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Abstract | Familial hypercholesterolaemia (FH) is an autosomal inherited disorder characterized by markedly
elevated LDL-cholesterol (LDL-C) levels and an increased risk of premature atherosclerotic cardiovascular
disease. Although FH is one of the most common genetic disorders, this disorder remains mostly undetected
and its management is often suboptimal. High-intensity statins are standard treatment for patients with

FH, but LDL-C levels in most patients treated with statin monotherapy remain above those recommended

by guidelines. Combination therapy to lower LDL-C levels further—such as treatment with statins plus
ezetimibe—has been successful, and combination of apheresis with high-intensity statin treatment is used

in patients with homozygous FH and in those with heterozygous FH who are statin-refractory. Mipomersen, an
inhibitor of apolipoprotein B-100 synthesis, and lomitapide, a microsomal triglyceride transfer protein inhibitor,
reduce LDL-C levels further when added to high-intensity statin treatment in homozygous FH, but both have
important adverse effects, such as increasing liver fat content. At present, PCSK9 inhibition (with alirocumab
or evolocumab) is well tolerated and reduces LDL-C levels considerably in patients receiving the maximally
tolerated statin treatment, and seems the most promising emerging treatment option. Nevertheless, data from
outcome trials with hard end points for PCSK9 inhibitors, mipomersen, and lomitapide are still needed before
these therapies become standard for patients with FH.

Reiner, Z. Nat. Rev. Cardiol. advance online publication 16 June 2015; doi:10.1038/nrcardio.2015.92

Introduction

Familial hypercholesterolaemia (FH), an autosomal,
codominant, inherited disorder of lipoprotein metab-
olism, is characterized by markedly elevated LDL-
cholesterol (LDL-C) plasma concentration since birth.
Patients with FH have an increased risk of premature
atherosclerotic cardiovascular disease (CVD), particu-
larly coronary heart disease (CHD). Heterozygous FH
(HeFH) is one of the most common genetic disorders
in humans and is associated with considerable mor-
bidity and mortality owing to CHD—untreated men
and women with FH develop CHD before the ages of
55 years and 60 years, respectively, and 50% of men
and 15% of women die before these ages.! Nevertheless,
HeFH is often underdiagnosed and vastly undertreated,
possibly because of the widespread misperception that
FH is a rare disease, but also because no code for this
disease exists in the WHO International Classification
of Diseases (ICD).> Therefore, even patients with a clear
clinical picture of FH are often not diagnosed with FH,
and the severity of their condition is not appreciated.
Additionally, those who have been diagnosed with FH
are often treated inadequately. In this Review, current
and emerging management options for FH are discussed
in detail.

gompeting interests
Z.R. has received honoraria and is an advisory board member
for Sanofi Aventis.

Diagnosis

In most cases (>90%), FH is caused by loss-of-function
mutations in LDLR, the gene encoding the LDL receptor
(LDLR); these mutations lead to decreased LDLR func-
tion and, consequently, reduced cellular uptake of LDL
particles, which results in significantly elevated LDL-C
plasma concentrations.’> To date, >1,700 mutations have
been documented.® Mutations in APOB that affect the
LDLR-binding domain of apolipoprotein B-100 (ApoB;
the most important apolipoprotein in LDL particle
uptake), as well as gain-of-function mutations in PCSK9
(the gene encoding for proprotein convertase subtilisin/
kexin type 9 [PCSK9], a serine protease essential for
LDLR recycling), result in phenotypes identical to those
of patients with LDLR mutations.” A very mild, extremely
rare form of FH caused by mutations in LDLRAPI, the
gene encoding for LDLR adaptor protein 1, is named
autosomal recessive hypercholesterolaemia.®®

Clinical criteria

Despite the strong genetic causes for FH pathogenesis,
the disease is most often diagnosed clinically. The clas-
sical phenotype of a patient with HeFH is characterized
by premature CHD, severely elevated plasma LDL-C
(5-10 mmol/l or ~200-400 mg/dl in adult patients), a
family history of premature CHD, and physical signs such
as tendon xanthomas or corneal arcus, which are par-
ticularly important when occurring in younger persons.
Based mostly on these characteristics, several sets of
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Key points

= Familial hypercholesterolaemia (FH), one of the most common genetic disorders,

is characterized by lifelong elevated LDL-cholesterol (LDL-C) levels and is
associated with increased risk of premature coronary heart disease and death
Current FH treatments are often suboptimal; high-intensity statin is an
established treatment for patients with FH, but most patients treated with
statin monotherapy fail to achieve LDL-C target levels

Ezetimibe can be added to statin treatment to achieve LDL-C target levels
Apheresis is used with high-intensity statin therapy in patients with
homozygous FH or in statin-refractory patients with heterozygous FH,

with or without ezetimibe

Mipomersen, an inhibitor of apolipoprotein B-100 synthesis, and lomitapide,
a microsomal triglyceride transfer protein inhibitor, reduce LDL-C levels when
used with high-intensity statin therapy, but both increase liver fat content
PCSK9 inhibitors (alirocumab and evolocumab) seem to be the most promising
emerging treatment option, are well tolerated, and reduce LDL-C levels further
in patients who are already receiving maximally-tolerated statin treatment

Table 1 | DLCN diagnostic criteria for FH**

Criteria Points

Family history

First-degree relative with known premature (men: 1
<55 years; women: <60 years) coronary and vascular

disease, or first-degree relative with known LDL-C level

above the 95th percentile by age, gender for country

First-degree relative with tendinous xanthomata 2
and/or arcus cornealis, or children aged less than

18 years with LDL-C level above the 95th percentile

by age, gender for country

Clinical history

Patient with premature (men: <55 years; women: 2
<60 years) coronary artery disease

Patient with premature (men: <55 years; women: 1
<60 years) cerebrovascular or peripheral vascular
disease

Physical examination
Tendinous xanthomata

Arcus cornealis prior to age 45 years

IS

LDL-C levels

LDL-C 28.5mmol/I (~330mg/dl)

LDL-C 6.5-8.4mmol/I (~250-329mg/dl)
LDL-C 5.0-6.4mmol/I (~190-249mg/dl)
LDL-C 4.0-4.9mmol/| (~155-189mg/dl)

R W O

DNA analysis

Causative mutation in the LDLR, ApoB or 8
PCSKO9 gene

Abbreviations: DLCN, Dutch Lipid Clinic Network; FH, familial
hypercholesterolaemia; LDL-C, LDL-cholesterol.

clinical criteria, all very similar to each other, have been
proposed to aid diagnosis: the Simon Broome Register
Diagnostic criteria,'® the MedPed/ WHO criteria,'"'?
and the Dutch Lipid Clinic Network Diagnostic crite-
ria (which are likely to be the simplest and more widely
accepted; Table 1, Box 1)."* More recently, a FH predic-
tion model —-FAMCAT, Familial Hypercholesterolaemia
Case Ascertainment Tool—that consists of nine clinical
variables was developed and confirmed in 2,975,281

patients, and provides an opportunity to improve FH
detection, particularly in primary care."

Genetic criteria
Genomic tests to identify mutations in LDLR, APOB, or
PCSK?9 are available, although their use varies consider-
ably between countries. For example, this approach is
more used in Europe—especially in the Netherlands,
Norway, Czech Republic, and Iceland—than in the
USA.! In these European countries, and in some non-
European countries, using genetic testing to do cascade
screening of family members of patients with FH is con-
sidered the most cost-effective approach to identifying
individuals with subclinical FH." A pilot study developed
in Australia was used to estimate that genetic screening
for FH would reduce the 10-year incidence of CHD
from 50.0% to 25.0% among people with FH; for every
100 people screened, an overall gain of 24.95 life-years
and 29.07 quality-adjusted life-years was estimated.'®
The incremental cost-effectiveness ratio was AU$4,155
per year-of-life saved and $3,565 per quality-adjusted
life-year gained.'® On average, for each index case, two
cases were detected by using cascade genetic screening in
Australia; affected relatives were younger and less likely to
have physical stigmata of FH and premature CHD than
index cases. Similar results were obtained in Brazil.””
Widespread implementation of cascade genetic screen-
ing could also increase awareness of FH. Furthermore,
the family-centric approach of cascade genetic screening
could improve early diagnosis of FH at the population
level and, therefore, also improve CVD prevention.'®
However, a considerable number of patients who are
clinically diagnosed with FH have no disease-relevant
mutations detected, either owing to polygenic inherit-
ance or (much more frequently than genetic reasons) as
a consequence of incorrect clinical diagnosis.”” In 2010, a
high-resolution melting technique to detect mutations in
patients with HeFH was developed as a sensitive, rapid,
and robust method that could reduce time and cost of
screening considerably.”® This method was used success-
fully to screen some European populations which were
largely underdiagnosed.?! In most other countries of the
world, lipid screening is advised.

