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BACKGROUND: Despite progress in treating homozygous familial hypercholesterolemia, most patients do not achieve low-
density lipoprotein cholesterol (LDL-C) targets. This study examined efficacy and safety of the PCSK9 (proprotein convertase
subtilisin/kexin type 9) inhibitor, alirocumab, in pediatric patients (aged 8—17 years) with inadequately controlled homozygous
familial hypercholesterolemia.

METHODS: In this open-label, single-arm, multinational, Phase 3 study, patients (n=18) received alirocumab 75 mg or 150 mg
(bodyweight <50 kg/>50 kg) every 2 weeks as an adjunct to background treatment. The primary endpoint was percent
change in LDL-C from baseline to Week 12. Secondary endpoints included changes in LDL-C and other lipid parameters up
to 48 weeks, safety/tolerability, and alirocumab pharmacokinetics.

RESULTS: The mean age of patients was 12.4 years; 16/18 (89%) had mutations in the low-density lipoprotein receptor gene (LDLR)
and 2/18 (119%) had mutations in the LDLR adapter protein 1 gene (LDLRAP1). At baseline, mean LDL-C (standard deviation) was
3730 (193.5) mg/dL, which decreased by 4.1% at Week 12 (primary endpoint) and 11.4%, 13.2%, and 0.4% at Weeks 4, 24, and
48, respectively. At Week 12, 9/18 (560%) patients achieved LDL-C reductions >15%. Mean absolute LDL-C decreases ranged
from 25 to 52 mg/dL over follow-up. A post hoc analysis demonstrated heterogeneity of responses according to genotype. There
were no unexpected safety/tolerability findings. Free PCSK9 was reduced to near zero for all patients at Weeks 12 and 24.

CONCLUSIONS: The study supports the efficacy and safety of alirocumab as a potential adjunct to treatment for some pediatric
patients with homozygous familial hypercholesterolemia.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
REGISTRATION: URL: https://www.clinicaltrials.gov; NCTO3510715.

a life-threatening disorder characterized by extremely ~ The principal aim of treatment is to lower LDL-C as much
elevated circulating levels of LDL (low-density lipo-  as possible and, in order to achieve this, it is strongly
protein) cholesterol (LDL-C), which results in premature
and progressive atherosclerotic cardiovascular disease
and extensive xanthomas.! HoFH is a rare disease with

Homozygous familial hypercholesterolemia (HoFH) is  an estimated frequency of 1/160000 to 1/320000.2
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Nonstandard Abbreviations and Acronyms

Highlights

ADA anti-alirocumab antibodies
AESI adverse events of special interest
ALT alanine aminotransferase

Apo A-1  apolipoprotein A-1
HDL-C high-density lipoprotein cholesterol
HoFH homozygous familial

hypercholesterolemia
LDL low-density lipoprotein

LDL-C low-density lipoprotein cholesterol

LDLR LDL receptor

LDLRAP1 LDLR adapter protein 1

Lp (a) lipoprotein a

PCSK9 proprotein convertase subtilisin/kexin
type 9

recommended that treatment be started as early as pos-
sible." Interventions usually involve multiple lipid-modifying
therapies, such as a statin, ezetimibe, a PCSK9 (proprotein
convertase subtilisin/kexin type 9) inhibitor, and/or lomi-
tapide, as well as LDL (low-density lipoprotein) apheresis.?
HoFH is most often caused by mutations in the LDL
receptor (LDLR) gene, but mutations in other genes
involved in the LDL receptor (LDLR) pathway, such as
apolipoprotein B (APOB), PCSK9, and the LDLRAP1
(LDLR adaptor protein 1) have also been implicated in
the disease and response to treatment.'* Patients with
complete loss of LDLR activity in both inherited genes
(null/null functional status) demonstrate more severe
disease, earlier development of comorbidities such as
atherosclerotic vascular disease, aortic stenosis, and
poorer response to therapies that upregulate LDLR
function, compared with individuals who are just defec-
tive in both alleles."*® Compound heterozygous patients
may be assigned null/null, null/defective, or defective/
defective functional status; those assigned null/defec-
tive functional status may show a phenotype in between
the null/null and defective/defective phenotypes.
Guidelines for treating adult and pediatric patients
with HoFH recommend early initiation of lipid-lowering
therapy (ideally at the maximally tolerated level)'? and
initiation of treatment with a statin and ezetimibe at diag-
nosis has been recommended by the European Athero-
sclerosis Society Consensus panel.® Visiting specialized
lipid clinics for LDL apheresis is also recommended if
feasible.2® Evolocumab (a PCSK9 inhibitor) and evi-
nacumab (an angiopoietin-like 3 inhibitor) are licensed
for use in the treatment of patients with HoFH aged 210
years and =12 years respectively in the United States
and EU.7® The 2017 National Lipid Association and
European Society of Cardiology/European Atheroscle-
rosis Society have recommended that PCSK9 inhibitor
therapy may be considered to reduce LDL-C in patients

