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Abstract At present, lipoprotein apheresis, combined with
high-dose statin and ezetimibe therapy, is the best available
means of treating patients with homozygous and statin-
refractory heterozygous familial hypercholesterolaemia
(FH). However, the extent of cholesterol-lowering achieved
is often insufficient to meet the targets set by current guide-
lines. The recent advent of three new classes of lipid-lowering
agents provides new hope that the latter objective may now be
achievable. These compounds act either by reducing low-
density lipoprotein (LDL) production by inhibiting apolipo-
protein B synthesis with an antisense oligonucleotide
(mipomersen) or by inhibiting microsomal triglyceride trans-
fer protein (lomitapide), or by enhancing LDL catabolism via
monoclonal antibody-mediated inhibition of the activity of
proprotein convertase subtilisin/kexin 9 (PCSK9)
(evolocumab). Depending on the outcome of current trials, it
seems likely that these compounds, used alone or combined
with lipoprotein apheresis, will markedly improve the man-
agement of refractory FH.
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Introduction

Physical removal of cholesterol-rich lipoproteins from the
blood stream is usually undertaken only in extreme circum-
stances, such as in patients with severe, drug-refractory famil-
ial hypercholesterolaemia (FH). These are mostly homozy-
gotes, i.e. they possess two mutant alleles for one of the genes
known to determine low-density lipoprotein (LDL) uptake by
the liver. In 90 % of instances, FH is due to mutations of the
LDL receptor gene, leading to either a complete lack or
marked reduction of LDL binding and degradation. In such
circumstances, drugs like statins that stimulate LDL receptor
activity may be ineffective and other methods of lowering
LDL cholesterol, such as apheresis, are needed.

Apheresis ( @aipeotic, to take away) is the term used to
describe extracorporeal removal of blood components and has
been in use for over 40 years in medical specialties such as
haematology, immunology, nephrology and lipidology. The
first part of this review describes the history of the extracor-
poreal removal of LDL and other cholesterol-rich lipoproteins
from the circulation and the methods used to achieve this,
together with the indications for its use and evidence of
benefit. The second part discusses recent advances in lipid-
lowering pharmacotherapy that may enhance the efficacy of
apheresis or even, in some instances, render it unnecessary.

Unselective Methods of Apheresis
The first attempt to lower serum cholesterol using manual

plasmapheresis was undertaken in London by Myant and
Lewis in 1964 in a child with homozygous FH but was
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unsuccessful. The following year, De Gennes et al. [1] repeat-
edly performed manual plasmapheresis in an adult with ho-
mozygous FH in Paris. Although this approach reduced the
patient’s serum cholesterol by 40 %, it was too tedious for
prolonged use and was abandoned after 4 months.

The introduction of the continuous-flow blood cell separa-
tor revolutionized the situation by enabling large-volume
plasma exchanges to be undertaken at high flow rates, using
fresh frozen plasma or human serum albumin as replacement
fluid. In 1972, Tumberg et al. [2] used a cell separator to
plasma exchange a hypercholesterolaemic patient with prima-
ry biliary cirrhosis, and 3 years later, Thompson et al. treated
two FH homozygotes in a similar manner [3]. Plasma ex-
change was subsequently used to treat FH homozygotes in
South Africa [4] and the USA [5].

Selective Methods

The first attempt to selectively remove low-density lipoprotein
(LDL) extracorporeally involved serial venesection, with
ex vivo mixing of heparin-linked agarose beads with batches
of blood prior to the latter’s re-infusion [6]. Although this
selectively bound and removed LDL, the procedure was
slower and more cumbersome than plasma exchange. How-
ever, in 1981, Stoffel et al. [7] combined the two approaches
by using a cell separator to perfuse plasma through a sepha-
rose column containing antibodies that bound LDL, a proce-
dure they termed LDL apheresis. Recently, it was suggested
that “lipoprotein apheresis” is a more appropriate term for a
procedure that is used for the extracorporeal removal of not
only LDL but also chylomicrons, very-low-density lipopro-
tein (VLDL) and lipoprotein (a) (Lp(a)) [8]. Although plasma
exchange is still used in some centres, it is increasingly being
replaced by selective lipoprotein apheresis, except when
treating severe hypertriglyceridaemia [8].