Prevalence and awareness

Regardless of the type of screening used—lipid or
genetic—the prevalence of HeFH seems to be much
higher than previously thought; historically, the preva-
lence was estimated at 1 in 500 individuals, but studies
from the past 2 years indicate that current prevalence
is 1 in 200-250 in some countries."* Homozygous FH
(HoFH) is much rarer than HeFH: historically esti-
mated to be ~1 in a million, estimates of the prevalence
of HoFH made in the past 2 years suggest a frequency
as high as 1 in 160,000—300,000.> If left untreated,
these patients will probably develop CHD as teenagers
and die from acute myocardial infarction (AMI) before
reaching 20 years of age. Children with HoFH who
died from AMI as young as 4 years of age have been
reported.?* Therefore, these patients require intensive
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therapeutic intervention during their first years of life
or at initial diagnosis.

A major challenge in clinical practice nowadays is
to raise FH awareness among physicians so they might
increase efforts to identify and treat these patients with
intensive LDL-C-lowering strategies. Increasing FH
awareness is of utmost importance, as the majority of
these patients remain currently undetected. Patients who
have established CHD are very often not checked for FH,
even though >8% of these individuals might have FH and
potentially 20% of those who are aged <50 years might
have the condition, since the prevalence is inversely
related to age.”® An additional problem is that current
management of patients with FH is often suboptimal
and, even if treated with available lipid-lowering drugs,
patients with FH still have considerably increased CVD
mortality compared with the general population.
Increased awareness and a wider urge to treat patients
with FH appropriately is needed to reduce their high risk
for premature CHD and death.

Which target levels for LDL-C?

According to the the ESC/European Atherosclerosis
Society (EAS) guidelines for the management of dyslipid-
aemias published in 2011,” patients with HeFH and
established CHD are at very high risk of recurrent events.
Current management of these patients should focus on
reaching LDL-C levels <1.8 mmol/l (or ~70 mg/dl). In
patients with HeFH without established CHD, treat-
ment targets are based on the LDL-C level of high-risk
patients—recommended to achieve LDL-C <2.5mmol/]
(or ~100mg/dl). These guidelines highlight that man-
agement of HeFH must not be restricted to advice on
healthy lifestyle (although such advice, particularly
regarding diet and the avoidance of smoking, is very
important), but also include intensive LDL-C-lowering
treatment with drugs.” The ESC/EAS guidelines are
in full agreement with the more-recently published
European guidelines on cardiovascular disease preven-
tion in clinical practice (2012 version), particularly when
LDL-C targets for high-risk and very-high-risk patients
are considered.”®* However, these new guidelines do not
discuss patients with FH in particular.

The most-recent ACC/AHA guidelines for the treat-
ment of blood cholesterol to reduce atherosclerotic
cardiovascular risk in adults neither explicitly mention
FH nor define any LDL-C target value.*® Nevertheless, the
document states that adults aged >21 years with primary,
severe elevations of LDL-C (2190 mg/dl or ~5.0 mmol/l)
have a high lifetime risk for CVD events owing to their
lifetime exposure to elevated LDL-C levels, and recom-
mends that these patients should be treated with high-
intensity LDL-C-lowering drug therapy to lower their
LDL-C levels by 250%.* This recommendation obvi-
ously includes patients with HeFH; the reason why these
guidelines avoid mentioning FH explicitly is unclear.”

Irrespectively of target LDL-C levels, both guidelines
recommend lifestyle modification that includes a diet
with reduced cholesterol, saturated fats, and trans-fats,
as well as regular physical activity, but also add high-dose
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Box 1 | FH diagnosis (DLCN diagnostic criteria*t)

= >8 points: definite FH diagnosis
= 6-8 points: probable FH diagnosis
= 3-5 points: possible FH diagnosis
= <3 points: unlikely FH diagnosis

Abbreviations: DLCN, Dutch Lipid Clinic Network; FH, familial
hypercholesterolaemia.

statins as an established treatment of choice for patients
with FH to decrease LDL-C levels—that lifestyle modi-
fication alone is never enough to decrease adequately
LDL-C levels in these patients is well known. As other
traditional CVD risk factors, such as smoking, hyperten-
sion, obesity, and diabetes mellitus, add to the total CVD
risk in patients with FH, these risk factors should also be
addressed aggressively in patients with FH.*

Statin therapy

Several landmark trials and meta-analyses have demon-
strated beyond doubt that statins are the best treatment
available for lowering LDL-Clevels in the vast majority of
patients with increased CVD risk. This approach has clear
beneficial effects in reducing total and CVD mortality, as
well as CVD events in secondary and primary preven-
tion.”» However, as virtually no randomized, controlled
trials of patients with FH exist—such trials do not seem
to be ethically justifiable—data on the effects of statins on
hard end points in patients with FH are scarce. Existing
data, limited to retrospective analyses and cohort com-
parisons, show improved prognosis for patients with FH
treated with statins compared with those not treated with
statins.**=*” For example, in one study of 2,146 patients
with HeFH without prevalent CHD, statin treatment
caused an overall risk reduction of 76%, and the risk of
AMI in these patients was not significantly higher than
that of age-matched individuals from the general popula-
tion.* In a different analysis of 3,382 patients with HeFH,
statin treatment led to a 48% reduction in CHD mortal-
ity.* The use of statins during the past 3 decades has been
shown to reduce LDL-C levels substantially in patients
with FH, an effect that has been associated with a decrease
in cardiovascular risk.* In a randomized, double-blind
clinical trial performed 15 years ago, which included 325
patients with FH, high-intensity treatment with atorva-
statin (80 mg daily) over a 2-year period led to a decrease
in carotid intima-media thickness (CIMT), whereas this
effect could not be proven for low-intensity treatment
with simvastatin (40 mg daily).” On the basis of these
and other studies, the currently recommended therapy
for adult patients with FH at first consultation is to start
with high-intensity statin treatment, which can be either
atorvastatin 80 mg per day, rosuvastatin 40 mg per day, or
pitavastatin 4 mg per day.'

These indications are also valid for patients with
HoFH. In these patients, a mean reduction in LDL-C
level of just 26.4% after statin therapy was associated with
a delay in CVD events and prolonged survival.’® Even
patients with HoFH who are LDLR-negative have been
suggested to respond to statins, most probably via effects
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on other statin-dependent mechanisms, such as inhibi-
tion of cholesterol synthesis (no upregulation of LDLR is
possible in these patients).*” Statins might also increase
the residual activity of LDLR in patients with HoFH and
reduced LDLR function, contributing to the very mild
lowering of LDL-C level observed in these patients.

Adverse effects

Asany other drug, statins also have adverse effects. Higher
activity of liver enzymes in peripheral blood, caused pre-
dominantly by increased secretion of these enzymes from
hepatocytes, is occasional and reversible; other, much
more important, adverse effects include rhabdomyo-
lysis, which is extremely rare, and myopathy.*® Statins
are also associated with a small, but significant, increase
in the incidence of type 2 diabetes mellitus (T2DM).*!
High-intensity statin treatment has been suggested to
be associated with a higher risk of T2DM than moder-
ate intensity therapy,*? but long-duration, high-intensity
statin therapy was not associated with increased risk of
new-onset T2DM in patients with FH compared with
low-intensity or moderate-intensity statin treatment.*
Importantly, the small increase in absolute risk of T2DM
is by far outweighed by the lifesaving benefit of statin treat-
ment in reducing CVD events, particularly in high-risk
and very-high-risk patients, such as those with FH.

Efficacy

Nearly 80% of patients with FH who are treated with
statins do not achieve the LDL-C targets recommended
by the guidelines.* This observation suggests that statin
treatment, even in high doses, is not sufficient to decrease
LDL-C to an acceptable level. The suboptimal outcome of
statin therapy can be attributed, at least in part, to non-
adherence: although patients with FH have a considerable
increase in CVD risk, nonadherence to statin treatment is
common in these patients (as for other patients at high-
risk of CVD) and can seriously compromise achieve-
ment of the LDL-C target level and efficient prevention of
CVD.* As for all patients, nonadherence results from mis-
perceptions from the public and the patients, and insuf-
ficient knowledge and awareness of CVD risk factors such
as hypercholesterolaemia. Nonadherence can also result
from inappropriate knowledge by physicians, inappro-
priate statin choice, or failure to titrate statin dosage ade-
quately.“-*8 Even so, nonadherence is not the only reason
why some patients do not achieve LDL-C target values;
many cannot achieve target levels despite regular use of
the highest doses of potent statins as monotherapy. Some
patients might also be statin resistant.* Therefore, com-
bination of statins with other lipid-lowering drugs could
be recommended in such cases, despite lack of strong
evidence for this approach.”

