transfer protein; PPAR, peroxisome proliferator-
activated receptor; R, receptor; SR-BI, scavenger receptor class BI; TG, triglycerides; VLDL, very low-density lipoprotein.
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Table 4 List of potential drugs targeting HDL therapeutics

Class of drugs

Mechanism of action

Drug names

Recombinant ApoA-I Milano
Purified native ApoA-I/

phospholipids

ApoA-| upregulators

ApoA-| mimetic

Delipidated HDL

Gene therapy
LXR agonists

Niacin receptor agonists

FXR receptor
CETP inhibitors

EL inhibitors

LCAT activators

PPAR agonists

Omega-3 polyunsaturated
fatty acids and esters

Augment ApoA-I/HDL reservoir directly
Augment ApoA-I/HDL reservoir directly

Augment ApoA-I/HDL reservoir directly

Mimic ApoA functionality, facilitate lipidation of ApoA-I at
ABCALI, and formation of nascent discoidal HDL particles
Augment ApoA-l and HDL reservoir directly

Modulate HDL levels and cholesterol efflux

Enhance RCT and macrophage cholesterol efflux

ETC-216

CSL-111

CSL-112

RVX-208

L-4F, D-4F, 6F, 5A, ATI-5261, ETC-642

Selective delipidated HDL
miR-33
LXR o/, LXR-623

Alter HDL levels

Augment ApoA-I/HDL pool, increase lipid content

and size of alpha HSL particles
Increase HDL-C

Enhance RCT
Enhance transcription of ABCAI

Strengthen ApoA-l and HDL reservoir indirectly

Increase HDL2-cholesterol, particularly in women;
act in large part through reduction in triglycerides

T0901317, GW3965, ATI-111

ARI-3037MO

FxR-450

Anacetrapib MK-0859, evacetrapib LY248595

Boronic acid inhibitors,

selective sulfonylfuran urea

rLCAT

LY518674, CP-778 875, CP-900691, GW501516,
GW0742, tesaglitazar, muraglitazar, aleglitazar, pioglitazone
DHA, EPA, and respective esters

Note: Adapted from Hafiane A, Genest |. HDL, Atherosclerosis, and emerging therapies. Cholesterol. 2013;2013:891403.7

Abbreviations: ABCAI, ATP-binding cassette transporter family A; Apo, apolipoprotein; CETP, cholesteryl ester transfer protein; DHA, docosahexaenoic acid;
EL, endothelial lipase; EPA, eicosapentaenoic acid; FXR, farnesoid X receptor; HDL, high-density lipoprotein; HSL, hormone-sensitive lipase; LCAT, lecithin-cholesterol
acyltransferase; LXR, liver X receptor; miR, microRNA; PPAR, peroxisome proliferator-activated receptor; RCT, reverse cholesterol transport; rLCAT, recombinant
lecithin-cholesterol acyltransferase.

Table 5 CETP inhibitor trials

Drugs

Trials

Outcomes

Torcetrapib

Dalcetrapib

Anacetrapib

Evacetrapib

Investigation of Lipid Level Management to Understand
its Impact in Atherosclerotic Events (ILLUMINATE) trial
(2007)™

Rating Atherosclerotic Disease Change by Imaging With
A New CETP Inhibitor(RADIANCE) (2007)"
Investigation of Lipid Level Management Using Coronary
Ultrasound to Assess Reduction of Atherosclerosis

by CETP Inhibition and HDL Elevation (ILLUSTRATE)
(2007)™

Efficacy and safety of dalcetrapib in patients with recent
acute coronary syndrome (dal-OUTCOMES) (2012)”
Safety and efficacy of dalcetrapib on atherosclerotic
disease using novel non-invasive multimodality imaging
(Dal-PLAQUE) Phase IIb (201 1)7®

Determining the EFficacy and Tolerability of CETP
INhibition with AnacEtrapib (DEFINE) (2010)7

Randomized EValuation of the Effects of Anacetrapib
Through Lipid-modification (REVEAL)

(ongoing)®

A randomized trial (2011)®

Assessment of Clinical Effects of Cholesteryl Ester
Transfer Protein Inhibition With Evacetrapib in Patients at
a High-Risk for Vascular Outcomes (ACCELERATE) study
(ongoing)®

Increased mortality, possibly from off-target effects on blood pressure
and electrolytes.

Elevated HDL-C and lowered LDL-C substantially; also increased
systolic BP and did not change CIMT.

