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Abstract

Purpose of review Homozygous familial hypercholesterolaemia (HoFH) is characterized by marked elevation of low-density
lipoprotein cholesterol (LDLC) and premature atherosclerotic cardiovascular disease. This is a review of novel pharmaco-
logical therapies to lower LDLC in patients with HoFH.

Recent findings Novel therapies can be broadly divided by whether their efficacy is dependent or independent of residual
low-density lipoprotein receptor (LDLR) function. Novel LDLR dependent therapies that reduce proprotein subtilisin kexin
type 9 levels include monoclonal antibodies (alirocumab and evolocumab) and a small inhibitory RNA (inclisiran). LDLC
reductions are highly variable and depend on residual LDLR function. Microsomal triglyceride inhibitors (lomitapide) and
therapies that reduce angiopoietin like factor 3 (evinacumab and zodasiran) both reduce LDLC by approximately 50%,
irrespective of residual LDLR function.

Summary Most patients with HoFH require multiple therapies to achieve LDLC targets. Better LDLC control with LDLR
independent therapies is likely to improve the outlook for patients with HoFH while at the same time reducing the need for
other therapies such as apheresis or hepatic transplantation.

Keywords Homozygous familial hypercholesterolemia - Proprotein convertase subtilisin kexin type 3 - Angiopoietin like
factor 3 - Microsomal - Triglyceride transfer protein - Gene editing

Introduction

Clinically, the term homozygous familial hypercholester-
olemia (HoFH) describes a phenotype characterized by
extreme elevation of low-density lipoprotein cholesterol
(LDLC) (classically > 13 mmol/L in the untreated state),
presence of cutaneous and tendinous xanthomata from a
young age, markedly premature cardiovascular disease,
supravalvular aortic stenosis and inherited hypercholester-
olemia in both parents in most cases [1]. More recent studies
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have identified patients with genetically confirmed HoFH
who have biochemically and clinically milder phenotypes
with lower untreated LDLC levels than the classic descrip-
tion of HoFH [2]. Genetically HoFH is a complex disorder
defined by the presence of bi-allelic pathogenic variants
in one of four genes associated with FH. Pathogenic vari-
ants in the LDLR, ApoB and PCSK9 genes are inherited in
a semi-dominant fashion and cause heterozygous familial
hypercholesterolemia (HeFH) when present on a single
allele, while pathogenic variants in the LDLRAPI protein
confer an autosomal recessive inheritance pattern and only
cause HoFH when present on both alleles [1, 3]. Bi-allelic
pathogenic variants in the LDLR are found in 85-90% of
patients with HoFH. Other patients either carry bi-allelic
pathogenic variants in one of the other genes associated
with FH, or more rarely have pathogenic variants in two
(or more) FH-associated genes (digenic inheritance). Physi-
ologically HoFH is characterized by marked LDL receptor
(LDLR) dysfunction. Functionally pathogenic variants in the
LDLR gene are often characterized by their residual activ-
ity with null variants having less than 2% residual activity
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and defective variants > 2% activity. Ideally, residual func-
tional activity should be determined by functional cell-based
studies, but such data is available only for a minority of
pathogenic variants and residual functional activity is often
determined by predictive algorithms or remains unknown
for many pathogenic variants [4]. Residual LDLR activity
is an important determinant of response to medications that
upregulate hepatic LDLR expression. Patients with a null/
null status generally respond poorly, or not at all, to medi-
cations whose predominant mechanism of action is LDLR
upregulation [1].