Combination therapy

Ezetimibe

In patients with FH in whom the target LDL-C level
could not be achieved with statin monotherapy, or when
high-intensity statin treatment is discontinued owing to
adverse reactions, combination of statins with concurrent

ezetimibe administration can be an alternative. Results
from IMPROVE-IT, the first trial that demonstrated an
incremental clinical benefit by adding a nonstatin agent to
statin treatment, indirectly support this approach.>"** Using
data from 18,144 patients, this trial showed that the addi-
tion of ezetimibe to simvastatin (40 mg daily) in high-risk
patients who had acute coronary syndromes and LDL-C
<125mg/dl (or ~3.2 mmol/]) not only significantly lowered
LDL-C levels, but also decreased the primary composite
end point of cardiovascular death, nonfatal MI, nonfatal
stroke, rehospitalization for unstable angina, and coro-
nary revascularization when compared with patients who
received statin montherapy.”>** These results are extremely
important because a previous double-blind, randomized,
24-month study in 720 patients with FH (ENHANCE,
Ezetimibe and Simvastatin in Hypercholesterolemia
Enhances Atherosclerosis Regression) did not show
changes in the primary end point (CIMT) after addition of
ezetimibe (10 mg daily) to simvastatin (80 mg daily) com-
pared with simvastatin alone, despite leading to additional
decreases in LDL-C levels.” The results of the ENHANCE
trial led to debate over the findings and the methodology
used because ~80% of patients were treated with a statin
before being enrolled in the study; furthermore, their
CIMT was already within normal levels as a result of pre-
vious statin therapy, so additional decreases might have
been impossible. As CIMT is only a surrogate ultrasound
marker of atherosclerosis, the results from IMPROVE-IT,
which include hard clinical outcomes data, are more rele-
vant than those of ENHANCE and are likely to result in
changes to guideline recommendations. Current AHA/
ACC guidelines strongly downplay the use of nonstatin
agents despite many earlier reports having suggested
significant additional LDL-C lowering effects of adding
ezetimibe to a statin, particularly in patients with FH.>*

Although combinations of ezetimibe and statins are
generally very well tolerated, possible adverse effects in
the liver might occur in some rare cases.’® Therefore,
serum transaminases should be carefully monitored
when starting the treatment, and withdrawal is needed
if an abnormality is observed.>>*

Bile acid sequestrants

Combination of a statin and a bile acid sequestring
resin, for example cholestyramine or colestipol, can also
be used to achieve LDL-C target levels in patients with
FH. However, no randomized, controlled studies on the
LDL-C-lowering effects of such a treatment in patients
with FH have been performed; most data originate from
very small and outdated studies and virtually no data on
clinical outcomes are available.””* Bile acid sequestrants
can have adverse effects, such as gastrointestinal compli-
cations (constipation, diarrhoea, and flatulence), increase
triglyceride levels, have complicated dosing schedules, and
have poor palatability, all of which negatively influence
compliance. Owing to its adsorptive capacity, cholesty-
ramine can reduce the intestinal absorption of many
drugs, including statins, and reduce their oral bioavail-
ability by 20-50%.° This interaction can be avoided if
cholestyramine is taken 1-2h before, or 3-4 h after, the

4 [ ADVANCE ONLINE PUBLICATION

www.nature.com/nrcardio

© 2015 Macmillan Publishers Limited. All rights reserved



HMG CoA Acetyl-CoA Fatty acids
Cholesterol

Cholesterol esters

Triglycerides —

Figure 1 | Mipomersen—mode of action. The antisense oligonucleotide binds to
the ApoB mRNA and inhibits ApoB translation and synthesis (1). As a result, the
secretion of VLDL particles from hepatocytes (2) is reduced, which decreases
the production of LDL particles (3) and, consequently, decreases LDL-C levels

in the blood. Abbreviations: ApoB, apolipoprotein B-100; CoA, coenzyme A; HMG,
3-hydroxy-3-methylglutaryl; LDL-C, LDL-cholesterol; LPL, lipoprotein lipase; MTTP,
microsomal triglyceride transfer protein; VLDL, very-low-density lipoprotein.

statin; however, these alternative schedules decrease
compliance further.

In a single small study of 15 patients with HeFH, addi-
tion of the new bile acid sequestrant colestimide to atorva-
statin therapy led to a further 20% reduction of LDL-C
levels.® In two other small studies, the nonabsorbed bile
acid sequestrant colesevelam lowered LDL-C levels when
used alone or in combination therapy, and was well tol-
erated in patients with HeFH.®' In a multicentre, rand-
omized, double-blind, placebo-controlled trial of 84 adults
with refractory FH who were receiving a maximally-
tolerated and stable regimen of a statin plus ezetimibe,
the addition of colesevelam led to increased reduction
in baseline LDL-C levels when compared with placebo.®
Furthermore, in a 32-week randomized, double-blind,
placebo-controlled, multicentre trial performed on 194
children with HeFH aged 10-17 years who were statin-
naive or on a stable statin regimen, significant reductions
from baseline LDL-C levels were also observed in those
receiving colesevelam (3.75g per day) compared with
placebo.®® Despite these beneficial effects, colesevelam
has adverse effects similar to other bile acid sequestrants,
increasing serum triglyceride levels and reducing intesti-
nal absorption of many drugs—not only of statins but also
of warfarin, levothyroxine, digoxin, phenytoin, fat-soluble
vitamins, and the ethinyl estradiol and norethindrone
components of many oral contraceptives. Therefore, all
these drugs should be taken >4h prior to colesevelam. No
clinical outcome trials of patients with FH treated with this
drug together with statins have been published to date.

REVIEWS

Apheresis

Extracorporeal removal of LDL particles—lipoprotein
apheresis—in combination with high-intensity statin,
without or with ezetimibe therapy, is currently rec-
ommended as a treatment of choice for patients with
HoFH. Apheresis is also recommended for patients
with HeFH who are severely statin-refractory or whose
LDL-C level after drug treatment remains above the
target level set by guidelines. However, apheresis is not
available in all medical centres, and is not only expen-
sive and time-consuming but also very uncomfortable
for patients who undertake the procedure. Depending
on their LDL-C level, some patients might need one or
two weekly treatments, whereas one treatment every two
weeks is sufficient for a few.** A drawback of this tech-
nique is that although a single treatment can decrease the
plasma LDL-C level by 55-70%, this effect is transient
and the LDL-C level rebounds to pre-apheresis concen-
trations within a few days. Unlike statins, apheresis also
lowers the Lp(a) (lipoprotein-a) level. This technique has
adverse effects such as hypotension, abdominal pain,
nausea, hypocalcaemia, iron-deficiency anaemia, and
allergic reactions.*

Clinical evidence has suggested that long-term lipo-
protein apheresis can contribute to atherosclerotic
plaque regression and stabilization.*>% Although apher-
esis might increase longevity in patients with HoFH and
decrease CVD morbidity in patients with HeFH who are
refractory or intolerant to statins,” no hard efficacy data
from double-blind, randomized trials exists and, owing
to several reasons (primarily ethical), such studies will
probably not be performed.®® In very young patients
with HoFH, venous access can be difficult to find, which
can lead to treatment postponement for 1-2 years: the
youngest patient with HoFH treated with statin therapy
only underwent apheresis at the age of 3 years;* as of
2015, 12 years later, the patient remains alive and with no
cardiovascular events. Although apheresis is well toler-
ated for decades by even very young patients with HoFH
and lowers LDL-C effectively, the target LDL-C level is
often not achieved with this technique.”*”!

Owing to most patients with FH not achieving the
recommended LDL-C target after using all the thera-
peutic possibilities mentioned in this Review so far, and
because many of these patients show CVD progression,
the need for improved treatment in this patient popula-
tion is urgent. Several new drugs are on the horizon, and
are discussed below.

Mipomersen

Mipomersen is a sequence-specific antisense oligo-
nucleotide that binds to the coding region of APOB
mRNA and inhibits its translation and synthesis. This
action results in reduced hepatic secretion of very-low-
density lipoprotein (VLDL) and a subsequent reduction
in LDL particle production, thus reducing the LDL-C
level in a dose-dependent and time-dependent manner
(Figure 1). In 2013, mipomersen was approved by the
FDA for use in patients with HoFH in a weekly dose of
200 mg (with Risk Evaluation and Mitigation Strategy
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Lomitapide

Figure 2 | Lomitapide—mode of action. Lomitapide inhibits the activity of

MTTP (1), thus inhibiting the loading of triglycerides onto ApoB and formation

of VLDL particles. Consequently, secretion of VLDL from hepatocytes (2) is
reduced, resulting in a reduction in LDL particle production (3) and decreased
LDL-C level in the blood. Abbreviations: ApoB, apoliprotein B-100; LDL-C, LDL-
cholesterol; LPL, lipoprotein lipase; MTTP, microsomal triglyceride transfer protein;
VLDL, very-low-density lipoprotein.