Reduced LDL-C and enhanced HDL-C markedly. Study group had
elevated BP. There was no significant decrease in evolution of
coronary atheroma.

Increased HDL-C up to 40%, without altering LDL-C, with no
improvement on CVD outcomes.

Increased HDL-C by 31% with decreased CETP over a mean of 2 years.
Failed to show plaque progression at 2 years or inflammatory response
at 6 months. No increased adverse events noted.

Improved HDL-C by 138%, decreased LDL-C by 40%, and decreased
Lp(a) by 36%.

No significant variation in BP compared with placebo noted.

Will test effects of anacetrapib 100 mg daily added to atorvastatin

in reducing CHD events among 30,000 individuals with ASCVD or
diabetes. To be completed in 2017.

Evacetrapib alone or combined with statins reduced LDL-C (14%—
36%) and augmented HDL-C (54%—129%). No discernible effects on
BP or production of aldosterone or cortisol were noted.

To test the effects on ASCVD events among | 1,000 postacute
coronary syndrome patients.

Abbreviations: ASCVD, atherosclerotic cardiovascular disease; BP, blood pressure; CETP, cholesteryl ester transfer protein; CHD, coronary heart disease; CIMT, carotid
artery intima—media thickness; CVD, cardiovascular disease; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Lp(a), lipoprotein a.

210

Dove

submit your manuscript

Vascular Health and Risk Management 2014:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

HDL therapy review

After recombinant ApoA-I Milano showed safety in both
in vitro and in vivo testing in animals, Nissen et al in 2003
reported that a recombinant ApoA-I Milano-phospholipid
complex, named ETC-216, could produce a significant
regression of atherosclerosis in coronary arteries as measured
by intravascular ultrasound among 47 post-acute coronary
syndrome (ACS) patients.** Another study in 2006 presented
similar results.?* A recent study showed rHDL(Milano) has
better plaque stabilizing and anti-inflammatory activities
than wild-type HDL.**

CSL-111 is an rHDL compound containing ApoA-I
derived from phosphatidylcholine and human plasma. The
first human trial of CSL-111 studied 183 ACS patients.
Monthly infusions of CSL-111 (40 mg/kg) were well tol-
erated; however, the higher dose (80 mg/kg) regimen was
withdrawn due to elevated liver enzymes.** Nonsignificant
difference in the atheroma size was observed between
CSL-111 and placebo groups, however, significant
improvement was seen in coronary score and plaque
characterization index.

Subsequently, another trial has examined the impact of
CSL-111 on vascular function (a surrogate cardiovascular
disease [ASCVD] marker) among 29 ACS patients allocated
to 80 mg/kg infusion of CSL-111 versus albumin. Though
this rtHDL augmented HDL-C by 64% and lessened LDL-C
by 23%, it did not improve vascular function.*® Besides these,
other rHDLs named ECT-216 and CSL-112 (reformulated
CSL-111) are being studied in early phase trials.’” MDCO-
216, a renamed ApoA-I Milano, is also expected to enter
clinical studies.

Despite these promising results, further studies of ApoA-I
Milano and rHDLs have not moved forward as expected,
probably because these complex proteins are expensive to
produce and must be given intravenously, with no oral for-
mulation currently available.

Delipidated HDL infusions

Autologous infusion of delipidated HDL is another method
to increase plasma HDL by selectively removing ApoA-I
HDL particles and reinfusing cholesterol-depleted functional
pre-BHDL.* Lipid Sciences Plasma Delipidation System-2
(Lipid Sciences, Inc., Pleasanton, CA, USA) is one pharma-
cotherapeutic approach, which forms prep-like HDL from
oHDL using an apheresis technique to extract cholesterol
from plasma HDL.*

The first human trial of autologous delipidated HDL
infusions versus placebo with 28 ACS patients showed a
nonsignificant decrease in atheroma size (P=0.27).*! From

a safety standpoint, no hepatotoxicity or hypersensitivity
reactions were noted; however, one third of patients experi-
enced hypotension from HDL apheresis.*! This was a small
pilot study to assess safety and feasibility. It remains to be
seen whether such regression of atheroma burden will trans-
late into reduced clinical ASCVD outcomes.