1448  December 2022

* In pediatric patients receiving alirocumab 75 mg or
150 mg (based on bodyweight) Q2W, mean low-
density lipoprotein cholesterol decreased by 11.4%,
4.1%, 13.2%, and 0.4% at Weeks 4, 12, 24, and 48
compared with baseline, respectively.

* Up to ~b0% of pediatric patients achieved low-
density lipoprotein cholesterol reductions >15%,
with mean absolute low-density lipoprotein choles-
terol decreases ranging from 25 to 52 mg/dL over
follow-up.

+ Substantial variability of the response to treatment
with alirocumab was observed across all functional
status subgroups, highlighting the importance of
measuring low-density lipoprotein receptor activity
in addition to determining genotype to decide on
treatment strategies.

+ The safety profile in the study was consistent with
the known profile of alirocumab in adults.

with HoFH of unknown genotype, or in those known to
be LDLR defective who are on the maximum tolerated
dose of statins with/without ezetimibe, and have LDL-C
>70 mg/dL or non—high-density lipoprotein cholesterol
(non—HDL-C) >100 mg/dL, except those with null/null
LDLR mutations.'"'? Despite the considerable progress
in treatment for HoFH in recent years, most patients do
not achieve recommended LDL-C targets with current
lipid-modifying therapies, and the unmet medical need
remains high.’

Alirocumab is a fully human monoclonal antibody that
targets PCSK9, a protein involved in lipoprotein homeo-
stasis.’®'* Binding of PCSK9 to the LDLR reduces recy-
cling of LDLR and results in fewer LDLR on cell surface,
resulting in less LDL-C being removed from circulation
via binding to LDLR.'®* When alirocumab binds PCSK9,
PCSK9 is no longer able to bind the LDLR, improving
recycling of the LDLR and thus increasing removal of
LDL-C from circulation.” The ODYSSEY HoFH study,
conducted in adults with HoFH, found alirocumab treat-
ment (150 mg once every 2 weeks, administered in
addition to background lipid-modifying therapies) was
effective at reducing LDL-C compared with placebo
(least squares mean [SE] change from baseline to
Week 12: —26.9% [4.6%] and +8.6% [6.3%)], respec-
tively; between-treatment difference: 35.6% [7.8%,
P<0.0001])."® Alirocumab is indicated as an adjunct to
diet and maximally tolerated statin therapy for adults who
require additional lowering of LDL-C, for the treatment of
primary hypercholesterolemia (heterozygous familial or
non-familial), mixed dyslipidemia, or established athero-
sclerotic cardiovascular disease.'*'® However, it is cur-
rently not approved for use in the pediatric population.

Here, we report the results from a study that evalu-
ated the efficacy and safety of alirocumab 75 or 150 mg
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(based on bodyweight) once every 2 weeks (Q2W) in
pediatric patients with HoFH aged 8 to 17 years.

METHODS
Data Availability Statement

Qualified researchers may request access to patient level data
and related study documents including the clinical study report,
study protocol with any amendments, blank case report form,
statistical analysis plan, and dataset specifications. Patient level
data will be anonymized, and study documents will be redacted
to protect the privacy of our trial participants. Further details on
Sanofi's data sharing criteria, eligible studies, and process for
requesting access can be found at https://www.vivli.org/.

Study Design

This was an open-label, multinational, multicenter Phase 3 study
with a single arm in 10 active centers in 10 countries. For a list
of study sites and investigators, please see Table S1. The study
was conducted in accordance with the Declaration of Helsinki
and the International Conference on Harmonization Guidelines
for Good Clinical Practice. The institutional review board or
independent ethics committee at each study center approved
the study protocol, and written informed consent was obtained
from each participant and/or their parents. The study was reg-
istered with clinicaltrials.gov, the European Union Clinical Trials
Register and the European Union Drug Regulating Authorities
Clinical ~ Trials  Database (NCT03510715/EFC14660/
EudraCT: 2017-002297-39).