[REMS] restrictions) in the USA, but its use is still not
approved in Europe. Treatment with this ApoB inhibitor
reduced LDL-C levels in ~25% of patients with HoFH
who were already receiving lipid-lowering drugs, includ-
ing high-dose statins.”” In two randomized, double-blind
trials of 58 and 158 patients with severe hypercholesterol-
aemia, but not necessarily proven FH, who were receiving
the maximally-tolerated lipid-lowering therapy, mipo-
mersen reduced LDL-C levels by ~36% and the target
LDL-Clevel of <100mg/dl (or ~2.5 mmol/l) was attained
in 76% of mipomersen-treated patients.”>’* Mipomersen
treatment also significantly reduced ApoB and Lp(a)
levels, but had no effect on HDL-C levels. Although the
addition of mipomersen to statin treatment lowered
LDL-C levels further in patients with HeFH when com-
pared with statin alone, use of the drug is associated with
a considerable increase in liver fat content and other
adverse effects such as flu-like symptoms (in one-third
of treated patients) and skin reactions at the injection
site.”*7> Levels of liver transaminases in the plasma are
also often elevated in patients treated with mipomersen;™
this effect might be associated with liver steatosis. The
weekly subcutaneous injections are an additional problem
with this drug that can compromise compliance. The clin-
ical efficacy of mipomersen in preventing CVD mortality
and morbidity is yet to be addressed in clinical studies.

Lomitapide

Lomitapide inhibits the microsomal triglyceride trans-
fer protein (MTTP), which is required for the forma-
tion of VLDL. By inhibiting the transfer of triglycerides
into VLDL particles in hepatocytes, the drug blocks the
assembly and secretion of VLDL particles into the circula-
tion (Figure 2); as VLDL particles are precursors of LDL

particles, a reduction in the secretion of the former leads
to lower plasma concentrations of the latter. Lomitapide
was shown to reduce LDL-C levels by >50% in patients
with HoFH, owing to reduced production of ApoB.”
In a multicentre trial of 29 patients with HoFH aged
18-55 years and treated with increasing doses (5-60 mg
daily) of lomitapide, the drug reduced LDL-C levels from
baseline by 50% at 26 weeks and by 38% at the end of
week 78.77 However, the greatest concern with lomi-
tapide treatment has been the increased liver fat content
observed, which might be—at least according to some
experts—counteracted by strict adherence to a low-fat
diet.”® Furthermore, as many as 93% of patients had
adverse gastrointestinal effects, most probably owing to
reduced fat absorption. The drug was approved by the
FDA for HoFH in 2012, but participation in REMS was
required. The European Medicines Agency also approved
lomitapide for use in patients with HoFH. The recom-
mended initial dosage is 5mg once daily taken orally,
with subsequent dose increases. As this drug is metab-
olized in the liver by cytochrome P450 3A4 (CYP3A4)
and affects the bioavailability of atorvastatin, simva-
statin, and rosuvastatin (which are all substrates for
CYP3A4), dose adjustment is recommended when lomi-
tapide is used in combination with these statins.”® Also, as
lomitapide might increase the International Normalized
Ratio (INR), this marker should be closely monitored in
patients receiving lomitapide and warfarin. No clinical
outcome trials of this drug have been published.

PCSK?9 inhibitors

PCSK9 inhibitors seem to be the most promising emerg-
ing treatment option for patients with FH. PCSK9 is pro-
duced in the liver and secreted into the plasma, and binds
to the LDLR to promote its degradation. Inhibitors of this
protein block LDLR degradation, resulting in increased
LDLR activity and consequent increased uptake of LDL
particles (Figure 3). The focus on PCSK9 started in 2003,
when two mutations in the gene encoding for this protein
were found to cause a form of FH,” and was further
developed in 2006, when it was found that individuals of
African-American descent with loss-of-function muta-
tions in PCSK9 had a 15% reduction in LDL-C levels
and a substantial 47% reduction in the risk of CHD.%
Inhibition of PCSK9 binding to LDLR with PSCK9-
specific monoclonal antibodies was effective in reducing
LDL-C levels further by 40-72% in patients with hyper-
cholesterolaemia (LDL-C =100 mg/dl or ~2.6 mmol/l)
who were receiving atorvastatin therapy in a dose-
dependent and dosing-frequency-dependent manner.®!
Currently, two antibodies to PCSK9—alirocumab
and evolucumab—are the most used in clinical trials,
but studies with a third antibody, bococizumab, are
also ongoing.

Alirocumab

In a multicentre, randomised, placebo-controlled,
phase II trial, alirocumab had substantial capacity to
reduce LDL-C levels in patients with HeFH who had
elevated LDL-C levels despite intensive statin treatment
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Figure 3 | PCSK9 inhibitors—mode of action. Monoclonal antibodies neutralize
secreted PCSK9, rendering it unable to bind to the LDLR (1). LDL binds to the
LDLR in the absence of PCSK9 (2), and the LDL-LDLR complex undergoes
endocytosis (3). Once in the endosome, the LDL-LDLR complex dissociates, and
LDL undergoes lysosomal degradation whereas LDLR is released (4); as a result,
PCSK9 antibodies increase LDLR density on the surface of hepatocytes (5),
thereby increasing the uptake of LDL particles and decreasing LDL-C levels in the
blood. Abbreviations: LDL-C, LDL-cholesterol; LDLR, LDL receptor; PCSK9,
proprotein convertase subtilisin/kexin type 9.

with or without ezetimibe.® The drug was well toler-
ated, with no increases in hepatic transaminases or
creatinine kinase >3 times the upper normal limit. The
most common adverse event after alirocumab treatment
was a mild, transient injection-site reaction that was less
severe than the reaction to mipomersen. A significant
reduction in Lp(a) after alirocumab treatment is an addi-
tional benefit that contrasts with other lipid-lowering
drugs, especially statins.** Modest increases in HDL-C
levels were also observed. Treatment with 150 mg ali-
rocumab every 2 weeks led to achievement of an LDL-C
target <70mg/dl (or ~1.8 mmol/l) in >90% of patients.*

Other multicentre, multinational, randomized, double-
blind, placebo-controlled studies (such as ODYSSEY
FH I, ODYSSEY FH II, and ODYSSEY HIGH FH)
were performed to evaluate the efficacy and safety of
alirocumab taken every 2 weeks for 78 weeks in >800
patients with HeFH who are not adequately controlled
with a maximally-tolerated, stable, daily dose of statin.®
The first results of ODYSSEY LONG TERM on 2,431
patients with high LDL-C levels who were either at high
cardiovascular risk or who had HeFH (~18%) and LDL-C
levels >1.8 mmol/l (or ~70 mg/dl), were presented at the
ESC congress in August 2014 and are now published;*
81% of very-high-risk patients treated with alirocumab
reached the target of 1.8 mmol/l (or ~70 mg/dl). Results
from ODYSSEY FH I and II were also presented at this
congress. In these trials, 735 patients with HeFH treated
with a maximally-tolerated statin who were not at the rec-
ommended LDL-C goal of <1.8 mmol/l (or ~70 mg/dl)
with history of CVD or <2.5mmol/l (or ~100 mg/dl) with
no history of CVD were randomly allocated to 75 mg
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alirocumab every 2 weeks, and the dose was increased
to 150 mg every 2 weeks if LDL-C levels remained
>1.8 mmol/l (or ~70 mg/dl) at week 8. In this study, the
reduction in LDL-C level was ~49%, with ~40% of patients
with HeFH requiring the 150 mg dose of alirocumab.®

Evolocumab

Evolocumab also reduced serum LDL-C levels signifi-
cantly in patients with hypercholesterolaemia, including
those with HeFH who received the highest doses of atorva-
statin or rosuvastatin; overall adverse effects were similar
to placebo.” In a randomized trial, evolocumab treat-
ment every 4 weeks yielded rapid and substantial addi-
tional reductions in LDL-C levels in patients with HeFH
who were on intensive statin treatment with or without
ezetimibe.® No differences between the treatment groups
and placebo group were observed for the incidence of
adverse events such as hypersensitivity, immunogenicity,
injection site reaction, muscle events, transaminase eleva-
tion, and hepatic disorders, and no binding or neutraliz-
ing antibodies to the drug were detected during the study.
Evolocumab, similarly to alirocumab, reduced Lp(a)
levels by up to 30%. In a small study of eight patients with
HoFH who were taking stable drug therapy, evolocumab
decreased LDL-C levels significantly in patients with
defective LDLR activity, but no reduction was achieved
in those who were LDLR-negative.* In a multicentre,
randomised, double-blind, placebo-controlled trial of
331 patients with HeFH who were taking stable lipid-
lowering therapy for >4 weeks, with a fasting LDL-C
level of 2.5 mmol/l (~100 mg/dl), evolocumab (140 mg
every 2 weeks or 420 mg monthly) led to a 60% reduc-
tion in LDL-C level compared with placebo, and was also
well tolerated.”® In another randomised, double-blind,
placebo-controlled, phase III trial of 50 patients with
HoFH, who received stable background lipid-lowering
treatment and who did not undergo apheresis, 420 mg
evolocumab administered every 4 weeks also significantly
reduced LDL-C levels and was well tolerated.”’ The results
of two open-label, randomized trials (OSLER 1 and 2) with
4,465 patients who received either standard therapy alone
or evolocumab (140 mg every 2 weeks or 420 mg monthly)
plus standard therapy were published in 2015.> During
~1 year of therapy, patients in the evolocumab group had
a 61% reduction in LDL-C level and reduced incidence
of CVD events (death, AMI, unstable angina, coronary
revascularization, stroke, transient ischaemic attack, and
heart failure) compared with those on standard therapy
alone, in a prespecified but exploratory analysis.’*