The treatment of HoFH focuses on early diagnosis and
early and aggressive reduction of LDLC. The most recent
consensus statement from the European Atherosclerosis
Society (EAS) proposes that adult patients with HoFH be
treated to the high-risk LDLC target of < 1.8 mmol/L unless
they have established atherosclerotic cardiovascular disease
(ASCVD) or other risk factors when they should be treated
to the very-high risk LDLC target of < 1.4 mmol/L. HoFH
patients under 18 years should be treated to an LDLC target
of <3.0 mmol/L unless there is clinical or imaging evidence
of ASCVD when the target should be lowered [1]. Given the
clinical severity of HoFH and magnitude of LDLC elevation
it would be unethical to conduct any cardiovascular outcome
studies in this population using placebo or even less inten-
sive versus more intensive therapy, as only a minority of
patients achieve LDLC targets even with intensive, multid-
rug therapy [5]. There is, however, observational evidence
showing that even modest reductions in LDLC are associ-
ated with improved survival in patients with HoFH. In a ret-
rospective observational study of HoFH patient from South
Africa survival was improved in patients treated with statins
compared to those who were treated before statins became
available, despite a relatively modest response to statins [6].
Another study that combined data from South African and
United Kingdom cohorts found that survival was best in the
quartile of patients with the lowest on-treatment LDLC [7].
These findings were subsequently confirmed in a large inter-
national registry study (Homozygous Familial Hypercho-
lesterolaemia International Clinical Collaboration - HICC)
of patients with HoFH, supporting the concept of lowering
LDLC as much as possible in patients with HoFH [5].

Treatment of HoFH

Patients with HoFH require multiple therapies with different
mechanisms of action to achieve LDLC control. In the HICC
cohort only 2.6% of patients on a single therapy achieved
their LDLC target compared to a 53.3% target achievement
rate in those receiving five different therapies [5].

Surgical approaches to HoFH include liver transplanta-
tion, ileal bypass and portocaval shunt with the latter two
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operations no longer in use. Since not all LDL is cleared by
the liver, transplantation in HoFH does not result in perfect
control and may fail owing to rejection [8, 9]. The LDL
reduction by ileal bypass relies on upregulation of func-
tional receptors and consequently the response is usually
poor. Portocaval shunt results in atrophy of the liver with
reduced production of lipoproteins but may result in signifi-
cant encephalopathy [10]. Apheresis started off as plasma
exchange but has now largely been replaced by more selec-
tive LDL removal techniques [11-13].

Statins and ezetimibe form the backbone of conventional
pharmacological lipid-lowering therapy and the current EAS
guidelines recommend that high-dose statin + ezetimibe be
started immediately upon diagnosis [1]. Because atorvas-
tatin was found to lower LDLC significantly in all cases of
HoFH in a placebo-controlled study that performed non-
steady kinetic analysis after plasma exchange, statin therapy
should be tried in all patients with HoFH. In the study LDLR
null homozygotes had a 15% reduction in LDLC because
the production of LDL was reduced, while LDL receptor
defective homozygotes had better responses [14]. Ezetimibe
lowered LDLC by 20.5% in HoFH patients receiving high-
dose statin therapy, although an analysis by residual LDLR
function is not available [15].

This review will discuss newer additional treatment
options for HoFH according to molecular target and, if rel-
evant, regulatory (FDA) approval date.

Microsomal Triglyceride Transfer Protein
(MTP)

Lomitapide is a small molecule drug that, when given orally,
rapidly binds MTP in the lumen of the endoplasmic reticu-
lum thereby inhibiting the lipidation and secretion of apoB-
containing lipoproteins from both enterocytes (chylomi-
crons) and hepatocytes (VLDL). Lomitapide reduces LDLC
by reducing VLDL production and less LDL is thus ulti-
mately generated from intravascular modification of VLDL
particles [16]. Lomitapide obtained marketing authorization
from the FDA in December 2012 based on the results of a
single-arm open-label forced titration study (5 mg daily to a
maximum of 60 mg) of 29 adult patients in which lomitapide
reduced LDLC by 50% at week 26. The effect of lomitapide
was independent of the functional status (null/defective) of
the participants LDLR pathogenic variants [17]. The LDLC
reduction in a subsequent open-label extension study was
—45.5% in the 17 patients who completed week 126, despite
some subjects discontinuing apheresis or increasing the
intervals between apheresis treatments [18].