HDL mimetics

HDL mimetics are shorter amphipathic-peptides that do not
contain exact ApoA-I sequences but mimic ApoA-I functions.
Compound 18A (with 18 amino acids), the earliest ApoA-I
mimetic peptide, failed to reduce atherosclerosis in animals
despite having many structural similarities to Apo-1.” Subse-
quently, improved peptides were developed (by increasing num-
ber of phenylalanine residues [F]) labeled 2F through 7F.#

Among the initial few mimetics, only 4F showed efficacy
for inhibiting the in vitro production of LDL-induced mem-
brane cofactor protein, a regulator of complement pathways
and inflammation.” It has shown reasonable potential when
tested in animals prompting Phase I/Il human trials in high-
risk ASCVD patients.*

The use of D-amino acids makes the amphipathic
peptides resistant to gut proteases, hence deliverable
as an oral therapy. L-amino acid equivalents need to be
administered parenterally to avoid degradation in the gut.
Oral administration of D-4F significantly decreased pro-
inflammatory HDL despite low blood peptide levels.* The
impacts of subcutaneous D-4F and L-4F on atheromatous
lesions were similar when tested in cholesterol fed rabbits.’
Oral D-4F can cause HDL remodeling that can influence
plasma lecithin—cholesterol acyltransferase (LCAT) activity
and promote cholesteryl ester transport onto nascent HDL
at ATP-binding cassette transporter family A (ABCA)I,
thus activating the RCT pathway.** With higher doses, D-4F
displays detergent-like activities that can independently
remove cholesterol from cells. Furthermore, the efficiency
of these mimetics can be increased by adding end-blocking
groups (acetyl and amine) to stabilize the class A amphip-
athic helix.*

New mimetic peptides have been produced that do not
necessitate supplemental chemical groups for effectiveness.
Peptide 6F showed anti-inflammatory properties in animals,
offering a new option to oral ApoA-I mimetics.” Preclinical
studies have shown that both 5F and 6F but not 7F could
suppress membrane cofactor protein-1 production in vitro
human cells.*’

5A peptide is a mimetic that can effectively reduce the
expression of adhesion molecules (vascular cell adhesion
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molecule-1 and intercellular adhesion molecule-1).” It also
facilitates cholesteryl ester transport onto discoidal HDL
when bound (via ApoA-I) to ABCA1.*® ETC-642 showed
similar anti-inflammatory properties compared to rHDL
in rabbits.* ATI-5261 is another synthetic mimetic, which
exerts its effects through ABCA1, boosts efflux of cholesterol
from peripheral cells, and also augments fecal cholesterol
transport.®® This agent currently awaits clinical studies in
humans.’

These mimetic agents are interesting, but they are
still many years away from having clinical outcome data
available.

Peroxisome proliferator-activated

receptors agonists

Peroxisome proliferator-activated receptors (PPARs) are a
group of nuclear receptor proteins that have important roles
in the metabolism of glucose and lipids. Common subtypes
are alpha, gamma, and delta. These receptors enhance
ABCALI transcription that facilitates cholesterol efflux into
nascent HDL from cells. All PPAR agonists rely on the liver
X receptors (LXR) and PPAR-o promoter activity to execute
their functions.®> Drugs like fibrates, thiazolidinediones,
and glitazars have affinity for these receptors, producing
changes in HDL metabolism.® It is known that physical
exercise promotes upregulation of PPAR-0, scavenger
receptor class B1, ABCAL1, and increases lipolysis.™!

Several PPAR-a agents have superior potency for
PPAR-a. compared to fibrates. Agonists like CP-778875 or
LY518674 increase HDL-C and lower TG levels in lesser
doses than fibrates in humans.*> CP-900691 can both aug-
ment HDL-C and drop TG concurrently.?

PPAR-0 agonists are in early trials phase. GW501516 has
demonstrated increased HDL-C and decreased TG.> GW(0742
did not influence HDL-C production or catabolism but did
promote macrophage-to-feces RCT by reducing the expres-
sion of Niemann—Pick C1 like 1 protein.*

Dual PPAR-o/y agonists (eg, tesaglitazar and mura-
glitazar) have favorable effects on insulin sensitivity and
dyslipidemia.’ Both tesaglitazar and muraglitazar reached
Phase I1I trials, but were pulled out due to increased ASCVD
events.® Other dual agonists are being tested for safety and
efficacy. Another glitazone, aleglitazar, is undergoing Phase 11
testing.**

Endothelial lipase inhibitors
Endothelial lipase (EL) inhibition may act to diminish
ApoA-I catabolism, prompting a rise in ApoA-I and HDL-C.