Bococizumab

The first phase III studies with bococizumab were ini-
tiated in October 2013—much later than those for ali-
rocumab and evolocumab. Out of five studies, just one
(SPIRE-FH)** was of patients with HeFH, and has an
estimated primary completion date of January 2016. The
first publication of bococizumab data from a phase II
clinical trial program reported on the effect of a dose-
reduction strategy on LDL-C levels, in an effort to
prevent extremely low levels of LDL-C.** This study was
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a 24-week, multicentre, double-blind, placebo-controlled,
dose-ranging trial of 351 patients with LDL-C level 22.0
mmol/l (or ~80mg/dl) who were on stable statin therapy.
Patients were randomly allocated to subcutaneous
placebo or different doses of bococizumab for 14 days;
bococizumab doses were lowered if the LDL-C level was
persistently decreased <0.65 mmol/l or ~25mg/dl. The
results showed that bococizumab reduced LDL-C levels
significantly across all doses despite dose lowering in
several patients, and the treatment was generally well
tolerated with few patients discontinuing therapy owing
to adverse events.

Ongoing outcome trials

Despite the promising results from trials of PCSK9 inhib-
itors in lowering LDL-C levels, data on the effects of these
drugs on hard end points in patients with FH are still
lacking. Nevertheless, in the ODYSSEY LONG TERM
trial of 2,341 patients at high risk for CVD events who
had LDL-C levels 21.8mmol/l (or ~70 mg/dl), adding ali-
rocumab to statin therapy at the maximum tolerated dose
not only significantly reduced LDL-C levels, but led to a
reduction in the rate of CVD events in a post-hoc analysis
(CHD death, nonfatal AMI, fatal or nonfatal ischaemic
stroke, or unstable angina requiring hospitalization).*
Therefore, the results of the large 18,000-patient trial
ODYSSEY OUTCOMES, which is primarily assessing
the effects of alirocumab on the occurrence of cardio-
vascular events (composite end point of CHD death,
nonfatal AMI, fatal and nonfatal ischaemic stroke, or
unstable angina requiring hospitalization), are eagerly
awaited.’® Similarly, the results of an ongoing 22,500-
patient trial with evolocumab—Further Cardiovascular
Outcomes Research with PCSK9 Inhibition in Subjects
with Elevated Risk (FOURIER)**—which is testing
this drug versus statin therapy for the reduction of the
primary composite end point of CVD death, AMI, hospi-
talization for unstable angina, stroke, or coronary revas-
cularization, should also be informative. SPIRE-1 and 2
are two other ongoing outcome trials to test bococizumab
versus placebo for the reduction of major cardiovascular
events (death due to CVD, AMI, stroke, and unstable
angina requiring urgent revascularization) in high-risk
patients who are receiving background lipid-lowering
therapy and have LDL-C 21.8 mmol/l (~70 mg/dl) but
<2.5mmol/l (~100mg/dl).

Liver transplantation

Liver transplantation was introduced >30 years ago as a
method for treating patients with HoFH in whom ade-
quate LDL-C levels could not be achieved with the lipid-
lowering drugs available.”® This procedure can lead to
significant LDL-C lowering: although LDLR is expressed
by the majority of cells in the body, hepatic reconstitu-
tion of regular LDLR expression seems to be sufficient for
metabolic correction, as ~80% of endogenous cholesterol
originates from hepatocytes. However, the high morbidity
and mortality risks of this procedure, as well as the avail-
ability of alternative and more-potent LDL-C-lowering
strategies, led to a decrease in liver transplantations to

lower LDL-C levels, with rare exceptions.'® Notably, the
fact that patients with HoFH who had a liver transplant
showed significant reductions in LDL-C levels suggests
that gene therapy targeting liver cells might be effective.

Gene therapy
Genetic therapies for FH have been suggested for
>20 years. The rationale of gene therapy for FH is to
deliver genes to liver cells in order to reconstitute LDLR
expression and achieve lifetime LDL-C level correc-
tion with a single administration. Gene transfer can
be achieved by isolating autologous liver cells from the
patient, performing in vitro genetic modification and
selection, and then reimplanting the altered cells; alter-
natively, the modification can be achieved using a vector
to deliver the gene to hepatocytes in vivo.'”! The latter
approach has been explored to a greater extent than the
former, but all attempts to use these techniques to treat FH
have so far been unsuccessful. Gene therapy vectors based
on modified viruses are the most effective gene delivery
systems developed to date, but their efficacy is tempered
by their potential toxicity. Nonviral vectors are attractive
alternatives, because of their low toxicity and relatively
easy production, but recombinant viral vectors are more
effective than nonviral vectors in mediating cell entry and
nuclear transfer of therapeutic genes in target cells.”!
LDL-C was successfully lowered by using retroviruses
as vectors for gene delivery in the first clinical test in
the context of HoFH, in which one patient with HoFH
received a construct containing human LDLR cDNA
placed under control of a CMV-enhanced chicken p-actin
promoter.'? The LDL-C improvement remained stable for
18 months. The same investigators treated four patients
with HoFH with surgical resection of the left lateral
segment of the liver and re-infusion of genetically modi-
fied liver cells, but only one of them had a significant and
prolonged reduction of their LDL-C level.'” Vectors based
on adeno-associated viruses and lentivirus were later con-
sidered to be potentially more efficient for gene transfer
to the liver for the treatment of FH than other vectors, but
neither was found to be ideal.'™ Therefore, despite being an
interesting and promising concept, gene therapy for lower-
ing LDL-Clevels in patients with FH has so far been unsuc-
cessful. The latest publication dealing with this topic tested
the efficacy of LDLR gene therapy using a helper-dependent
adenoviral vector in a nonhuman primate model of FH.
This approach was successful in decreasing LDL-C levels,
but the cholesterol-lowering response during 3-4 months
of follow-up was not sustained, and the heterogeneous
response to treatment observed showed little promise.'®

Treatment in childhood

Unlike in adults, highly elevated LDL-C levels in children
are virtually diagnostic of FH, particularly for patients
with a family history of premature CVD. In children with
HeFH, clinical signs such as xanthomas and corneal arcus
are not pathognomonic of FH because they appear later in
life. Children with at least one family member with FH are
likely to be on a lipid-lowering diet and, therefore, have
lower LDL-C levels than expected, but all children from
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such families should be checked for causative genetic
mutations to provide definitive diagnosis.

The benefits of lipid-lowering treatment for children
with HeFH are not yet clearly proven, although such
therapies would probably prevent CVD events later in
life.!%¢ Deciding when to start lipid-lowering treatment
in children with HeFH is also difficult, as is deciding on
an LDL-C target level. The European consensus on FH
recommends LDL-C <135mg/dl (or ~3.5 mmol/l) as a
target for children with HeFH or HoFH, regardless of
age. Owing to lack of data, most guidelines and position
papers in effect today recommend that children aged
younger than 8 or 10 years should not be treated with
statins."'”” The main concern regarding statin treatment
in children aged <8 years is that inhibiting endogenous
cholesterol synthesis might have serious multiorgan con-
sequences, given that cholesterol has numerous essential
functions in normal cell physiology, especially during the
developmental period of childhood. Despite these poten-
tial concerns, no published reports indicate that statin
treatment of children with FH causes harm owing to
inhibition of endogenous cholesterol synthesis.'” Results
from an international, 2-year, open-label, titration-to-
goal study, which will include 198 children with HeFH
aged 6-18 years, should clarify these concerns.!” In con-
trast to HeFH, children with HoFH should be treated as
early as possible (no lower limit of age) because they have
extremely high risk of premature CVD and death.