Subsequent real world observational studies have con-
firmed the efficacy of lomitapide in treating HoFH. In a
study of 75 HoFH patients from 9 European countries the
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average LDLC reduction after a median of 19 months of
treatment was 60% and the average lomitapide dose was 20
mg [19]. This LDLC reduction was observed despite 14 of
the 38 patients who were receiving lipid apheresis at base-
line discontinuing this treatment. In a retrospective compari-
son of an Italian cohort of patients treated with lomitapide
and a French cohort treated with lipid apheresis the addition
of lomitapide to conventional lipid-lowering therapy reduced
LDLC by a further 58.0%, while LDLC was only reduced by
a further 37.1% following initiation of lipid apheresis [20].

For many years the only pediatric data for lomitapide
came from individual case reports and case series [21, 22].
In the largest of these case series, 11 patients under the age
of 18 (mean age 11.6+ 1.1 years) were treated with lomi-
tapide (mean dose 24.5 +4.3 mg/day) and the mean observed
LDLC nadir during treatment was 56.7% lower than baseline
[21]. More recently in a single-arm open-label clinical trial
of 43 pediatric patients the mean change in LDLC at week
24 was —53.5% with no significant differences between par-
ticipants aged 5-10 or 11-17 years [23].

The major adverse effects of lomitapide include gastroin-
testinal intolerance (mainly diarrhea), elevation of transami-
nases and hepatic steatosis [17]. Following registration of
lomitapide, both the FDA and EMA required the manufac-
turer to establish an observational registry study of lomi-
tapide to collect further efficacy and safety data [24]. The
Lomitapide Observational Worldwide Evaluation Registry
(LOWER) has confirmed the safety profile of lomitapide
established in the registration and extension studies and has
not identified any previously unknown risks [25]. A recent
publication evaluated the long-term hepatic safety of lomi-
tapide by aggregating data from multiple sources including
the registration study and its extension, the LOWER registry
and an Italian cohort study. The authors identified no cases
of transaminitis accompanied by bilirubin elevation (Hy’s
law) and in 34 Italian patients with sufficient data who had
been treated with lomitapide for up to 9 years, elevations
in hepatic fat were mild-to-moderate, hepatic stiffness as
assessed by hepatic elastography remained normal, and
the mean FIB-4 score did not increase significantly after a
median exposure of 31.3 months (baseline 1.25 +1.05 versus
1.36 +1.12 at follow-up) [26].

ApoB100

Mipomersen is a 20-base pair, 2’-O-methoxyethyl modified
antisense oligonucleotide complementary to human apolipo-
protein B-100 mRNA. Following subcutaneous injection it
binds to apoB-100 mRNA in hepatocytes and the complex is
then degraded by RNAses. Reduced production of apoB 100
protein reduces the production of VLDL particles and thus
ultimately LDL. In a study of 51 patients with HoFH mipom-
ersen reduced LDLC by a mean of 24.7% in the 34 patients

treated with mipomersen. LDLC reduction was highly vari-
able ranging from +2% to — 82%. Almost three quarters of
patients treated with mipomersen experienced injection site
reactions and transaminase elevations occurred in 12% [27].
In an open-label extension study similar LDLC reductions
were maintained for up to 104 weeks, but many patients
discontinued therapy because of side effects including injec-
tion site reactions, influenza-like symptoms post injection
and transaminitis [28]. Mipomersen is also associated with
the development of hepatic steatosis [29, 30]. Mipomersen
was ultimately only approved by the FDA in January 2013
and not the EMA and is no longer commercially available.

