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Abstract

Cholesteryl ester transfer protein (CETP) plays an important role in lipid metabolism and has presented an attractive target
for drug development, primarily resting on the hope that CETP inhibition would reduce cardiovascular events through its
ability to increase levels of high-density lipoprotein cholesterol (HDL-C). However, clinical development of CETP inhibitors
has proven disappointing, with a spectrum of results spanning from evidence of harm, to futility, to only modest benefit in
large-scale cardiovascular outcomes trials. A number of additional insights from genomic studies have suggested potential
benefits from these agents in specific clinical settings. We review the current state of CETP inhibitors as an approach to

targeting cardiovascular risk.

Cholesteryl ester transfer protein (CETP) inhibitors raise
HDL and lower LDL cholesterol.

Clinical outcome trials of CETP inhibitors have been
disappointing in recent years.

Genetic insights may still suggest potential benefit of
these agents, although this requires validation in large
scale clinical trials.

1 Introduction

Statins are widely used to reduce cardiovascular risk in a
range of clinical settings, but many patients continue to
experience clinical events [1]. This residual risk highlights
the need to develop novel therapeutic approaches to achieve
more effective prevention of cardiovascular disease. Accord-
ing to population [2—4] and animal [5] studies suggesting
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that high-density lipoproteins (HDLs) are atheroprotective,
agents that can increase HDL cholesterol (HDL-C) ought
to reduce cardiovascular risk. However, to date, the field
has been littered with underwhelming results, from fibrates
through to niacin, largely driven by agents with only modest,
specific HDL-raising capacity. Over the last decade, inter-
est has increased in developing new therapies that directly
target this function. One pharmacological method receiving
considerable focus in efforts to substantially raise HDL-C
has been the inhibition of cholesteryl ester transfer protein
(CETP).

2 Cholesteryl Ester Transfer Protein (CETP)
and Lipid Metabolism

CETP is a plasma-based factor that is synthesized in the liver
and adipose tissue. It facilitates the transfer of esterified cho-
lesterol from HDL to apolipoprotein B (ApoB)-containing
lipoproteins, mainly very low-density lipoprotein and low-
density lipoprotein (LDL), in exchange for triglycerides. The
precise mechanism underlying this exchange of lipid species
remains uncertain but is likely to involve CETP forming a
bridge to link lipoproteins or shuttle lipid species between
particles [6]. The fundamental reason for the presence of
CETP in humans is unknown; several species (e.g., mice)
do not endogenously express CETP. Moreover, humans
with homozygous CETP deficiency, despite elevated HDL,
appear otherwise physiologically normal [7]. While CETP
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activity theoretically results in cholesterol depletion of LDL
particles, the fact that LDL is taken up by the liver suggests
that CETP-mediated transfer may play an additional role in
reverse cholesterol transport. With their capacity to enrich
HDL particles, agents that inhibit CETP have been shown
to raise HDL to a much greater degree than any other lipid-
modifying agent currently used in clinical practice [8].

3 Evidence Supporting Development
of CETP Inhibitors

A number of lines of evidence have suggested that low levels
of CETP activity are associated with cardiovascular protec-
tion. Population studies have demonstrated that low CETP
activity, when associated with elevated HDL-C levels, are
associated with less prospective cardiovascular events [9].
Large genome-wide association studies have also reported
that polymorphisms associated with low CETP activity simi-
larly had a lower prevalence of cardiovascular disease [10].
Inhibiting CETP via small molecules, vaccines, or antisense
oligonucleotides had favorable effects on atherosclerotic
plaque burden in rabbit models [11-13]. On the basis of
these findings, a number of programs have evaluated the
impact of small-molecule CETP inhibitors.

4 CETP Inhibitors
4.1 Torcetrapib

Torcetrapib was the first CETP inhibitor to reach an
advanced stage of clinical development [14]. Early studies
demonstrated dose-dependent elevation of HDL-C > 70%
and lowering of LDL cholesterol (LDL-C) by 20%, when
administered as monotherapy or in combination with statins
[15]. Despite these profound lipid changes, development of
torcetrapib was stopped prematurely after adverse clinical
effects were observed in a large outcomes trial [16]. When
administered in patients at high cardiovascular risk, torce-
trapib increased the primary cardiovascular endpoint by 25%
and all-cause mortality by 58%. This increase in mortality
involved both cardiovascular and non-cardiovascular (can-
cer, sepsis) events (Table 1). In parallel, three imaging stud-
ies failed to demonstrate any benefit of torcetrapib admin-
istration on progression of either carotid intima-medial
thickness [17, 18] or coronary atherosclerosis [19].