Conclusion

FH is one of the most common genetic disorders, and
patients with FH have increased risk of premature CHD
and death owing to lifelong significantly elevated LDL-C
levels. Nevertheless, current treatment is often sub-
optimal. As more and more patients with FH are diag-
nosed, the need to define who should treat these patients
in the future—cardiologists, paediatricians, specialized
lipid clinics, or family practitioners—becomes more
urgent. The choice will depend on the local health system

Leiden Open (source) Variation Database 12.
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organizations. In countries where patients first see family
practitioners, these physicians should be educated to rec-
ognize FH and refer that patient to a cardiologist or a lipid
clinic. Paediatricians and internists should also be able to
diagnose this condition. Patients with HoFH, and patients
with HeFH who are difficult to treat owing to statin inef-
ficacy, should preferably be referred to lipidologists.
However, lipid clinics are scarce or nonexisting in many
countries and, therefore, not accessible to a majority of
patients. Often, even when these clinics exist, many family
physicians are not aware of specialist clinical services and
facilities for lipid disorders in their geographical area.'?
Nevertheless, regardless of who will manage patients with
FH, high-intensity statin therapy is currently an established
treatment of choice for this disease. If the target LDL-C
level cannot be achieved with statin monotherapy—which
is often the case—a combination therapy with concurrent
ezetimibe or a bile-acid sequestrant can be considered.
Apheresis in combination with lipid-lowering drugs is
recommended as a treatment of choice for patients with
HoFH and for patients with HeFH who are severe statin-
refractory. Gene therapy has not been successful so far, and
liver transplantation is associated with high morbidity and
mortality. Emerging new therapies, such as inhibitors of
MTTP and ApoB synthesis might be a future choice, but
PCSK9 inhibitors seem to be the most promising emerging
treatment option for patients with FH.

Review criteria

A search for original articles published in 2000-2015

was performed in PubMed. The search terms used were
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on PubMed was used to find additional relevant papers.

WHO Familial Hypercholesterolemia Consultation

hypercholesterolaemia is underdiagnosed
and undertreated in the general population:

34,3478-3490 (2013).

(ICD) [online], http:
icd/en/ (2015).

Science 232, 34-47 (1986).

Sci. USA 70, 2804-2808 (1973).

(LOVD). Low-density lipoprotein receptor [online],
http://www.ucl.ac.uk/Idlr/LOVDv.1.1.0/ (2011).

Group. Familial Hypercholesterolemia. Report of
a WHO Consultation [online], http://whglibdoc.

guidance for clinicians to prevent coronary 7. Abifadel, M. et al. Mutations in PCSK9 cause who.int/hq/1999/WHO HGN FH CONS 99.2.pdf
heart disease: consensus statement of the autosomal dominant hypercholesterolemia. (1998).
European Atherosclerosis Society. Eur. Heart J. Nat. Genet. 34, 154-156 (2003). 13. Defesche, J. C. et al. Advanced method for
8. Soutar, A. K., Naoumova, R. P. & Traub, L. M. the identification of patients with inherited
WHO. International Classification of Diseases Genetics, clinical phenotype, and molecular hypercholesterolemia. Semin. Vasc. Med. 4,
www.who.int/classifications, cell biology of autosomal recessive 59-65 (2004).

hypercholesterolemia. Arterioscler. Thromb. 14. Weng, S. F. et al. Improving identification of
Brown, M. S. & Goldstein, J. L. A receptor- Vasc. Biol. 23, 1963-1970 (2003). familial hypercholesterolaemia in primary care:
mediated pathway for cholesterol homeostasis. 9. Tada, H. et al. Autosomal recessive derivation and validation of the familial

hypercholesterolemia: a mild phenotype of hypercholesterolaemia case ascertainment tool
Goldstein, J. L. & Brown, M. S. Familial familial hypercholesterolemia: insight from the (FAMCAT). Atherosclerosis 238, 336-343
hypercholesterolemia: identification of a defect kinetic study using stable isotope and animal (2015).
in the regulation of 3-hydroxy-3-methylglutaryl studies. J. Atheroscler. Thromb. 22, 1-9 (2015). 15. Ademi, Z. et al. Cascade screening based on
coenzyme A reductase activity associated with 10. Scientific Steering Committee on behalf of genetic testing is cost-effective: evidence for the
overproduction of cholesterol. Proc. Natl Acad. the Simon Broome Register Group. Risk implementation of models of care for familial

of fatal coronary heart disease in familial hypercholesterolemia. Clin. Lipidol. 8, 390-400
Brown, M. S. & Goldstein, J. L. Familial hypercholesterolaemia. BMJ 303, 893-896 (2014).
hypercholesterolemia: defective binding of (1991). 16. Bell, D. A. et al. Effectiveness of genetic cascade
lipoproteins to cultured fibroblasts associated 11. Williams, R. R. et al. Diagnosing heterozygous screening for familial hypercholesterolaemia

with impaired regulation of 3-hydroxy-3-
methylglutaryl coenzyme A reductase activity.
Proc. Natl Acad. Sci. USA 71, 788-792 (1974).

familial hypercholesterolemia using new
practical criteria validated by molecular genetics.
Am. J. Cardiol. 72, 171-176 (1993).

using a centrally co-ordinated clinical service:
an Australian experience. Atherosclerosis 239,
93-100 (2015).

NATURE REVIEWS [ CARDIOLOGY

© 2015 Macmillan Publishers Limited. All rights reserved

ADVANCE ONLINE PUBLICATION [ 9



REVIEWS

17. Jannes, C. E. et al. Familial hypercholesterolemia 34. Versmissen, J. et al. Efficacy of statins in familial 52. Cannon, C. P et al. Ezetimibe added to
in Brazil: cascade screening program, hypercholesterolaemia: a long term cohort study. statin therapy after acute coronary syndromes.
clinical and genetic aspects. Atherosclerosis BMJ 337,a2423 (2008). N. Engl. J. Med. http://dx.doi.org/10.1056
238,101-107 (2015). 35. Neil, A. et al. Reductions in all-cause, cancer, and NEJM0a1410489.

18. George, R., Kovak, K. & Cox, S. L. Aligning policy coronary mortality in statin-treated patients with 53. Kastelein, J. J. et al. Simvastatin with or without
to promote cascade genetic screening for heterozygous familial hypercholesterolaemia: ezetimibe in familial hypercholesterolemia.
prevention and early diagnosis of heritable a prospective registry study. Eur. Heart J. 29, N. Engl. J. Med. 358, 1431-1443 (2008).
diseases. J. Genet. Couns. 24, 388-399 (2015). 2625-2633 (2008). 54. Gagne, C., Gaudet, D. & Bruckert E. Efficacy

19. Taylor, A. et al. Mutation detection rate and 36. Elis, A., Zhou, R. & Stein, E. A. Effect of lipid- and safety of ezetimibe coadministered with
spectrum in familial hypercholesterolaemia lowering treatment on natural history of atorvastatin or simvastatin in patients with
patients in the UK pilot cascade project. heterozygous familial hypercholesterolemia in homozygous familial hypercholesterolemia.

Clin. Genet. 77, 572-580 (2010). past three decades. Am. J. Cardiol. 108, 223-226 Circulation 105, 2469-2475 (2002).

20. Whittall, R. A. et al. Development of a high- (2011). 55. Tuteja, S. et al. Simvastatin-ezetimibe-
resolution melting method for mutation 37. Smilde, T. J. et al. Effect of aggressive versus induced hepatic failure necessitating
detection in familial hypercholesterolaemia conventional lipid lowering on atherosclerosis liver transplantation. Pharmacotherapy 28,
patients. Ann. Clin. Biochem. 47, 44-55 (2010). progression in familial hypercholesterolaemia 1188-1193 (2008).

21. Pecin, |. et al. Mutation detection in Croatian (ASAP): a prospective, randomised, double-blind 56. Castellote, J. et al. Serious drug-induced liver
patients with familial hypercholesterolemia. trial. Lancet 357, 577-581 (2001). disease secondary to ezetimibe. World J.

Ann. Hum. Genet. 77, 22-30 (2013). 38. Raal, F J. et al. Reduction in mortality in subjects Gastroenterol. 14, 5098-5099 (2008).