Proprotein Convertase Subtilisin/Kexin Type 9
(PCSK9)

Proprotein convertase subtilisin/kexin type 9 (PCSK9) is an
enzymatically inactive serine protease which is predomi-
nantly secreted by hepatocytes [31]. PCSK9 binds to the
LDLR on the cell surface and receptors with bound PCSK9
fail to recirculate to the cell surface following internaliza-
tion, as PCSK9 prevents the dissociation of LDL from the
LDLR resulting in lysosomal degradation of the LDLR
[31]. Pathogenic variants in PCSK9 may either cause gain
or loss of function, the former causes FH while the latter
causes hypobetalipoproteinemia [32, 33]. Reduction of cir-
culating PCSKO9 (conventionally termed PCSKO9 inhibition)
increases the number of LDLR on the cell surface, result-
ing in increased clearance of LDL and thus lower LDLC
concentrations.

Circulating PCSKO9 can be reduced either by the admin-
istration of monoclonal antibodies binding PCSK9 (evo-
locumab or alirocumab) or by inhibiting its hepatic produc-
tion using a siRNA (Inclisiran). Lerodalcibep is a fusion
protein consisting of an adnectin based PCSK9 binding
domain and human serum albumin and its mechanism of
action is like that of the monoclonal antibodies [34].

Monoclonal Antibodies

Alirocumab and evolocumab are fully human monoclonal
antibodies directed against PCSK9. They reduce LDLC by
approximately 50-60% in patients with polygenic hyper-
cholesterolemia as well as HeFH when administered by
subcutaneous injection either two-weekly or, in higher
doses, monthly [35, 36]. In HeFH their efficacy is not
affected by the type of LDLR pathogenic variant (null/
defective) [36]. The first study to investigate the efficacy
of these drugs in patients with HoFH was the TESLA Part
A study. This was an open-label, single-arm, dose-sched-
uling pilot study in 8 patients with HoFH. All patients
received evolocumab, initially dosed at 420 mg monthly
for 12 weeks followed by 420 mg every two weeks for a
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further 12 weeks. Two participants were known to have
LDLR null/null status and LDLC did not decrease in both
these patients. In the six other patients LDLC reductions
were 19.3 +16% and 26.3 +20% with the two-weekly and
monthly dose, respectively [37]. In the larger TESLA
Part B study, 50 patients aged 12 years or older with
HoFH were randomized 2:1to either evolocumab 420 mg
4-weekly or placebo. Evolocumab reduced LDLC by
30.9% from baseline compared to placebo. The observed
LDLC reduction gradated according to residual LDLR
function and was —46.9% in those with defective/defective
status, —24.5% in those with defective/negative status, but
LDLC increased by 10.3% in the single patient with con-
firmed negative/negative status [38]. However, responsive-
ness to evolocumab also varied markedly between patients
with two copies of identical pathogenic variants and was
shown to correlate with expression of LDLR on isolated
lymphocytes [39].

The TAUSSIG study was an open-label extension study
for participants from the TESLA studies, but also enrolled
additional participants with HoFH and ultimately included
106 participants with HoFH. The mean reduction in LDLC
at week 12 was 21.2% and in the 48 non-apheresis patients
uptitrated to evolocumab 420 mg once every two weeks the
reduction was —19.6% at week 12 and —29.7% after 12
weeks of treatment with the increased dose. However, the
absolute LDLC reduction at week 48 (following the dose
increase in the subgroup of patients) was only 2.06 mmol/L
and given the mean baseline LDLC of 8.5 mmol/L. most
patients would require further therapy to reach their LDLC
targets. LDLC reduction in patients on apheresis was 18.1%
at week 12. Safety results in the 14 adolescent participants
did not differ from adult patients [40].