Selective Removal from Plasma
Immunoadsorption

As discussed above, selective removal of LDL from plasma
using LDL-binding antibodies was the first such method to be
developed [7]. The system consists of a continuous-flow cell
separator which separates and then pumps plasma through
columns containing polyclonal sheep antibodies to human
apolipoprotein Bigo (apoB) coupled with sepharose 4B gel
[9]. Anti-coagulation is achieved with heparin and acid citrate
dextrose (ACD) and 4-6 L of plasma are treated during each
procedure, resulting in 55 % reductions in LDL cholesterol
and Lp(a). Columns are regenerated with glycine buffer,
flushed with saline and then stored in sodium azide to main-
tain sterility between procedures.
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Double Filtration Plasmapheresis and Thermofiltration
Plasmapheresis

The next selective method of removing lipoproteins from
plasma to be developed was double filtration plasmaphe-
resis (DFPP) [10]. In this procedure, plasma is separated
from blood cells by a hollow fibre filter (first filter) and
then perfused through a second filter which selectively
retains smaller plasma components such as HDL and albu-
min but discards larger molecular weight components in-
cluding LDL and Lp(a). Thermofiltration involves
warming plasma to 40 °C prior to DFPP, which increases
the amount of LDL removed and reduces the amount of
HDL lost [11].

Dextran Sulphate Adsorption

Dextran sulphate covalently bound to cellulose beads se-
lectively binds VLDL and LDL but not HDL. Perfusion of
columns containing this material with heparinized plasma
separated from blood cells by hollow fibre (membrane)
filters provided the first disposable method of LDL aphe-
resis [12]. When twin columns are used alternately to
adsorb LDL from plasma, each column being automatical-
ly regenerated between successive adsorption cycles, there
are no limits to the amount of LDL that can be adsorbed
with this system [13].

Studies in FH patients showed acute reductions in LDL
cholesterol of 75-80 % and in Lp(a) of 65-70 % [14]. Bi-
weekly procedures resulted in average reductions in LDL
cholesterol during the interval between procedures (interval
mean) of 40-50 % below baseline. A 5-year follow-up, during
which almost 4000 procedures were undertaken, showed an
adverse event rate of only 3.6 % [15].

Heparin Extracorporeal LDL Precipitation

A radically different approach to LDL apheresis involves the
on-line precipitation of LDL through the addition of heparin to
plasma, the so-called heparin extracorporeal LDL precipita-
tion (HELP) system [16]. Precipitation of LDL occurs without
addition of cations if the pH is sufficiently low, the precipitate
being removed by filtration [17]. The plasma is then passed
through an adsorption column to remove excess heparin,
dialysed against bicarbonate buffer to restore the pH to normal
and returned to the patient. This results in acute reductions in
LDL cholesterol and Lp(a) of around 60 % [18], accompanied
by a 50 % decrease in fibrinogen [16]. Interval means of LDL
cholesterol decreased by 33 % during bi-weekly procedures
[19]. Side effects were infrequent, and haemorrhagic compli-
cations were not observed.
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Selective Removal from Whole Blood
Direct Adsorption of Lipoprotein Using Haemoperfusion

The development of a non-haemolytic adsorber in 1993 en-
abled removal of LDL and Lp(a) from whole blood, the pore
size of the polyacrylate-coated polyacrylamide beads used in
the direct adsorption of lipoprotein (DALI) columns being
sufficiently small to exclude red cells and platelets [20].
Anti-coagulation was initiated by heparin and maintained by
ACD. Passage of 1.6 blood volumes through the adsorber
decreased LDL cholesterol and Lp(a) levels by 60-70 %
without reducing HDL cholesterol or fibrinogen. Activation
of leucocytes and complement was minimal, and the proce-
dure was well tolerated.

Dextran Sulphate Adsorption Using Haemoperfusion

More recently, direct adsorption of lipoproteins from whole
blood has also been successfully achieved by haemoperfusion
of dextran sulphate-containing columns adapted for this pur-
pose. This involves utilising larger beads (Liposorber D) than
those in the standard Liposorber columns used in selective
adsorption from plasma [21].