The assessment schedule consisted of a run-in period
(<4 weeks as needed), a screening period (<2 weeks in all
patients), a treatment period (48 weeks), and a follow-up
period (8 weeks; Figure S1). Screening took place 2 weeks
before baseline measurement.

Participants

Male and female children and adolescents aged 8to 17 years with
HoFH assessed by genotyping were eligible for the study if their
HoFH was inadequately controlled despite treatment with an
optimal dose of statin with or without other lipid-modifying ther-
apies, or non-statin lipid-modifying therapies if statin-intolerant,
at stable dose(s) for >4 weeks. Patients with a null/null geno-
type were excluded a priori based on investigator assessment.
The diagnosis of HoFH was made based on the result of geno-
typing performed previously or based on results of centralized
genotyping performed during the run-in period of the current
study if no previous testing was available. Genotyping data
were evaluated by the investigators; the presence of 2 mutated
alleles in the LDLR, Apo B, PCSK9, or LDLRAP1 genes (true
homozygotes, compound heterozygotes, or double heterozy-
gotes) in addition to corresponding phenotype (eg, very high
LDL-C level, presence of xanthoma) and family history were
considered to support a diagnosis of HoFH. Patients continued
their background therapy throughout the study.

For those patients who required LDL apheresis, they must
have been undergoing stable therapy for >4 weeks prior to
the screening visit (Week =2) and had initiated LDL apher-
esis treatment >6 months before entering the study. Patients
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undergoing apheresis were required to align the Day 1/Week
0, Week 4, and Week 12 visits with an apheresis procedure and
alirocumab administration, with the study drug being injected
immediately following apheresis completion. Following Week
12, patients were free to adapt apheresis appointments to their
individual needs, with the recommendation that the Week 24
and 48 visits should coincide with an apheresis procedure.

Patients who were <8 or >17 years of age, null/null for
LDLR, had LDL-C <130 mg/dL at screening, or bodyweight
<25 kg were excluded. For a full list of patient inclusion/exclu-
sion criteria please see Supplemental Material.

Intervention

Eligible patients received subcutaneous injections of alirocumab
either 756 mg Q2W for patients with bodyweight <50 kg, or
150 mg Q2W for patients with bodyweight 250 kg. The first
injection was administered at the investigation site, after which
subsequent injections occurred at a patient-preferred location
and were performed either by the patient (if aged 12 years or
older and trained), or by a parent/carer (if patient was under
12 years of age). As such, 6 doses were administered by Week
192; of these, b were administered at home. After Week 12, the
dose could be adjusted in cases where bodyweight increased
or decreased to above or below the 50 kg dosing threshold
during the study. Adherence to treatment was assessed via
alirocumab administration data recorded by the investigator
in the electronic case report form and by patients/parents in
a patient’s diary. Also, used and unused doses were returned
to site and counted by investigators. Treatment adherence to
statins was tracked by interviewing the patients and parents on
any changes in statins at each visit, and information on use of
statins was also recorded in the electronic case report form by
study investigators and in patient diaries by patients.

Endpoints and Assessments

The primary endpoint was percent change in LDL-C lev-
els (pre-apheresis, if applicable) from baseline to Week 12.
Secondary endpoints included: (1) percent change in LDL-C
levels (pre-apheresis, if applicable) from baseline to Weeks 24
and 48; (2) percent change from baseline to Weeks 12, 24,
and 48 in other lipid parameters, apolipoprotein B (Apo B),
non—HDL-C, total cholesterol, lipoprotein a (Lp [a]), triglycer-
ides, HDL-C, Apo A-1 (apolipoprotein A-1); (3) proportion of
patients with 215% reduction in LDL-C levels at Weeks 12,
24, and 48; and (4) absolute change in LDL-C from baseline
to Weeks 12, 24, and 48.