In the Odyssey HoFH trial alirocumab dosed at 150 mg
once every two weeks resulted in a mean difference in
LDL-C percent change from baseline of —35.6% com-
pared to placebo. Individual patient responses were once
again highly variable — ranging from increases in LDLC
to reductions approaching 80%. In contradistinction to the
evolocumab studies where 105 of the 106 patients had a
genetically confirmed HoFH diagnosis, 17 of the 69 partici-
pants in the Odyssey HoFH study did not have genetically
confirmed HoFH. The commonest genetic abnormality in
the 17 patients without genetically confirmed HoFH was
a single pathogenic LDLR variant. LDLC reductions were
on average larger in these patients than in those with bi-
allelic pathogenic LDLR variants [41]. Most of the trials
above were conducted predominantly in patients of Western
origin. Studies conducted in other populations, with a dif-
ferent mix of pathogenic variants, have in some instances
shown considerably lower mean responses. In a trial of 30
patients from India the mean LDLC reduction at week 12
was only 6.4% [42].
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In an open-label, single arm pediatric study of 18 patients
(age range 8—17 years, mean age 12.4 years) alirocumab
administered at either 75 mg (body weight <50 kg) or
150 mg (body weight> 50 kg) once every two weeks
decreased LDLC by 4.1% at week 12. Half of the patients
achieved LDLC reductions > 15% at week 12. Responses
were highly heterogenous and, on post-hoc genetic analy-
sis, could at least partially be explained by 6 patients hav-
ing LDLR null/null functional status and 2 patients having
null/null mutations in the LDLRAPI gene [43]. In a pooled
analysis of non-apheresis patients aged 10—17 years treated
with evolocumab, week 12 median percentage change from
baseline in LDL-C was —2.9%; however, 42.9% (15/35) of
patients achieved > 15% reduction in LDL-C from baseline
[44].

Lerodalcibep is given by subcutaneous injection once a
month. It has been evaluated in HoFH patients aged > 10
years in a crossover study in which participants were initially
randomized to either 24 weeks of evolocumab 420 mg once
every 4 weeks or lerodalcibep 300 mg once every 4 weeks
for 24 weeks (NCT04034485). Patients then crossed over to
the alternative treatment for another 24-week period follow-
ing an 8-week washout. The results of this study have thus
far only been published in abstract form. The study enrolled
65 patients of whom 56 completed both treatment arms.
Mean reduction in LDLC was —9.6% with lerodalcibep and
—11.7% with evolocumab. LDLC reductions were once
again highly variable but were similar with both products in
individual participants. (r=0.79; p <0.001) [45].

Given that alirocumab and evolocumab, in both short-
term and long-term studies (up to 8.4 years exposure for
evolocumab), have excellent safety profiles that do not differ
from placebo in most respects, except for a higher incidence
of injection site reactions [46], the current EAS treatment
guidelines recommend that treatment with monoclonal anti-
bodies directed against PCSK9 be initiated within 8 weeks
of starting therapy with a statin and ezetimibe if the patient
is not at LDLC target, except for patients with known null/
null functional receptors. The response should be assessed
following 1-2 doses and treatment with PCSK9-inhibition
discontinued in those where the additional LDLC reduction
is<15% [1].

Inclisiran

Inclisiran is a hepatocyte-directed siRNA directed against
the RNA for production of PCSKO9. It is given by subcuta-
neous injection once every 6 months following initial dos-
ing at months 0 and 3. It has shown good efficacy in the
treatment of HeFH with a mean placebo-corrected LDLC
reduction from baseline of 47.9% [47]. In a small pilot study
of 4 HoFH patients PCSK9 was reduced markedly in all 4
participants, but LDLC was reduced by — 11.7% to —33.1%



Current Atherosclerosis Reports (2025) 27:22

Page50f10 22

at day 90 in only three participants while the fourth partici-
pant showed no response [48]. Following the pilot study a
large, double-blind, placebo-controlled trial was initiated.
In this trial 56 HoFH patients were randomized in a 2:1
ratio to either Inclisiran sodium 300 mg or placebo. PCSK9
levels were reduced by 60.6% with Inclisiran but the placebo
corrected change in LDLC was not statistically significant
at —1.68%. Once again LDLC changes were highly heter-
ogenous with large increases or reductions in some patients
[49]. There are multiple possible explanations for the failure
of Inclisiran to lower LDLC in this study including a high
production rate of PCSK9 in patients with HoFH, an over-
representation of null/null patients in the Inclisiran group,
the inclusion of patients who had previously not responded
to monoclonal antibodies, and the inclusion of patients on
apheresis as changes in apheresis timing may influence
LDLC levels markedly.