Comparisons Between Different Methods of Lipoprotein
Apheresis

Acute decreases in LDL cholesterol range from 49 to 76 %,
depending upon the volume of blood or plasma treated, aver-
aging over 60 % and differ little between the various methods.
When interval means rather than acute changes in LDL cho-
lesterol were compared, reductions of 45-52 % from baseline
were seen with DALI, dextran sulphate adsorption (DSA) and
immunoadsorption (IA) [20].

Although all methods lower LDL cholesterol to a similar
extent, the data suggest that DFPP decreases HDL cholesterol
more than other methods [22]. Haemoperfusion systems are
the easiest to use but, like HELP and DSA, are more expen-
sive than IA with its re-usable columns.

Vascular Access and Side Effects

Reasonably good vascular access is required for therapeutic
plasmapheresis and lipoprotein apheresis. Bilateral antecubital
vein cannulation is commonly used. However, when natural
vascular access is poor or inefficient from long use (local
stenotic fibrosis), surgical preparation of an arteriovenous
shunt is required. Arteriovenous shunts are best avoided in
children because of their impermanence and the risk of cardiac
right ventricular overload. Anticoagulation with citrate and
heparin is utilized continuously during the extracorporeal
procedure, sometimes preceded by a heparin bolus (IV). Thus,

bleeding from vascular access may occur hours after the
session, especially if the occlusive dressing is removed pre-
maturely. Beyond possible inconvenience with equipment and
vascular access, the overall incidence of clinical side effects
with therapeutic plasmapheresis in general and lipoprotein
apheresis in particular is relatively low in expert teams, just
over 4 % [23]. Non-specific clinical symptoms include fa-
tigue, and nausea, with mild abdominal pain being more
frequent in children and hypotensive subjects [24]. Mild hy-
potension is more common when the extracorporeal volume
exceeds over 10 % of total blood volume, without fluid
replacement [25]. The only serious adverse event is the oc-
currence of anaphylactoid reactions in patients on
angiotensin-converting enzyme (ACE) inhibitors during
DSA procedures. Ionically charged columns, particularly dex-
tran sulphate and polyacrylate gel, convert kininogen to bra-
dykinin, so that concurrent use of ACE inhibitors enhances the
effects of bradykinin, which may result in mild-to-severe
hypotension and flushing [24, 26]. ACE inhibitors should be
suspended at least the day prior to and during apheresis or
replaced with angiotensin II receptor blockers (ARB). Anae-
mia, responsive to iron and folate replacement, is occasionally
observed in patients treated on long-term. Lastly, therapeutic
apheresis in general and lipoprotein apheresis in particular can
safely and effectively be carried out in pregnant women with
FH and/or coexistent coronary disease [27].

Factors Influencing the Need for Lipoprotein Apheresis
in Homozygous FH

In an analysis of 57 FH homozygotes, Goldstein and Brown
[28] divided them into receptor negative and receptor defec-
tive categories according to whether their cultured fibroblasts
showed no high-affinity binding of LDL (<2 % of normal) or
whether they bound a subnormal amount (2-25 %). As shown
in Table 1, the frequency of coronary disease was similar in
the two groups (45 and 42 %, respectively) but mortality was
much higher in the 31 receptor negative subjects than in the 26
who were receptor defective (26 versus 4 %). Presumably, this
reflected more severe atherosclerosis among the former, pred-
icated on the assumption that they had higher serum choles-
terol levels. This assumption is supported by South African
data, where homozygotes whose fibroblasts bound LDL with

Table 1 Mortality and coronary heart disease morbidity in receptor-
negative and receptor-defective FH homozygotes (based on data from
Goldstein and Brown [24])

LDL receptor Number of Coronary heart Mortality
status subjects disease (%) (%)
Negative 31 45 26
Defective 26 42 4
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<5 % of the efficiency of normal fibroblasts had an LDL
cholesterol of 25 mmol/L compared with 17 mmol/L in ho-
mozygotes whose fibroblasts expressed 520 % of normal
LDL-binding activity [29].