Overexpression of EL diminishes ApoA-I/HDL-C produc-
tion from enhanced catabolism in kidneys. Similarly, levels
of ApoA-I/HDL-C are increased by deletion in EL genes.”
EL gene variation is considered a crucial contributing factor
of plasma HDL-C; whether these HDL-C alterations modify
atherosclerotic processes remains unclear.” Some studies have
shown a clear correlation between coronary artery calcifica-
tion and plasma level of EL mass.*

One study demonstrated augmented plasma HDL-C and
reduced atherosclerosis by targeted inactivation of EL.” Novel
EL inhibitors made from boronic acid and sulfonylfuran urea
are being examined for potency against EL.%

In short, carriers of EL variants accompanying higher
HDL-C can have decreased risk of CAD, but this correlation
is not seen in most EL inhibitor studies. Mendelian random-
ization showed that variability at CETP and EL genes which
raise HDL-C does not appear to reduce the risk of myocardial
infarctions.®

ApoA-| upregulators

RVX-208 is a BET bromodomain inhibitor that acts to
enhance ApoA-I production and subsequently increase
synthesis of HDL particles. RVX-208 administered orally
resulted in raised HDL-C and ApoA-I in animals. It also aug-
mented cholesterol efflux from macrophages through path-
ways mediated by scavenger receptor class B1, ATP-binding
cassette transporter family G (ABCG)1, and ABCA1.” RVX-
208 studies in humans revealed similar enhanced efflux of
cholesterol with moderate elevation in HDL-C.%” RVX-208
showed nonsignificant alterations in ApoA-I and HDL-C
when tested in 299 stable CAD patients on statins.*®

In June 2013, it was reported that that 26 weeks of RVX-
208 treatment in high-risk ASCVD patients with low HDL-C
(<39 mg/dL) on statins did not meet its primary endpoint of
a —0.6% change in percent atheroma volume as determined
by intravascular ultrasound in an ongoing ASSURE Phase
IIb clinical trial.*® Later, reports showed it had a statisti-
cally significant percent atheroma volume plaque regression
of —1.43% (P<0.002) in patients on rosuvastatin but had
nonsignificant plaque progression of +0.19% in people on
atorvastatin.”

New data stated that RVX-208 lowers inflamma-
tory marker (high-sensitivity C-reactive protein) by 60%
(P=0.054) and incidence of major cardiac events by 63%
(P=0.023) compared to placebo among high-risk patients
with elevated levels of this marker. Recently, another Phase I1
enrollment was completed to examine its effects on glucose
metabolism in patients with prediabetes mellitus.>® Further
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investigations to see the effects of RVX-208 in atherosclerotic
diseases and associated events are ongoing.

LCAT modulators

LCAT is an enzyme that converts free cholesterol into
cholesteryl ester which is then segregated into the core of a
lipoprotein particle, allowing maturation of the HDL particles
into lipid-rich spherical complexes.* Various approaches
exist for modulation of LCAT activity. One approach is using
recombinant LCAT protein in familial LCAT deficiency as
replacement therapy. However, current data on LCAT mostly
comes from animal studies. In one study, rapid increase
in HDL-C and reduction in VLDL and lipoprotein-X was
observed after infusion of plasma from human LCAT trans-
genic mice into LCAT-knockout mice.®° Fat cells transfected
with LCAT transplanted into mouse models also elevated
HDL-C.” Human recombinant LCAT infusions tested in rab-
bits increased fecal cholesterol secretion, elevated HDL-C,
and reduced atherosclerotic disease.®!

Thus far, insufficient information is available on ASCVD
outcomes in humans using LCAT modulators.

LXR agonists
LXRs act as intracellular cholesterol sensors. Presently,
there are two isoforms of LXR described: LXRo and LXR[
(with 80% homology). LXRa is expressed mostly in adipose
tissue, kidney, intestine, and liver. LXRp is expressed
universally. These receptors sense excess cholesterol
and stimulate numerous intracellular mechanisms to safe-
guard cells from cholesterol burden. Therefore, LXRs are
able to promote RCT through extraction of cholesterol from
peripheral cells, its circulatory transport to the liver, and sub-
sequent biliary elimination. Also, LXRs suppress intestinal
cholesterol uptake.** Synthetic LXR agonists (LXRo/[) can
stimulate the expression of ABCA1 and ABCG1, which are
shown to elevate HDL-C and reduce atherosclerosis.*
Thus, LXR agonist activation was thought to be a promis-
ing target for dyslipidemia treatment. Unfortunately, the devel-
opment of first generation LXR agents was hindered as they
were found to induce lipogenic genes in the liver, resulting in
an increase of TG and promotion of hepatic steatosis.*’ Subse-
quently, second generation LXR agonists have been developed
(eg, LXR-623, GW6340, GW3965, T0901317, ATI-111,
AZ876), which exhibit greater potency for LXRo/ receptors,
yet none have shown affinity for ABCA1 and ABCG1.4¢
The current data on LXR agonists mostly come from ani-
mal experimentation, with variable effects on HDL. Agents
like LXR-623,T0901317, or AZ876 were shown to increase