Angiopoietin-like protein 3 (ANGPTL3)

Angiopoietin-like protein 3 (ANGPTL3), ANGPTL4 and
ANGPTLS are important regulators of lipoprotein metabo-
lism and play an important role in regulating triglyceride-
rich lipoprotein metabolism depending on whether the body
is in a fasted or fed state. ANGPTLS3 is predominately syn-
thesized in the liver. ANGPTL3 secretion is regulated by
liver X receptors (LXR) and hepatocyte nuclear factor 1
(HNF-1). ANGPTLS3 forms a complex with ANGPTLS8 and
this complex exerts a strong inhibitory activity on lipopro-
tein lipase (LPL) as well as endothelial lipase (EL) [50-52].

Loss of function variants in ANGPTL3 are associated
with familial combined hypolipidemia which is charac-
terized by a reduction in all circulating lipoproteins [53].
There is a gene-dose effect and those with bi-allelic vari-
ants have more severe hypolipidemia, but no other clini-
cally overt pathology [54]. Loss of function mutations in
ANGPTL3 also correlate with decreased risk of ASCVD in
epidemiological studies, while inhibition of ANGPTL3 in
atherosclerosis-prone mice with the fully human IgG4 mon-
oclonal antibody evinacumab was associated with reductions
in atherosclerotic lesions [55].

Evinacumab is thought to reduce LDLC in HoFH by acti-
vation of LPL and EL. This results in enhanced lipolysis
with increased production of smaller VLDL-remnants and
IDL particles, uptake of these particles via LDLR-independ-
ent mechanisms and less generation of LDL in the circula-
tion [56].

In a double-blind, randomized, placebo-controlled trial,
65 patients with HoFH on stable lipid-lowering therapy
including apheresis, were assigned in a 2:1 ratio to either
receive evinacumab (15 mg/kg by intravenous infusion over
1 h monthly) or placebo. At week 24 placebo-corrected
LDLC was reduced by 49% and, importantly, there was no

difference in response between those with null/null func-
tional LDLR status or non-null status [57].

Evinacumab was subsequently further evaluated in a
long-term open-label study. This study included patients
who had participated in previous evinacumab studies as well
as evinacumab-naive patients. In total the study enrolled 116
patients (14 adolescents aged 12 to 18 years). The median
duration of study participation was 104 weeks. Evinacumab
reduced LDLC by a mean value of 43.6% and these reduc-
tions were maintained for up to 120 weeks of treatment.
Once again LDLR functional status did not influence the
response. Evinacumab was well tolerated, and no significant
safety concerns were identified [58].

In a pediatric open-label study 14 patients (aged 5—11
years) received evinacumab 15 mg/kg by monthly infusion.
The mean LDLC reduction at week 24 was 48.3%. In a phar-
macokinetic substudy the measured serum evinacumab con-
centrations were within the parameters predicted by a phar-
macokinetic model and did not differ from those in adults.
Lipoprotein apheresis reduced evinacumab concentration by
10-25%. Evinacumab was well tolerated in this small study
and no new safety signals were identified [59]. Another mon-
oclonal antibody directed against ANGPTL3 (SHR-1918) is
set to enter clinical trials soon (NCT06009393) [60].