The safety and tolerability of alirocumab <48 weeks of
treatment, including incidences of treatment-emergent
adverse events, serious adverse events, adverse events of
special interest, and deaths, were also evaluated. Adverse
events of special interest included allergic events or local
injection site reactions that required a separate consulta-
tion, liver enzyme elevation (ALT [alanine aminotransferase]
>3x upper limit of normal, if baseline ALT <upper limit of
normal, or ALT >2 times the baseline value, if baseline ALT
>upper limit of normal), neurologic events that required addi-
tional examinations or procedures and/or referral to a spe-
cialist, all neurocognitive events, pregnancy, and symptomatic
overdose.
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Additional assessments included the pharmacokinetic
parameters of alirocumab, such as the lowest concentration
before administration of the next dose (Ctrou h) and serum con-
centration of total and free PCSKO at baseline, Week 12, Week
24, and Week 48. Samples to determine alirocumab C, | . were
taken between 11 and 17 days after previous injection of ali-
rocumab at Week 12 and Week 48 (and between 8 and 21
days at Week 24) and may have been just prior to the next
injection. The potential development of anti-alirocumab anti-
bodies (ADA) over the study course was also assessed.

Statistical Analysis

No sample size calculation was performed. Approximately 18
patients were planned to be enrolled to have >15 evaluable
patients, considering the recruitment constraints in this rare
disease population; due to the small patient population, no sex-
based stratification analyses were planned.

Efficacy was analyzed in the intent-to-treat population,
which was defined as all enrolled patients who received >1 dose
or partial dose of alirocumab. The safety population was made
up of enrolled patients who had received >1 dose or partial
dose of alirocumab, as well as patients for whom it was unclear
whether they received study medication. Pharmacokinetic anal-
yses were performed in a population consisting of the safety
population with >1 available pharmacokinetic sample post first
alirocumab injection, while ADA analyses were performed in
those included in the safety population with a blood sample on
Week O (baseline) and >1 evaluable blood sample for ADA post
first alirocumab injection. Blood samples were collected before
alirocumab injection, and before LDL apheresis if applicable.

All efficacy analyses were descriptive, with no formal statis-
tical test, due to lack of control group in this single-arm study
(please see Supplemental Material for details). Post hoc explor-
atory subgroup efficacy analyses were performed to better
understand where the large inter-patient variability in response
to alirocumab stemmed from. To facilitate this, we assigned a
functional LDLR activity to each participant based on individual
genotyping data, using reference to the Leiden Open Variation
Database data and literature, after the end of the study. The
percent changes in LDL-C from baseline to Weeks 12, 24, and
48 were evaluated according to the functional LDLR status
identified by the exploratory analysis, and according to con-
comitant treatment with LDL apheresis.

RESULTS
Baseline Characteristics

Of the 18 patients, the mean age was 12.4 years (range
9-17 years) and 9 (50%) were male (Table 1). Overall, 16
patients entered the study with an HoFH diagnosis based
on prior genotyping information; the 2 remaining patients
underwent centralized genotyping at enroliment. A total
of 3 patients with prior genotyping data also underwent
centralized genotyping at enroliment. After genotyping, 10
(56%) patients were confirmed as true homozygotes and
the remaining 8 (44%) as compound heterozygotes. In total,
16 (89%) patients had mutations in LDLR and the remain-
ing 2 (119%) had mutations in LDLRAPT (see Table S2 for
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Characteristic Total (N=18)
Age, y; mean (SD) 12.4 (2.8)
Age group, n (%)

>8 and <12 years 8 (44.4)

>12 and <18 years 10 (55.6)
Sex, male, n (%) 9 (50.0)
BMI, kg/m? mean (SD) 20.5 (4.0)
HoFH diagnosis, genotyping, n (%) 18 (100)
Time from diagnosis, years, mean (SD) 3.4 (3.1)
Gene affected by mutation, n (%)

LDLR 16 (88.9)

LDLRAPT 2(11.1)
Any statin treatment, yes, n (%) 18 (100)
Ezetimibe treatment, yes, n (%) 13 (72.2)
Apheresis treatment, yes, n (%) 6 (33.3)

LDL-C, mg/dL, mean (SD)

373.0 (193.5)

Functional status (based on genotype)

Null/null

LDLR (n=6)

491.1 (107.2)

LDLRAP1 (n=2)

202.1 (116.0)

Not null/null

Null/defective (n=4)

243.9 (142.2)

Defective/defective (n=6)

397.9 (242.0)

Apheresis status

On apheresis (n=6)

396.4 (191.0

Not on apheresis (n=12)

Apo B, mg/dL, mean (SD)

229.2

(
360.6 (201.2
(108.2

)
)
)
)