22. Benn, M. et al. Familial hypercholesterolemia with homozygous familial hypercholesterolemia 57. Witztum, J. L. et al. Intensive combination
in the Danish general population: prevalence, associated with advances in lipid-lowering drug therapy of familial hypercholesterolemia
coronary artery disease, and cholesterol- therapy. Circulation 124, 2202-2207 (2011). with lovastatin, probucol, and colestipol
lowering medication. J. Clin. Endocrinol. Metab. 39. Marais, A. D., Firth, J. C. & Blom, D. J. hydrochloride. Circulation 79, 16-28 (1989).
97, 3956-3964 (2012). Homozygous familial hypercholesterolemia and 58. Wendelhag, |., Wiklund, O. & Wikstrand, J. Intima-

23. Cuchel, M. et al. Homozygous familial its management. Semin. Vasc. Med. 4, 43-50 media thickness after cholesterol lowering in
hypercholesterolaemia: new insights and (2004). familial hypercholesterolemia. A three-year
guidance for clinicians to improve detection 40. Reiner, Z. Managing the residual cardiovascular ultrasound study of common carotid and femoral
and clinical management. A position paper disease risk associated with HDL-cholesterol arteries. Atherosclerosis 117, 225-236 (1995).
from the Consensus Panel on Familial and triglycerides in statin-treated patients: 59. Kajinami, K. et al. Low-density lipoprotein
Hypercholesterolaemia of the European a clinical update. Nutr. Metab. Cardiovasc. Dis. receptor genotype-dependent response to
Atherosclerosis Society. Eur. Heart J. 35, 23, 799-807 (2013). cholesterol lowering by combined pravastatin and
2146-2157 (2014). 41. Simié, I. & Reiner, Z. Adverse effects of statins— cholestyramine in familial hypercholesterolemia.

24. Widhalm, K. et al. Sudden death in a 4-year-old myths and reality. Curr. Pharm. Des. 21, 218-225 Am. J. Cardiol. 82,113-117 (1998).
boy: a near-complete occlusion of the coronary (2015). 60. Kawashiri, M. A. et al. Efficacy of colestimide
artery caused by an aggressive lipoprotein 42. Preiss, D. et al. Risk of incident diabetes with coadministered with atorvastatin in japanese
receptor mutation (W556R) in homozygous intensive-dose compared with moderate-dose patients with heterozygous familial
familial hypercholesterolemia. J. Pediatr. 158, statin therapy: a meta-analysis. JAMA 305, hypercholesterolemia (FH). Circ. J. 69, 515-520
167 (2011). 2556-2564 (2011). (2005).

25. De Backer, G. et al. Prevalence and management 43. Skoumas, J. et al. Statin therapy and risk of 61. Davidson M. The efficacy of colesevelam HCI
of familial hypercholesterolaemia in coronary diabetes in patients with heterozygous familial in the treatment of heterozygous familial
patients: an analysis of EUROASPIRE V. hypercholesterolemia or familial combined hypercholesterolemia in pediatric and adult
Atherosclerosis 241, 169-175 (2015). hyperlipidemia. Atherosclerosis 237, 140-145 patients. Clin. Ther. 35, 1247-1252 (2013).

26. Mundal, L. et al. Mortality among patients with (2014). 62. Huijgen, R. et al. Colesevelam added to
familial hypercholesterolemia: a registry-based 44. Pijlman, A. H. et al. Evaluation of cholesterol combination therapy with a statin and ezetimibe
study in Norway, 1992-2010. J. Am. Heart Assoc. lowering treatment of patients with familial in patients with familial hypercholesterolemia:
3,e001236 (2014). hypercholesterolemia: a large cross-sectional a 12-week, multicenter, randomized, double-blind,

27. Reiner, Z. et al. ESC/EAS Guidelines for the study in The Netherlands. Atherosclerosis 209, controlled trial. Clin Ther. 32, 615-625 (2010).
management of dyslipidaemias: the Task Force 189-194 (2010). 63. Stein, E. A. et al. Colesevelam hydrochloride:
for the management of dyslipidaemias of the 45. Galema-Boers, J. M. et al. Predicting non- efficacy and safety in pediatric subjects with
European Society of Cardiology (ESC) and adherence in patients with familial heterozygous familial hypercholesterolemia.
the European Atherosclerosis Society (EAS). hypercholesterolemia. Eur. J. Clin. Pharmacol. 70, J. Pediatr. 156, 231-236 (2010).

Eur. Heart J. 32,1769-1818 (2011). 391-397 (2014). 64. Thompson, G. R. et al. Recommendations for

28. Reiner Z. New ESC/EAS Guidelines for the 46. Reiner, Z., Sonicki, Z. & Tedeschi-Reiner, E. the use of LDL apheresis. Atherosclerosis 98,
management of dyslipidaemias—any Public perceptions of cardiovascular risk factors 247-255 (2008).
controversies behind the consensus? in Croatia: the PERCRO survey. Prev. Med. 51, 65. Koga, N. The retardation of progression,

Eur. J. Cardiovasc. Prev. Rehabil. 18, 724-727 494-496 (2010). stabilization, and regression of coronary
(2011). 47. Reiner, Z., Sonicki, Z. & Tedeschi-Reiner, E. and carotid atherosclerosis by low-density

29. Perk, J. et al. European Guidelines on Physicians’ perception, knowledge and lipoprotein apheresis in patients with familial
cardiovascular disease prevention in clinical awareness of cardiovascular risk factors hypercholesterolemia. J. Intern. Med. 246,
practice (version 2012). Eur. Heart J. 33, and adherence to prevention guidelines: 35-43(1999).

1635-1701 (2012). the PERCRO-DOC survey. Atherosclerosis 213, 66. van Buuren, F. et al. HELP apheresis in

30. Stone, N. J. et al. 2013 ACC/AHA guideline on 598-603 (2010). hypercholesterolemia and cardiovascular
the treatment of blood cholesterol to reduce 48. Reiner, Z. & Tedeschi-Reiner, E. Prevalence and disease: efficacy and adverse events after 8,500
atherosclerotic cardiovascular risk in adults: types of persistent dyslipidemia in patients procedures. Clin. Res. Cardiol. 7, 24-30 (2012).
a report of the American College of Cardiology/ treated with statins. Croat. Med. J. 54, 339-345 67. Thompson, G. R. The evidence-base for the
American Heart Association Task Force on (2013). efficacy of lipoprotein apheresis in combating
Practice Guidelines. Circulation 129, S1-S45 49. Reiner, Z. Resistance and intolerance to statins. cardiovascular disease. Atheroscler. Suppl. 14,
(2014). Nutr. Metab. Cardiovasc. Dis. 24, 1057-1066 67-70(2013).

31. Reiner, Z. A comparison of European and US (2014). 68. Schuff-Werner, P., Fenger, S. & Kohlschein, P.
guidelines for familial hypercholesterolemia. 50. Reiner, Z. Combined therapy in the treatment Role of lipid apheresis in changing times.

Curr. Opin. Lipidol. 26, 215-220 (2015). of dyslipidemia. Fundam. Clin. Pharmacol. 24, Clin. Res. Cardiol. Suppl. 7, 7-14 (2012).

32. Jansen, A. C. et al. The contribution of classical 19-28 (2010). 69. Dumié, M. et al. Three-year-old boy—a
risk factors to cardiovascular disease in familial 51. Blazing, M. A. et al. Evaluating cardiovascular homozygote for familiar hypercholesterolemia
hypercholesterolaemia: data in 2400 patients. event reduction with ezetimibe as an adjunct [Croatian]. Lijec. Vjesn. 129, 130-133 (2007).
J. Intern. Med. 256, 482-490 (2004). to simvastatin in 18,144 patients after 70. Hudgins, L. C. et al. Long-term safety and efficacy

33. Reiner Z. Statins in the primary prevention of acute coronary syndromes: final baseline of low-density lipoprotein apheresis in childhood
cardiovascular disease. Nat. Rev. Cardiol. 10, characteristics of the IMPROVE-IT study for homozygous familial hypercholesterolemia.
453-464 (2013). population. Am. Heart J. 168, 205-212 (2014). Am. J. Cardiol. 102, 1199-1204 (2008).

10 [ ADVANCE ONLINE PUBLICATION www.nature.com/nrcardio

© 2015 Macmillan Publishers Limited. All rights reserved



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Stefanutti, C. & Julius, U. Lipoprotein apheresis:
state of the art and novelties. Atheroscler. Suppl.
14,19-27 (2013).

Raal, F. J. et al. Mipomersen, an apolipoprotein B
synthesis inhibitor, for lowering of LDL
cholesterol concentrations in patients with
homozygous familial hypercholesterolaemia:

a randomised, double-blind, placebo-controlled
trial. Lancet 375, 998-1006 (2010).

McGowan, M. P. et al. Randomized, placebo-
controlled trial of mipomersen in patients with
severe hypercholesterolemia receiving maximally
tolerated lipid-lowering therapy. PLoS ONE 7,
49006 (2012).

Thomas, G. S. et al. Mipomersen, an
apolipoprotein B synthesis inhibitor, reduces
atherogenic lipoproteins in patients with severe
hypercholesterolemia at high cardiovascular risk:
a randomized, double-blind, placebo-controlled
trial. J.Am. Coll. Cardiol. 62, 2178-2184 (2013).
Stein, E. A. et al. Apolipoprotein B synthesis
inhibition with mipomersen in heterozygous
familial hypercholesterolemia: results of a
randomized, double-blind, placebo-controlled
trial to assess efficacy and safety as add-on
therapy in patients with coronary artery disease.
Circulation 126, 2283-2292 (2012).