Guatschi et al. [30+¢] recorded seven cases of FH homozy-
gotes dying before the age of 5, and there has been at least one
additional instance of this (Coote, personal communication).
Pre-treatment serum cholesterol of these eight cases averaged
25.1 mmol/L, and their mean age of death was 3.3 years. At
the other end of the spectrum, there are five reported instances
of FH homozygotes surviving past the age of 50 [31, 32e,
33e¢] plus an unpublished case (Thompson, personal commu-
nication), three of the six being still alive. Their mean age now
or at death is 59.5 years, and their mean pre-treatment serum
cholesterol was 16.0 mmol/L, considerably lower than the
homozygotes who died before the age of 5.

Overall, these observations suggest that a major determi-
nant of the cardiovascular consequences and prognosis of FH
homozygotes is the severity of their hypercholesterolaemia.
The risk of premature death and need for apheresis appear to
be greatest in homozygotes with an untreated serum choles-
terol of >20 mmol/L, especially those who are receptor neg-
ative. In contrast, South African homozygotes, the majority of
whom are receptor defective and have a pre-treatment serum
cholesterol of <20 mmol/L [29], respond reasonably well to
high-dose statintezetimibe therapy [34¢¢].

Evidence of Benefit from Lipoprotein Apheresis
Homozygous FH

The first evidence of benefit from lipoprotein apheresis came
from studies in five sibling pairs of homozygotes. All the
untreated siblings had died (mean age of death 17.7), whereas
four of the five siblings treated for 8.4 years with plasma
exchange survived, with a mean age of 23.2 at the time of
the report (P=0.03) [35]. In a longer observational study of
German patients, mortality was 43 % among the seven un-
treated homozygotes compared with 21 % in the 14 treated
with lipoprotein apheresis for >1 year [31].

Another more recent observational study involved 149
South African homozygotes, 15 % of whom were undergoing
apheresis. This showed that the average age of death rose from
18.4 years in the pre-statin era to 32.9 years (P<0.0001) after
these drugs became available; this was attributed to the 26 %
lowering of LDL cholesterol during the latter period [34e¢].

Heterozygous FH
Lipoprotein apheresis is also used to treat patients with drug-
refractory heterozygous FH and progressive coronary disease.

Results of three angiographic trials in 117 patients showed
decreases in LDL cholesterol on drug therapy of 3447 %
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compared with 43-63 % on apheresistdrugs [36-38]. Quan-
titative angiography showed no change or regression of coro-
nary lesions over the course of 2 years in 36—79 % of patients
on drug therapy alone compared with 57-92 % in those on
apheresis+drugs, but the differences between treatment
groups were significant (P<0.004) only in L-CAPS (38).

In a non-randomized study of 130 Japanese heterozygotes
lasting 10 years, reductions in LDL cholesterol averaged 28 %
on drugs compared with 58 % in those on apheresis plus drugs
[39]. The incidence of coronary events was 36 % on drug
therapy compared with only 10 % in those on apheresis plus
drugs (P<0.01). Taken together, these data suggest that aphe-
resis exerts beneficial effects on cardiovascular disease in
heterozygotes as well as in homozygotes.

Guidelines and Target Levels for Lipoprotein Apheresis

Guidelines on the use of lipoprotein apheresis to treat FH have
been published in the USA [40-42, 43¢], Europe [44—47],
Japan [48¢] and the UK [22]. In 2008, the Food and Drug
Administration (FDA) approved the use of apheresis in three
categories of patients in the USA:

(a) Functional FH homozygotes with LDL-C >500 mg/dL
(>13 mmol/L)

(b) Functional FH heterozygotes with LDL-C >300 mg/dL
(>7.8 mmol/L)

(c) Functional FH heterozygotes with LDL-C >200 mg/dL
(>5.2 mmol/L) and documented coronary heart disease

In each instance, these cut-offs must be exceeded despite
6 months of diet and maximum tolerated drug therapy.