Non-HDL-C, mg/dL, mean (SD) 392.6 (201.4,
Total C, mg/dL, mean (SD) 4171 (187.2)
Lp (a), mg/dL, mean (SD) 39.3 (33.5)
Fasting TG, mg/dL, mean (SD) 92.7 (51.1)
HDL-C, mg/dL, mean (SD)* 33.8(11.6)
Apo A-1, mg/dL, mean (SD) 102.4 (31.4)

Apo B/Apo A-1 (ratio), mean (SD)t

2.344 (1.511)

LDL-C measurements were performed pre-apheresis where applicable. Apo A-1
indicates apolipoprotein A-1; Apo B, apolipoprotein B; BMI, body mass index; C,
cholesterol; HDL-C, high-density lipoprotein cholesterol; HoFH, homozygous familial
hypercholesterolemia; LDL-C, low-density lipoprotein cholesterol; LDLR, low-density
lipoprotein receptor; LDLRAP1, low-density lipoprotein receptor adapter protein 1;
Lp (a), lipoprotein a; LS, least squares; non-HDL-C, non—high-density lipoprotein
cholesterol; Q2W, every 2 weeks; and TG, triglycerides.

*Where a value was <LLOQ, the value used was LLOQ/2.

tn=17.

details of patient genotypes). Despite LDLR null/null func-
tional status being an exclusion criterion, 6 such patients
were assigned to this status post hoc, and the 2 patients
with mutations in the LDLRAPT gene were assigned to a
null/null functional status. These patients were included
in the intent-to-treat analysis. At baseline, mean LDL-C
(SD was 373.0 [193.5] mg/dL (Table 1). An instability of
LDL-C level was observed during the screening period,

Arterioscler Thromb Vasc Biol. 2022;42:1447—-1457. DOI: 10.1161/ATVBAHA.122.317793
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with individual LDL-C measurements at baseline varying
from —76% to 211% of the screening value, highlighting
the large intraindividual variability in this population.

Background Treatment Before and During the
Study

All patients were receiving statin treatment at baseline.
Most patients were not on the maximal dose of statin
they could tolerate because of a regional practice guide-
line, AEs, or patient/parent refusal. Strict adherence to
statin treatment was observed in all patients during the
study. A statin dose change was reported in 1 patient
around Week 44 of the study. In total, 13/18 (72.2%)
patients were on ezetimibe at baseline. Two patients
not on ezetimibe at baseline started ezetimibe treat-
ment around Week 24 of the study. Six of 18 (33%)
patients were on LDL apheresis treatment. Two patients
received apheresis QW, 1 patient Q2W, 2 patients Q3W,
and 1 patient had an irregular apheresis schedule. Three
patients missed =1 procedure in the 4 weeks leading to
the scheduled visits at Week 12 and/or 24 and/or 48.

Alirocumab Treatment

Two patients had a change of alirocumab dose during the
study due to increase in bodyweight (one at Week 26,

Alirocumab in Pediatric Homozygous FH

the other at Week 36). Adherence to alirocumab treat-
ment was high with an overall mean (SD) compliance
rate of 98.3% (3.2). One patient missed 4 of the sched-
uled injections, after Week 12,

Efficacy

LDL-C

At Week 12 of treatment, mean (SD) percent change
from baseline in LDL-C was —4.1% (36.0). A decrease
from baseline of —11.4% (17.6) was seen at Week 4,
of —13.2% (28.5) at Week 24, and of —0.4% (49.6) at
Week 48. The absolute changes in mean LDL-C (SD)
from baseline were —35.5 (47.1) mg/dL at Week 4,
—33.4 (83.1) mg/dL at Week 12, —=52.3 (71.4) mg/
dL at Week 24, and —25.3 (100.1) mg/dL at Week
48. Percent change in LDL-C by genotype is shown
in Figure 1. The percentage of patients achieving
>15% reduction from baseline in LDL-C was 50.0%
by Week 12, 52.9% by Week 24, and 41.2% by Week
48 (Figure 2).

One patient experienced a treatment-emergent seri-
ous adverse event (cardiac failure) unrelated to study
treatment and discontinued treatment shortly after
completing Week 18. The patient subsequently died
1 week after discontinuation. Available data for this
patient (up to Week 12) were included in all efficacy

2001
I LDLR Compound heterozygosity
Bl |DLR True homozygosity
LDLRAP1 True homozygosity
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Figure 1. Individual percent change from baseline in low-density lipoprotein cholesterol (LDL-C) from baseline over the study

period, by genotype.