Cuchel, M. et al. Inhibition of microsomal
triglyceride transfer protein in familial
hypercholesterolemia. N. Engl. J. Med. 356,
148-156 (2007).

Cuchel, M. et al. Efficacy and safety of a
microsomal triglyceride transfer protein

inhibitor in patients with homozygous familial
hypercholesterolaemia: a single-arm, open-label,
phase 3 study. Lancet 381, 40-46 (2013).
Raal, F. J. Lomitapide for homozygous familial
hypercholesterolaemia. Lancet 381, 7-8 (2013).
Tuteja, S. et al. Pharmacokinetic interactions

of the microsomal triglyceride transfer protein
inhibitor, lomitapide, with drugs commonly used
in the management of hypercholesterolemia.
Pharmacotherapy 34, 227-239 (2014).

Cohen, J. C., Boerwinkle, E., Mosley, T. H. Jr.

& Hobbs, H. H. Sequence variations in PCSK9,
low LDL, and protection against coronary heart
disease. N. Engl. J. Med. 354, 1264-1272
(20086).

McKenney, J. M. et al. Safety and efficacy of a
monoclonal antibody to proprotein convertase
subtilisin/kexin type 9 serine protease,
SAR236553/REGN727, in patients with primary
hypercholesterolemia receiving ongoing stable
atorvastatin therapy. J. Am. Coll. Cardiol. 59,
2344-2353 (2012).

Stein, E. A. et al. Effect of a monoclonal
antibody to PCSK9, REGN727/SAR236553,

to reduce low-density lipoprotein cholesterol

in patients with heterozygous familial
hypercholesterolaemia on stable statin dose
with or without ezetimibe therapy: a phase 2
randomised controlled trial. Lancet 380, 29-36
(2012).

Gaudet, D. et al. Effect of alirocumab, a
monoclonal proprotein convertase subtilisin/
kexin 9 antibody, on lipoprotein(a)
concentrations (a pooled analysis of 150 mg
every two weeks dosing from phase 2 trials).
Am. J. Cardiol. 114, 711-715 (2014).

84. Koren, M. J. et al. Safety and efficacy of
alirocumab 150 mg every 2 weeks, a fully
human proprotein convertase subtilisin/kexin
type 9 monoclonal antibody: a phase Il pooled
analysis. Postgrad. Med. 22, 1-8 (2015).

85. Kastelein, J. J. et al. Efficacy and safety of
alirocumab in patients with heterozygous familial
hypercholesterolemia not adequately controlled
with current lipid-lowering therapy: design
and rationale of the ODYSSEY FH studies.
Cardiovasc. Drugs Ther. 28, 281-289 (2014).

86. Robinson, J. G. et al. Efficacy and safety of
alirocumab in reducing lipids and cardiovascular
events. N. Engl. J. Med. 372, 1489-1499
(2015).

87. Dias, C. S. et al. Effects of AMG 145 on low-
density lipoprotein cholesterol levels: results
from 2 randomized, double-blind, placebo-
controlled, ascending-dose phase 1 studies in
healthy volunteers and hypercholesterolemic
subjects on statins. J. Am. Coll. Cardiol. 60,
1888-1898 (2012).

88. Raal, F. et al. Low-density lipoprotein cholesterol-
lowering effects of AMG 145, a monoclonal
antibody to proprotein convertase subtilisin/
kexin type 9 serine protease in patients with
heterozygous familial hypercholesterolemia:
the Reduction of LDL-C with PCSK9 Inhibition
in Heterozygous Familial Hypercholesterolemia
Disorder (RUTHERFORD) randomized trial.
Circulation 126, 2408-2417 (2012).

89. Stein, E. A. et al. Effect of the proprotein
convertase subtilisin/kexin @ monoclonal
antibody, AMG 145, in homozygous familial
hypercholesterolemia. Circulation 128,
2113-2120 (2013).

90. Raal, F. J. et al. PCSK9 inhibition with
evolocumab (AMG 145) in heterozygous familial
hypercholesterolaemia (RUTHERFORD-2):

a randomised, double-blind, placebo-controlled
trial. Lancet 385, 331-340 (2014).

91. Raal, F. J. et al. Inhibition of PCSK9 with
evolocumab in homozygous familial
hypercholesterolaemia (TESLA Part B):

a randomised, double-blind, placebo-controlled
trial. Lancet 385, 341-350 (2015).

92. Sabatine, M. S. et al. Efficacy and safety
of evolocumab in reducing lipids and
cardiovascular events. N. Engl. J. Med. 372,
1500-1509 (2015).

93. US National Institutes of Health. ClinicalTrials.gov
[online], https://clinicaltrials.gov/ct2/show,
NCT01968980 (2015).

94. Ballantyne, C. M. et al. Results of bococizumab,
a monoclonal antibody against proprotein
convertase subtilisin/kexin type 9, from a
randomized, placebo-controlled, dose-ranging
study in statin-treated subjects with
hypercholesterolemia. Am. J. Cardiol. 115,
1212-1221 (2015).

95. Schwartz, G. G. et al. Effect of alirocumab, a
monoclonal antibody to PCSK9, on long-term
cardiovascular outcomes following acute
coronary syndromes: rationale and design of
the ODYSSEY outcomes trial. Am. Heart J. 168,
682-689 (2014).

96. US National Institutes of Health. ClinicalTrials.gov
[online], https://clinicaltrials.gov/ct2/show,
NCT01764633 (2015).

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

REVIEWS

Bilheimer, D. W. et al. Liver transplantation

to provide low-density-lipoprotein receptors

and lower plasma cholesterol in a child with
homozygous familial hypercholesterolemia.

N. Engl. J. Med. 311, 1658-1664 (1984).
Starzl, T. E. et al. Heart-liver transplantation in

a patient with familial hypercholesterolaemia.
Lancet 1, 1382-1383 (1984).

Hoeg, J. M., Starzl, T. E. & Brewer, H. B. Ir.

Liver transplantation for treatment of
cardiovascular disease: comparison with
medication and plasma exchange in
homozygous familial hypercholesterolemia.

Am. J. Cardiol. 59, 705-707 (1987).

Maiorana, A. et al. Preemptive liver
transplantation in a child with familial
hypercholesterolemia. Pediatr. Transplant. 15,
E25-E29 (2011).

Al-Allaf, F. A. et al. LDLR-gene therapy for familial
hypercholesterolaemia: problems, progress,
and perspectives. Int. Arch. Med. 3, 36 (2010).
Grossman, M. et al. Successful ex vivo gene
therapy directed to liver in a patient with familial
hypercholesterolaemia. Nat. Genet. 6, 335-341
(1994).

Grossman, M. et al. A pilot study of ex vivo

gene therapy for homozygous familial
hypercholesterolaemia. Nat. Med. 1, 1148-1154
(1995).

Nomura, S. et al. Low-density lipoprotein
receptor gene therapy using helper-dependent
adenovirus produces long-term protection
against atherosclerosis in a mouse model of
familial hypercholesterolemia. Gene Ther. 11,
1540-1548 (2004).

Oka, K. et al. Gene therapy for rhesus monkeys
heterozygous for LDL receptor deficiency by
balloon catheter hepatic delivery of helper-
dependent adenoviral vector. Gene Ther. 22,
87-95 (2015).

Berenson, G. S. et al. Association between
multiple cardiovascular risk factors and
atherosclerosis in children and young adults.
The Bogalusa Heart Study. N. Engl. J. Med. 338,
1650-1656 (1998).

Expert Panel on Integrated Guidelines for
Cardiovascular Health and Risk Reduction in
Children and Adolescents; National Heart,
Lung, and Blood Institute. Expert panel on
integrated guidelines for cardiovascular health
and risk reduction in children and adolescents:
summary report. Pediatrics 128, S213-S256
(2011).

Reiner, Z. The impact of early evidence of
atherosclerotic changes on early treatment

in children with familial hypercholesterolemia.
Circ. Res. 114, 233-235 (2014).

Kusters, D. M. et al. Design and baseline data
of a pediatric study with rosuvastatin in familial
hypercholesterolemia. J. Clin. Lipidol. 7, 408-413
(2013).

Pang, J. et al. Significant gaps in awareness of
familial hypercholesterolemia among physicians
in selected Asia-Pacific countries: a pilot study.
J. Clin. Lipidol. 9, 42-48 (2015).

WHO Human Genetics Programme. Familial
hypercholesterolaemia (FH): report of a second
WHO consultation [online]. http://apps.who.int/
iris/handle/10665/66346 (1999).

NATURE REVIEWS [ CARDIOLOGY

© 2015 Macmillan Publishers Limited. All rights reserved

ADVANCE ONLINE PUBLICATION [ 11