For homozygotes, the HEART UK guidelines advocate
treating 1.5-2 blood or plasma volumes at weekly or bi-
weekly intervals so as to achieve an interval mean total cho-
lesterol of <7 mmol/L or LDL cholesterol <6.5 mmol/L (or
decreases of >60 or 65 %, respectively, from baseline levels
off all treatment). However, data on the occurrence of cardio-
vascular disease in 64 French [49] and US [50, 51] homozy-
gotes undergoing long-term apheresis cast doubt on those
recommendations. In these studies, baseline levels of total or
LDL cholesterol off all treatment exceeded 20 mmol/L and
were reduced by 45-55 % by apheresis plus lipid-lowering
drug therapy. In the French patients [49] and in a US sub-
group treated in New York [50], the calculated interval mean
values of LDL cholesterol were 6.6 and 6.5 mmol/L, respec-
tively, namely a 64—-69 % reduction from baseline levels off all
treatment. Aortic root and coronary atherosclerosis was pres-
ent in roughly half of the patients prior to apheresis and a
further 20-35 % of patients developed new lesions or showed
progression of pre-existing ones while on apheresis, despite
the marked reductions in LDL cholesterol that occurred.
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In an Italian study of 11 homozygous children aged 3—11
treated with weekly or biweekly lipoprotein apheresis, base-
line LDL cholesterol levels were reduced by 60 % from
19.8 mmol/L off treatment to 8.0 mmol/L on apheresis. How-
ever, in contrast to the previously cited US and French studies,
more than two thirds of the patients remained lesion-free
during 2—17 years of follow-up and more than 60 % of the
remainder showed regression or non-progression of pre-
existing aorto-coronary lesions on serial angiography [52].
These results illustrate the importance of starting treatment
as early as possible.

Another, more recent study has shown that achieving an
interval mean LDL cholesterol of 4.2 mmol/L by weekly aphe-
resis plus statin/ezetimibe therapy failed to prevent progression of
aortic, coronary and carotid disease in Norwegian homozygotes
who started apheresis between the ages of 644, suggesting that
even lower levels of LDL are required in older patients [33ee].
This is reflected in the most recent statement on target levels for
both homozygous and heterozygous FH, which advocates low-
ering LDL cholesterol to <3.5 mmol/L in children and to
<2.5 mmol/L in adults, or even <1.8 mmol/L in those at the
highest risk [53¢¢]. Although desirable, these levels can seldom
be achieved in homozygotes with existing apheresis/drug therapy
regimens and novel therapies are needed, as discussed in the
second part of this review.

Recent Advances
Current Therapy

Current drug therapy for homozygous FH consists of anion-
exchange resins and, more recently, of ezetimibe and
HMGCoA-reductase inhibitors (statins) at maximum tolerated
doses [54-57]. The combination of atorvastatin 80 mg and
ezetimibe 10 mg daily resulted in an additional 27.5 % reduction
in LDL cholesterol in FH homozygotes on lipoprotein apheresis
[54], but this seldom brings LDL cholesterol to target in these
very high-risk patients. This underlines the need to develop other
LDL cholesterol-lowering agents to be used with or instead of
lipoprotein apheresis. At present, apheresis is usually carried out
every 2 weeks, but in a minority every week [58, 22]. The
frequency of the extracorporeal procedure is determined by the
severity of the atherosclerotic involvement of coronary arteries
and aortic valve and evidence of progression [59, 60, 39, 34ee].
This being so, serial evaluation and follow-up of the cardiovas-
cular status of homozygous FH patients on long-term treatment is
mandatory [52].

An alternative treatment is liver transplantation. However,
this poses serious problems in respect of the availability of
organs and risks associated with the intervention; these in-
clude life-long immunosuppressive therapy and possible

chronic rejection and the fact that the LDL-receptor is not
solely located in the liver [61, 62]. This means that a residual
dyslipidaemia might persist, possibly aggravated by long-term
immunosuppression, requiring further lipid-lowering treat-
ment. Lastly, the prognosis of liver transplantation in the
medium to long-term is limited by concurrent cardiovascular
disease [63]. Gene therapy has also been attempted to correct
the genetic defect in homozygous FH [64, 65], but the out-
comes were not very encouraging [66, 67¢]. Thus at present,
gene therapy remains a putative therapeutic approach that may
or may not become available in the future.