ANGPTL3 concentrations can either be reduced with
monoclonal antibodies or by specific inhibition of protein
synthesis using RNA therapeutics. Vupanorsen is an anti-
sense oligonucleotide (ASO) directed against ANGPTL3
and could potentially be effective in patients with HoFH.
Further development of vupanorsen was, however, discon-
tinued following the results of the TRANSLATE trial in
which increasing doses of vupanorsen were administered to
statin-treated patients with residual hyperlipidemia. Plasma
ANGPTL3 was reduced by up to 95% with the highest doses,
but the proportion of patients with hepatic transaminase
elevations increased with higher doses and was 44.4% in
patients dosed with 160 mg biweekly. Similarly, the hepatic
fat fraction increased in the higher dose groups with an
increase of up to 76% in the highest dose group [61].

Zodasiran (formerly ARO-ANG3) is a siRNA directed
against ANGPTLS3. Its effect in patients with HoFH was
evaluated in an open-label study of 18 patients with HoFH
who were dosed with either 200 mg or 300 mg of Zodasiran
on day 1 and at week 12. At week 20 mean absolute reduc-
tion in LDLC from baseline were —4.4 mmol/L and —5.2
mmol/L for the 200 mg and 300 mg doses respectively cor-
responding to —48.1% and — 43.9% mean reductions. Zoda-
siran was generally well tolerated in this short and small
study, although hepatic fat fraction was not assessed system-
atically [62]. However, in other studies Zodasiran has not
been associated with increases in hepatic fat fraction [63].
Evinacumab has also not been associated with increases in
hepatic fat and when administered to patients with elevated
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triglycerides was associated with a 16% relative decrease in
hepatic fat fraction [64]. It is difficult to explain these differ-
ences in the risk of developing hepatic steatosis between the
various agents inhibiting ANGPTL3, particularly between
the two that both decrease hepatic ANGPTL3 synthesis.
One potential explanation may relate to the degree to which
ANGPTL3 synthesis is inhibited. Changes in hepatic fat
fraction and transaminases were dose related with vupan-
orsen and only seen with the highest doses. These doses
reduced circulating ANGPTL3 by up to 95%, more than the
65-85% reductions seen with Zodasiran. Very potent inhi-
bition of ANGPTL3 production may reduce the secretion
of apoB-containing lipoproteins from the liver, leading to
hepatic fat accumulation [65].

The manufacturer of Zodasiran recently announced the
cancellation of a planned phase 3 trial in patients with HoFH
for commercial reasons [66]. Two other siRNA therapies
targeting ANGPTL3 (solbinsiran and ALN-ANG3) have not
yet been trialed in patients with HoFH.

DNA Based Therapies

While RNA-targeted therapies usually aim to reduce gene
expression, DNA-targeted therapies have traditionally aimed
to introduce normal functional copies of the defective gene.
Pathogenic variants in the LDLR gene are responsible for most
cases of HoOFH and Grossman and colleagues published the
results of a small trial in 1995 in which 5 patients were treated
with ex-vivo gene therapy - resected hepatocytes were trans-
fected ex-vivo with LDLR cDNA using a murine retroviral vec-
tor and subsequently infused into the portal vein. Reductions in
LDLC were demonstrated in 3 of the 5 patients, but transgene
expression was only detected in a relatively small number of
hepatocytes [67, 68]. Given the invasive nature of this tech-
nique, the relatively low efficiency of transfection, the uncer-
tainty about the long-term persistence of expression of nor-
mal LDL receptors and concerns regarding long-term safety
of retroviral vectors this approach was not pursued further.
Subsequent attempts at gene therapy used adeno-associated
virus 8 (AAV8), but no clinically relevant reductions in LDLC
were seen in the 9 patients enrolled and there was an elevation
in transaminases [69]. An alternative approach to using viral
vectors has been proposed, delivering LDLR mRNA to hepato-
cytes using exosome technology (NCT05043181). No results
from this trial have been published yet [70].