Each line represents absolute LDL-C change from baseline for 1 individual patient. *Patient death recorded following treatment discontinuation.

LDLR indicates LDL receptor; and LDLRAP1, LDLR adapter protein 1.
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60 -

n=9/17

504 n=9/18

40

Proportion of patients, %

W12

215% reduction

B <15% increase

304 n=5117

n=7/17

n=5/17

W24 W48

Timepoint

B <15% reduction
M =15% increase

Number of patients

Week 12 (n=18)

Week 24 (n=17)

Week 48 (n=17)

Number of patients with LDL-C
reduction 15% or more

Number of patients with 0 to 15%
LDL-C reduction

Number of patients with LDL-C
increase up to 15%

Number of patients with LDL-C
increase 15% or more

9 9 7
n=3 LDLR TH n=4 LDLR TH n=1LDLR TH
n=6 LDLR CH n=4 LDLR CH n=5 LDLR CH
n=1 LDLRAP1 n=1 LDLRAP1
3 5 4
n=1LDLR TH n=3 LDLR TH n=3 LDLR TH
n=1LDLR CH n=2 LDLR CH n=1LDLR CH
n=1 LDLRAP1
2 2 1
n=2 LDLR TH n=1LDLR TH n=1LDLR TH
n=1LDLR CH
4 1 5
n=2 LDLR TH n=1 LDLRAP1 n=2 LDLR TH
n=1LDLR CH n=2 LDLR CH
n=1 LDLRAP1 n=1 LDLRAP1

Figure 2. Low-density lipoprotein cholesterol (LDL-C) change for the whole cohort at Weeks 12, 24, and 48.
N=17 from Week 24 onward. CH indicates compound homozygote; LDLR, LDL receptor; TH, true homozygote; and W, Week.

analyses; at Week 12, this patient's LDL-C change from
baseline was +16.8%.

While inter-patient responses to alirocumab varied,
individual responses were typically consistent between
visits. To better understand the source of the large vari-
ability in response to alirocumab, we performed a post hoc
analysis on LDL-C measurements for subgroups created
according to assigned LDLR functional status. Patients
with a null/null functional status for LDLR (n=6) showed
the highest mean (SD) LDL-C value at baseline with
491.1 (107.2) mg/dL compared with 202.1 (116.0) mg/dL
for those null/null in LDLRAPT (n=2); this was 3979
(242.0) mg/dL for patients with a defective/defective

1452  December 2022

status and 2439 (142.2) mg/dL for null/defective indi-
viduals (Table 1). The variability of these values was large,
regardless of the functional status, and this persisted
throughout the study (Figure 3A).

Inthe patients who were null/nullin LDLR,mean LDL-C
decreased versus baseline for all timepoints, whereas
patients who were null/null in LDLRAPT showed an
increase at each timepoint compared with baseline. Per-
cent change in LDL-C over time was similar for patients
who were null/defective or defective/defective (Fig-
ure 3B). Mean percent changes in LDL-C had large SDs,
indicating that there was a large variability in response
within the LDLR functional status subgroups (Figure 3B).
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Target achievement of >15% reduction in LDL-C at Week
12 was 4/6 (66.7%) for the patients null/null in LDLR
and 0/2 (0%) for those null/null in LDLRAPT (Table S3);
in the null/defective and defective/defective groups this
was 2/4 and 3/6 (50%), respectively.

We also investigated changes in LDL-C stratified by
whether patients were on LDL apheresis treatment dur-
ing the study. Mean (SD) baseline LDL-C was similar for
patients receiving LDL apheresis (396.4 [191.0] mg/dL,
pre-apheresis) compared with those who were not
(360.6 [201.2] mg/dL; Table 1; Figure S2A). Mean
(SD) percent change in LDL-C at Week 12 was —1.8%
(83.2) pre-apheresis and —65.5% (15.0) post-aphere-
sis, compared with —5.2% (38.7) in patients not on LDL
apheresis (Figure S2B). Percent change in LDL-C from
baseline at Week 24 and Week 48 were similar, regard-
less of apheresis status. At Week 12, 2/6 (33.3%)
patients on LDL apheresis and 7/12 (568.3%) patients not
on LDL apheresis achieved >15% reduction in LDL-C.
Respective values for Week 24 were 3/6 (50.0%) and
6/11 (54.5%), and for Week 48 were 1/6 (16.7%) and
6/11 (54.5%; Table S3).