Lipoprotein apheresis is currently the only really safe and
effective treatment for homozygous FH [68e¢], combined with
additional drug therapy to slow down the rapid rebound of LDL
cholesterol which follows each procedure. The intention is to
keep the LDL cholesterol level as low as possible for as long as
possible [69¢]. In a Japanese study, the cholesterol absorption
inhibitor ezetimibe was given to six FH homozygotes undergo-
ing apheresis and receiving atorvastatin or simvastatin [70]. With
the exception of one patient, LDL-C was reduced by ezetimibe to
a statistically significant extent 2 weeks after each apheresis
session. The average reduction was 9.0 % (range 4.3—12.6 %)).
The authors concluded that although the effect of ezetimibe was
not impressive, its use in combination with statins in the treat-
ment of homozygotes undergoing lipoprotein apheresis was
clinically relevant, as demonstrated previously by Gagné et al.
[54].

Future Prospects

Excitingly, the management of homozygous FH by pharmaco-
logical means is now at a new frontier because of the emergence
of novel and potent compounds which reduce LDL production
by limiting apolipoprotein B100 (apoB) synthesis, either by
means of an antisense oligonucleotide to apoB (mipomersen) or
by inhibition of microsomal triglyceride transfer protein (MTP)
(lomitapide), or which enhance LDL catabolism by inhibiting
the activity of proprotein convertase subtilisin/kexin 9 (PCSK9)
[71, 72¢, T3¢, 74, 75¢, 76]. These compounds are described in
detail elsewhere in this issue of the journal, but their role in the
treatment of homozygous FH is summarized below.

At the end of 2012, the US Food and Drug Administration
(FDA) approved two new cholesterol-lowering agents based
on apoB synthesis inhibition, one the antisense oligonucleo-
tide mipomersen and the other the MTP inhibitor lomitapide,
for the treatment of homozygous FH patients [77, 78]. In
2010, a phase three randomized, double-blind, placebo-
controlled clinical trial of mipomersen for the treatment of
homozygous FH patients was reported [79]. The study was
aimed at investigating the effectiveness and safety of a weekly
subcutaneous injection of mipomersen 200 mg given as an
add-on treatment to optimal standard lipid-lowering therapy
for 26 weeks. However, patients on lipoprotein apheresis were
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Fig. 1 Effect on serum lipids of adding lomitapide 5 and 10 mg/day to
weekly lipoprotein apheresis in a 22-year-old female with homozygous
FH. (*) indicates the % reduction of LDL-C and TG between two
consecutive apheresis sessions (pre- versus pre-values) after the addition

excluded. The intention-to-treat analysis showed a statistically
significant reduction in LDL-C of 24.7 % in patients treated
with mipomersen. The most common adverse events observed
with mipomersen were reactions at the injection site, flu-like
symptoms and increased transaminases.

In 2013, Cuchel et al. reported the results of a single-arm,
open-label, phase three study of lomitapide in 29 female and
male FH homozygotes [80e¢]. Pre-existing lipid-lowering
therapy was maintained from 6 weeks before the start of this
trial and maintained until at least week 26. Eighteen of the
patients were on lipoprotein apheresis during this phase of the
study. The dose of lomitapide was progressively up titrated on
the basis of safety and tolerability from 5 mg to a maximum of
60 mg a day, the median dose being 40 mg a day. LDL
cholesterol was reduced by 50 % from basal values (mean
8.7 mmol/L) to week 26 (4.3 mmol/L). Furthermore, 16
subjects on lomitapide achieved LDL cholesterol target levels
<2.6 mmol/L and 9 achieved levels <1.8 mmol/L. Reductions
in LDL cholesterol by lomitapide were similar in patients on

7 7
(""l Further reduction of LDOL-C and TG (% difference) between two
consecutive LA sessions (pre- vs pre- values) after uptitration of
Lomitapide dose. to 10 mg/day

of lomitapide 5 mg/day. (") indicates the additional % reduction of LDL-
C and TG between two consecutive apheresis sessions (pre- versus pre-
values) after up titration of lomitapide to 10 mg/day

or not on apheresis. The most common adverse events were
gastrointestinal symptoms and increased transaminase levels,
which were reversible after dose reduction or temporary in-
terruption of lomitapide. The effect of combined treatment
consisting of weekly apheresis and lomitapide given at a dose
of 5 mg/day, later up titrated to 10 mg/day, in a 22-year-old
female homozygote (FH), who underwent aortic and mitral
valve replacement, is shown in Fig. 1.