HDL-C; however, other agents (GW3965, SB742881,
GW6340, ATI-111, and SR9238) either had no effects on
HDL-C, decreased HDL-C, or increased LDL-C, VLDL-C,
and TG concentrations.’ In a human trial, LXR-623 increased
the expression of ABCA1 and ABCGI, but the study was
terminated early as >50% of patients developed central
nervous system-related toxicities.*

Overall, the net effects of LXR agonists have been
discouraging. Many LXR agonists have no effect or insignifi-
cant overall effect on lipid profile and HDL-C. Furthermore,
their potential to dramatically raise TG levels is a concern.

However, these agents have shown antagonistic effects
in atherogenesis and inflammation. For example, some have
demonstrated significant effects in decreasing atheroscle-
rotic plaque size (GW3965, T0901317, ATI-111, AZ876),
and a few of these showed ability to decrease the number
of plaques (AZ876, GW3965), change the composition
(T09013117), or even inhibit development of new lesions
(GW3965, AZ876).*" The administration of GW3965 or
T0901317 resulted in the reduction of cytokines involved in
inflammation and atherogenesis.>"6263

Synthetic farnesoid X receptor agonists
Farnesoid X receptors (FXRs) are bile-stimulated nuclear
receptors expressed mostly in liver and intestines, which
are shown to interact with PPAR. They induce HDL-derived
cholesterol excretion from the liver into feces. Preclinical
studies suggested antiatherosclerotic effects of FXR acti-
vation; therefore, FXR agonists are viewed as a potential
treatment target.” Many agents have been produced as pos-
sible HDL-C enhancing therapies (FXR-450, 6-ECDCA,
PX20606, GW4064).%

Gene therapy
ApoA-I transgenes have produced benefits in atherosclero-
sis prevention when tested in animal models. A 2013 study
reported that an adenovirus-based treatment (Alipogene
tiparvovec) in humans with lipoprotein lipase deficiency
showed TG reduction in 40% of subjects; however, HDL-C
levels were not reported.®

Based on animal experimentation, other new genetic ther-
apies to raise HDL-C by increasing ABCA1/ABCG1 expres-
sion could be via application of microRNA (for example;
inhibition of miR-33). Overexpression of antisense miR-33
is shown to increase hepatic ABCA1 by 50%, resulting in
a 25% increase in HDL-C. Thus, antagonists of miR-33
appear to be a potential therapeutic target for prevention or
treatment of ASCVD.®’
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Limitations

The opinions and conclusions presented in this review rep-
resent the authors’ understanding of the literature. The goal
was to provide a general discussion of the key published
findings in HDL pharmacotherapy and to target the question
of “current guidelines for HDL in therapies and potential
future treatments”. It is not an exhaustive summary and may
not have captured all relevant studies.

Conclusion
Low HDL-C is recognized as an independent, major risk fac-
tor for ASCVD. Even among patients aggressively treated to
reduce LDL-C to satisfactory levels, CVD events still occur,
and low HDL-C is a significant risk factor in this group.
Plasma HDL-C level may not replicate the functionality of
HDL or the effects of a specific HDL-targeted treatment on
cardiovascular risk or atherosclerosis. The association between
HDL and ASCVD is more complicated, possibly mediated by
several HDL functions, for example, RCT and antithrombotic,
antioxidant, anti-inflammatory, or antiapoptotic properties.
HDL-targeted pharmacologic strategies have not yet
produced convincing enough results to translate into clinical
treatment recommendations. Potential new treatments based
on HDL physiology remain in early phases of development.
In order to evaluate better association between HDL
and ASCVD with potential therapeutic implications, future
studies should focus on creating, measuring, and targeting
improved biomarkers of various HDL functions instead of
HDL-C. Future HDL-targeted pharmacotherapies will need
to demonstrate reductions in clinically significant outcomes
when added to potent statin therapy.
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