The approaches described above can be described as gene
replacement therapy as they aim to replace the defective
gene with a wild-type copy. The discovery of the clustered-
regularly interspaced-short-palindromic-repeat/CRISPR-
associated gene 9 (CRISPR-Cas9) system has allowed
gene-editing approaches — either repairing the defective gene
or permanently affecting the function of important regula-
tory genes such as PCSK9 or ANGPLT3. Verve-101 and
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Verve-102 are gene-editors directed against PCSK9 while
Verve-201 is a ANGPTL-3-directed base editor targeted to
hepatocytes using GalNAc-conjugated lipid nanoparticles.
As yet, these agents have not yet been used in patients with
HoFH but Verve-101, directed against PCSK9, dosed at
0.45 mg/kg cohort in five participants with follow-up to at
least 28 days demonstrated time-averaged LDL-C reductions
ranging from 21 to 73% and averaging 46% [71]. For HoFH,
gene-editing of ANGPTL3 is likely to be more effective as,
unlike PCSKO9 editing, it is independent of LDLR function.

Conclusions

The last few years have seen major advances in the treat-
ment of patients with HoFH. Before effective therapies for
HoFH became available survival beyond early adulthood was
uncommon. Despite only being modestly effective, statin-
based therapy was already associated with improved survival
with subsequent studies confirming that survival improves
progressively with LDLC control. In a modelling analysis
several strategies for HoFH treatment were analyzed, start-
ing with no treatment followed by high-intensity statin treat-
ment, high-intensity statins and ezetimibe, high-intensity
statins + ezetimibe + PCSKO9 inhibitors and finally high-inten-
sity statins + ezetimibe + PCSK9 inhibitors + evinacumab. In
the first model the hazard ratio for cardiovascular mortality
for a I mmol/L reduction in LDLC was estimated to be 0.77
(model 2 assumed a hazard ratio of 0.88) and both models
assumed continuous, lifelong therapy with perfect adherence.
The median life expectancy for model 1 was 33 years. Adding
high-intensity statin therapy increased survival by 9 years and
adding ezetimibe to statins added a further 9 years. The addi-
tion of PCSKO directed therapy increased life expectancy by
a further median of 14 years, while addition of evinacumab
to all previous therapies added a further 12 years of life. In
sensitivity analyses assuming different baseline LDLC values
and a HR 0f 0.88 per mmol/L reduction the effect of adding
evinacumab varied between adding 7—12 years of life expec-
tancy [72]. The effect of lomitapide was not assessed in this
model, but since LDLC reductions with lomitapide are like
those achieved with evinacumab, and independent of residual
LDLR function, it is reasonable to assume similar effects on
survival as long as there in no competing mortality from the
effects on lomitapide on the liver.

The management of HoFH thus relies on early identi-
fication and diagnosis and initiation of therapy as soon as
possible with rapid addition of additional therapies to bring
patients as close as possible to their LDL-C target. How-
ever, many therapies lack data for use in the very young.
The current EAS guidelines recommend starting with a sta-
tin 4+ ezetimibe combination and then rapidly adding PCSK9
directed therapy. The PCSK9 directed therapy should be
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continued if it reduces LDLC by a further15% or greater [1].
Further therapies will be required for most patients and in
clinical practice the choice of therapy will often be directed
by reimbursement and availability. Further pharmacologi-
cal therapies could include the LDLR independent thera-
pies, lomitapide or evinacumab (or both) while additional
non-pharmacological therapies could be lipid apheresis or
hepatic transplantation. Gene editing to inactivate ANGPTL3
may also benefit patients with HoFH in the future.

In addition to focusing on LDLC reduction further ancil-
lary approaches requiring evaluation may include control of
Lp(a) with RNA-targeting therapies in those HoFH patients
with elevated Lp(a) levels, anti-inflammatory therapies such
as colchicine, and the use of EPA supplements or HDL-
mimetic therapies.

Worldwide the largest barrier to optimal care of patients
with HoFH is the limited access to novel, LDLR-independ-
ent therapies. Currently, these therapies are very costly and
are not available in many countries, particularly lower and
middle-income countries, leading to poor LDLC control and
increased mortality in these high-risk patients [5].
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