Monoclonal antibodies (mAbs) directed against PCSK9
are currently in clinical development. Stein et al. [81e¢] inves-
tigated the efficacy and safety of the experimental monoclonal
antibody evolocumab (AMG 145) in an open-label, single-
arm, multicenter, pivotal study in homozygous FH patients.
Eight patients with receptor-negative or receptor-defective
homozygous FH on stable lipid-lowering drug therapy were
treated with 420 mg AMG 145 given subcutaneously every
4 weeks for >12 weeks, followed by 420 mg AMG 145 every
2 weeks for a further 12 weeks. Patients receiving lipoprotein
apheresis within 8 weeks of the screening visit, those

Table 2 Published data on effect

of current and novel drugs on Author Year  Number of subjects  Drug LDL-C reduction %
percentage reduction in LDL
cholesterol (LDL-C) in FH Gagné et al. 2002 50 Ezetimibe+atorvastatin/simvastatin =~ —27.5
homozygotes Yamamoto etal. 2006 6 Ezetimibe+atorvastatin/simvastatin =~ —9.0
Raal et al. 2010 34 Mipomersen —24.7
Cuchel et al. 2013 29 Lomitapide =50
Stein et al. 2013 8 Evolocumab -16.5
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scheduled to receive lipoprotein apheresis during the study
and those treated with mipomersen or lomitapide within
5 months of screening were excluded. Over the treatment
periods, LDL cholesterol levels in the six LDL receptor-
defective patients decreased by 19.3 and 26.3 % with 4- and
2-week dosing, respectively. No effect of evolocumab was
observed in the two receptor-negative subjects. The most
common adverse events of evolocumab were upper respirato-
ry tract infections, influenza, gastroenteritis and
nasopharyngitis. The effects of conventional and novel drug
regimens on reduction of LDL cholesterol levels in FH ho-
mozygotes are compared in Table 2.

Conclusions

Historically, extracorporeal removal of cholesterol-carrying lipo-
proteins from the blood was first introduced more than 40 years
ago. Initially, this entailed the non-selective procedure of plasma
exchange, but subsequently, this was replaced by the selective
removal from plasma or blood of low-density lipoproteins, no-
tably LDL and Lp(a), by lipoprotein apheresis. When combined
with high-dose statin and ezetimibe therapy weekly or bi-weekly
apheresis decreases the interval mean levels of these atherogenic
lipoproteins by 60-70 %, with much smaller reductions in HDL.

Observational data demonstrate that this therapeutic ap-
proach reduces progression of aortic and coronary atheroscle-
rosis and increases longevity in homozygous FH and reduces
coronary events in FH heterozygotes. However, target levels
of LDL cholesterol stipulated in recent guidelines are hard to
achieve, especially in receptor-negative homozygotes, and a
new approach is needed.

At the end of 2012 and start of 2013, respectively, the FDA
approved the use of oral lomitapide (Juxtapid, Lojuxta) and of
subcutaneously administered mipomersen (Kynamro) to treat
patients with homozygous FH in the USA [77, 78]. In August
2013, the European Commission approved the use of
lomitapide (but not mipomersen) for this purpose in Europe
[82¢¢]. The pharmacological management of homozygous FH
is at a new frontier with the advent of these potent cholesterol-
lowering drugs [71, 72e, 73ee, 83, 84, 85¢]. However,
although promising, these new lipid-lowering drugs must be
carefully clinically evaluated in terms of efficacy on cardio-
vascular morbidity and mortality and safety. Long-term stud-
ies on the incidence of adverse events, in particular the extent
of fat accumulation in the liver and possible drug-drug inter-
actions, need to be carried out. Clinical trials of the new drugs
in homozygous children are also needed, since therapeutic
intervention in these very high-risk patients should be initiated
as early as possible. Lastly, it is necessary to consider whether
the high cost of these new drugs is affordable by national
health systems in Europe and elsewhere. For the present,

lipoprotein apheresis in combination with conventional phar-
macological treatment remains the best proven, most effective
and safest approach to treating refractory FH [86¢, 87¢¢].
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