An analysis of the effect of LDLR functional status on
LDL-C levels for individual patient is shown in Figure 4.
Substantial variability of the response to treatment with
alirocumab was observed across all functional status
subgroups.

Other Lipid Parameters

Changes in other lipid parameters are presented in
Table 2. Mean decreases versus baseline in Apo B,
non—HDL-C, and total C were observed at Weeks 12
and 24, with an increase observed at Week 48, albeit

Arterioscler Thromb Vasc Biol. 2022;42:1447-1457. DOIl: 10.1161/ATVBAHA.122.317793

with high variability throughout. A small decrease in Lp
(a) (Lipoprotein a) versus baseline was seen at all study
timepoints. Small increases across all timepoints were
observed for triglycerides, HDL-C, and Apo A-1.

Safety

Overall, 17/18 (94%) patients experienced any treat-
ment-emergent adverse event (Table 3). The most fre-
quently reported treatment-emergent adverse events by
primary system organ class were infections and infesta-
tions (n=7 patients), respiratory, thoracic, and mediastinal
disorders (n=b), and cardiac disorders (n=4). As noted
earlier, one patient death unrelated to study treatment
was recorded following treatment discontinuation. Death
was assessed as the result of cardiac failure second-
ary to severe atherosclerotic aortic stenosis. Available
data for this patient (up to Week 12) were included in all
safety analyses. One patient experienced a non-serious
local injection site reaction that was judged to be
treatment-related.

Pharmacokinetic

The concentrations of total PCSK9 and free PCSK9
in patients on LDL apheresis (Figure S3A and S3B)
and not on LDL apheresis (Figure S3C and S3D) were
evaluated. The concentration of total PCSK9 increased
~ 10-fold in the whole cohort on treatment compared
with baseline values. The concentration of free PCSK9
reduced to near zero for all patients at Weeks 12 and
24. One patient, on LDL apheresis, had an unexplained
increase at Week 24 compared with baseline.
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Mean (SD) Cyougn 2lirocumab  concentrations  for
patients not on LDL apheresis increased from zero at
baseline to 16.4 (3.7) yg/mL for the 75 mg Q2W dose
and 24.4 (8.1) ug/mL for the 150 mg Q2W dose, respec-
tively at Week 12, which was maintained at Week 24
(Figure S4A). At Week 48, mean (SD) C, o increased
further to 26.7 (19.6) and 28.3 (11.3) pg/mL respectlvely
In patients on LDL apheresis, mean pre-apheresis C, -
alirocumab concentration was generally similar to those
of patients not on LDL apheresis: 13.9 to 24.0 ug/mL at
Week 12 increasing to 22.9 to 30.9 pg/mL at Week 48,
for patients who received LDL apheresis (pre-apheresis
measurement; Figure S4B). However, mean post-aphere-
sis C,,,,, alirocumab concentration was ~ 50% lower than
the correspondmg pre-apheresis concentration at each
post-baseline timepoint (data not shown).

Anti-Alirocumab Antibodies

No positive ADA responses were observed in this study.

1454 December 2022

DISCUSSION

This study provides evidence supporting the use of ali-
rocumab as a prospective adjunct therapeutic option for
pediatric patients with HoFH, even in those predicted
to see limited benefit based on LDLR functional sta-
tus. A small percent change in mean LDL-C compared
with baseline was observed at Week 12 (primary end-
point); the large SD associated with the mean reflects
the large variability of the inter-individual responses for
this parameter. Similar observations were made at the
other timepoints. Despite the small percentage changes
in LDL-C, mean absolute reductions ranged from =33
to 52 mg/dL from Week 4 until Week 48 after baseline.
Previous research has shown a decrease in major coro-
nary events, major vascular events and all-cause mortal-
ity with similar LDL reductions, and suggests that these
changes, though small, are clinically relevant.’”
Interestingly, we observed that effects for individual
patients could only be determined following treatment