This surprising result provided support for critics of
CETP inhibition, suggesting that this strategy would have
an adverse effect on HDL function and reverse cholesterol
transport. A number of studies provided evidence to suggest
that HDL function remained intact in the setting of CETP
inhibition. HDL isolated from the plasma of individuals with

A\ Adis

either CETP deficiency or receiving torcetrapib treatment
demonstrated retained capacity to promote cellular cho-
lesterol efflux. In fact, cholesterol efflux activity increased
with higher torcetrapib doses [20]. This was supported by
observations that torcetrapib was associated with regression
of coronary atherosclerosis in a further analysis of patients
with the highest HDL-C levels [21]. Parallel studies demon-
strated that torcetrapib possessed off-target effects, including
blood pressure (BP) elevations (mean 5 mmHg) [22], stimu-
lated adrenal synthesis of cortisol and aldosterone [23], and
increased artery wall expression of endothelin [24] and was
associated with a modest but statistically significant increase
in C-reactive protein (+0.04 mg/dL; P=0.01). Given that
patients with aldosterone and bicarbonate levels above the
median appeared to have greater mortality, these off-target
effects may have contributed to the harm observed with
torcetrapib.

4.2 Dalcetrapib

Dalcetrapib is a modest CETP inhibitor, raising HDL-C by
up to 30% but with no effect on LDL-C levels [8]. Clinical
development of this agent progressed in the post-torcetrapib
era on the basis of reassuring findings that demonstrated no
adverse effects of dalcetrapib on either endothelial function
[25] or plaque inflammation [26]. However, a large clinical
outcomes trial in patients with a recent acute coronary syn-
drome was stopped because of clinical futility, with no evi-
dence of an association between on-treatment HDL-C levels
and cardiovascular events [27]. Post hoc pharmacogenomic
analyses demonstrated that patients harboring the AA geno-
type of the ADCY9 gene on chromosome 16 treated with
dalcetrapib had a 39% reduction in cardiovascular events and
regressed atheroma in their carotids [28]. Conversely, those
with the GG phenotype, and particularly GG homozygotes,
experienced a 27% increase in cardiovascular events (hazard
ratio [HR] 1.27; 95% confidence interval [CI] 1.02—1.58),
which was directionally supported by the imaging substud-
ies with either an absence of regression or mild progression.
This observation led to the initiation of a new trial to com-
pare the effects of dalcetrapib or placebo on cardiovascular
outcomes exclusively in high-risk patients with the ADCY9
AA phenotype.

4.3 Evacetrapib

Evacetrapib is a more potent CETP inhibitor with dose-
dependent increases in HDL-C by up to 125% and lower-
ing of LDL-C by 25-30% [29]. While this agent similarly
lacked any such torcetrapib off-target effects in early stud-
ies, the lipid effects did not translate to clinical benefit,
with the large cardiovascular outcomes trial terminated
early because of futility [30]. Pharmacogenomic analyses
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of this trial failed to demonstrate a clear relationship
between ADCY9 genotypes and cardiovascular benefit
with evacetrapib [31]. Whether this reflects a dalcetrapib-
specific effect or the play of chance is unknown. Of note,
evaluation of the Kaplan—Meier event curves of the anace-
trapib trial (Sect. 4.4) revealed divergence of the curves at
2 years. When applying this late effect to the evacetrapib
trial, it is conceivable that any potential benefits, even if
modest, from this agent were yet to emerge given the trial
was terminated for futility at a mean follow-up of only
2 years.

4.4 Anacetrapib

Anacetrapib is also a potent CETP inhibitor, with dose-
dependent HDL-C increasing by up to 138% and LDL-C
lowering by 30-40% [32]. A large safety study provided
reassuring data, again failing to demonstrate any torce-
trapib-like off-target effects [33]. Importantly, it ruled out
with 94% certainty that a torcetrapib-like clinical effect
would be observed. In fact, a reduction in need for coro-
nary revascularization was observed in this relatively
small study. This ultimately translated to demonstration
of a modest yet significant reduction in cardiovascular
events in a larger trial in which patients were treated for
longer than in other CETP-inhibitor programs [34]. The
degree of benefit was associated with reductions in lev-
els of non-HDL-C (but not LDL) and had no relationship
with HDL-C raising; a finding that is at least partially
explained by mendelian randomization data (Sect. 6). In
parallel, it became increasingly apparent that, as a lipo-
philic molecule, anacetrapib demonstrated considerable
adipose tissue accumulation, with subsequent slow release
back into the circulation [35]. This ultimately resulted in a
very long terminal half-life of the drug. When combined
with the relatively modest clinical benefit observed in the
large outcomes trial, the decision was taken to not pursue
regulatory approval, and therefore anacetrapib will not
come to clinical practice.

4.5 TA-8995

A third potent CETP inhibitor, TA-8995, underwent early
clinical evaluation [36]. At much smaller doses than studied
with the other agents, TA-8995 produced dose-dependent
increases in HDL-C by up to 179% and LDL-C-lowering by
up to 45%, complemented by a lack of apparent torcetrapib-
associated safety signals [37]. To date, the agent has not
been further developed, but these results give some sense
that robust lipid changes can be observed with very small
doses.
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5 Safety

After the termination of the torcetrapib program, preclini-
cal studies attempted to delineate the cause for harm, not
only for clarity of the ILLUMINATE result but also for the
entire CETP-inhibitor field. The aldosterone and hyper-
tension effect appeared to be largely CETP independent:
not only did rodents lacking CETP become hypertensive
when exposed to torcetrapib [23], but also torcetrapib
placed in the tissue culture of adrenal cells stimulated
the synthesis of aldosterone and cortisol [38]; findings
that were not replicated with the chemically dissimilar
dalcetrapib or anacetrapib [39]. Nonetheless, the subse-
quent trials of the remaining agents found a consistent but
very modest increase in BP (~ 1 mmHg; one-fifth of the
effect seen with torcetrapib). Similarly, the two trials that
reported C-reactive protein found a small but statistically
significant increase in those treated with CETP inhibitors
(~0.2 ng/dL). Class effect or not, it seems unlikely these
individual phenomena will independently lead to harm
(e.g., no signal for intracranial hemorrhage or infection,
etc.) but may instead be mitigating potential additional
efficacy. If further agents come to trial, these effects may
be an ongoing challenge, and, if consistent, the degree of
net clinical benefit may dictate whether the drug goes to
market.

6 Evidence from Mendelian Randomization

Genome-wide association studies consistently demon-
strated a relationship between polymorphisms associated
with low CETP activity and lower rates of incident car-
diovascular disease [40-42]. Mendelian randomization
subsequently permitted more extensive investigation of
this relationship. This approach uses genotype as a natural
randomization tool and demonstrated that polymorphisms
associated with low CETP activity resulted in lower rates
of cardiovascular disease [10, 42], with the degree of
protection correlating with lower levels of ApoB [43].
This provided further evidence to suggest that it is the
reduction in atherogenic lipoproteins, not HDL raising,
that is likely to underscore any potential benefits of this
therapeutic strategy. Further analysis demonstrated that
the protection associated with genetically low CETP activ-
ity was observed in the presence of functional HMG-CoA
reductase, but not in the setting of less HMG-CoA reduc-
tase activity; a phenomenon that appears proportional to
ApoB rather than LDL levels. Although levels of LDL-C
and ApoB tend to be highly correlated, reduction of LDL
by CETP inhibition in the setting of a statin produces a
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discordant, attenuated reduction in ApoB level for a given
LDL reduction. While this provides some plausibility to
the lack of correlation between LDL reduction and events
in both ACCELERATE and REVEAL, it also poses the
provocative concept that CETP inhibition may be far
more effective when administered as monotherapy and
less effective when used in combination with statins [44].
Given that all large trials performed to date have been con-
ducted in patients at high cardiovascular risk, background
statin therapy has been expected. Whether this approach
would be useful as monotherapy in lower-risk primary pre-
vention or in patients with documented statin intolerance
remains to be tested.

7 CETP Inhibition, Diabetes,
and Lipoprotein(a)

The era of clinical development of CETP inhibitors has
witnessed a transition of focus from increasing HDL-C to
reducing atherogenic lipoprotein levels. Additional factors
should also be considered with regard to their potential clini-
cal utility. Potent CETP inhibitors have been demonstrated to
lower levels of Lp(a) and therefore provide a novel approach
to reducing levels of these difficult-to-treat lipid parameters
[33]. No studies have evaluated the impact of CETP inhibi-
tors specifically in patients with elevated Lp(a) levels. The
trials have also consistently demonstrated that administration
of CETP inhibitors appears to have a favorable impact on
glycemic control. This was evidenced by reports of lower
rates of new-onset diabetes [45] and improved glycemic con-
trol in patients with established diabetes at baseline [46]. It
is uncertain whether this reflects a specific antidiabetic effect
of CETP inhibition or the documented beneficial effect of
HDL on a variety of diabetes-relevant pathways, including
protection from beta-cell apoptosis, stimulation of beta-cell
function, and increasing cellular glucose uptake (thereby
reducing insulin resistance) [47, 48]. Whether this suggests
that administration in patients with prediabetes or other set-
tings of dysglycemia before the development of fulminant
diabetes would be a more optimal cohort for future clinical
trials remains to be tested.

8 Summary

After nearly two decades of clinical development, the early
failures and subsequent lessons from both outcomes trials
and genetic studies suggest that CETP inhibition may still
present an alternative approach to reducing cardiovascu-
lar risk. Over the course of this era, the likely factor that
may produce any clinical benefit has transitioned from the
ability to raise HDL-C to lowering a range of atherogenic

lipid parameters and potential benefits on glycemic control.
Whether this will result in another large clinical outcomes
trial, learning from the lessons provided by prior studies, is
unknown. For now, the door for CETP inhibition remains
slightly open; the question remains, will we walk through
one more time?
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