Arterioscler Thromb Vasc Biol. 2022;42:1447—-1457. DOI: 10.1161/ATVBAHA.122.317793
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Lipid parameter Week 12 Week 24 Week 48
Apo B, % —4.2 (6.8) —11.8 (6.1) 0.9 (10.4)
Non-HDL-C, % —3.9 (8.3) —9.2 (7.3) 5.7 (13.1)
Total C, % -1.9(7.2) —6.3 (6.5) 5.5 (10.7)
Lp (a), % —7.4 (7.6) —5.2 (8.1) —6.4 (12.2)
Fasting TG, % 2.8 (8.0) 5.2 (16.2) 10.0 (8.2)
HDL-C, % 13.0 (5.9) 8.9 (4.4) 10.1 (6.5)
Apo A-1, % 11.3 (6.9) 14.6 (6.0) 11.3 (5.8)
LS mean (SE) absolute | —0.2 (0.2) —0.4 (0.2) —0.2 (0.2)
change in the ratio of

Apo B/Apo A-1

All data are shown as LS mean (SE) percent change, unless otherwise indi-
cated. Measurements were performed pre-apheresis where applicable. Apo A-1
indicates apolipoprotein A-1; Apo B, apolipoprotein B; C, cholesterol; HDL-C,
high-density lipoprotein cholesterol; Lp (a), lipoprotein a; LS, least squares; non—
HDL-C, non—high-density lipoprotein cholesterol; and TG, triglycerides.

implementation. It is thought that this may be due to the
genetic heterogeneity of the patient population, and dif-
ferences in existing treatment (both between patients
and in terms of changes over time in individual patients),
such as the use of LDL apheresis. As a likely result of
this heterogeneity, there was large variability in LDL-C
level between patients at baseline in addition to large
intra-individual variability in LDL-C during the screening
period compared with baseline. This is consistent with
both clinical practice and previous studies in patients
with HoFH showing a high variability of LDL-C both
before and in response to treatments that upregulate
LDLR function, such as statins or PCSK9 inhibitors.'®'®

Percent change reduction of LDL-C achieved with
statins in patients with HoFH is generally estimated at
10% to 25% of the baseline value." Although the study
was designed to limit baseline variability by requiring sta-
ble background therapy and LDL apheresis status before
entering the study, the large variability in baseline LDL-C
mentioned above may reflect difficulties in the optimiza-
tion of treatment in the pediatric HoFH population.

The variability seen at baseline and throughout the
study led to a post hoc genetic analysis to examine out-
comes by LDLR functional status, revealing the inclusion
of 6 patients with LDLR null/null functional status and 2
patients with null/null mutations in the LDLRAPT gene.
A numerical decrease in the mean LDL-C level from
baseline was observed at all timepoints for this subgroup
of patients who were null/null for LDLR, which was
unexpected. Despite this apparent reduction in LDL-C,
levels in patients null/null for LDLR in the present study
remained far from the therapeutic goal.

Individual responses to treatment showed large vari-
ability across all 4 patient functional status subgroups.
Despite investigation of various parameters that could have
impacted the variability in the response of alirocumab, no
clear trend or consistent explanation was identified. The
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n (%) Alirocumab (N=18)
Patients with any TEAE 17 (94.4)

Patients with any treatment-emergent SAE 1 (5.6)

Patients with any TEAE leading to death 1(5.6)

Patients with any TEAE leading to permanent 1(5.6)

treatment discontinuation

Patients with any treatment-related TEAE 1(5.6)

SAE indicates serious adverse event; and TEAE, treatment-emergent adverse
event.

limited effect of alirocumab on LDL-C reduction despite
good treatment compliance and strong PCSK9 inhibition
in patients with defective LDLR functional status empha-
sizes the unpredictability of the phenotypic expression
unless treatment with a PCSK9 inhibitor has been tested
in an individual. Results from other studies of PCSK9-
targeting therapies have also shown a large degree of
variability in treatment response 5152021

There did not appear to be a consistent effect of ali-
rocumab on the pre-apheresis percent change in LDL-C
levels from baseline in patients already treated with LDL
apheresis. Patients on LDL apheresis did seem to have
a smaller percent reduction in LDL-C at Week 12 com-
pared with those not on LDL apheresis. This is in line
with the trend seen in the ODYSSEY HoFH adult study,
which showed mean (SD) reductions of —29.1% (35.7)
for patients not on LDL apheresis, versus —8.3% (24.2)
for patients on LDL apheresis.'® Similar trends were also
seen at Week 12 in the TAUSSIG study of evolocumab
in HoFH.2" In addition, the percentage of patients in
this study who achieved >15% reduction in LDL-C was
higher in patients not on LDL apheresis. This difference
might be due to LDL apheresis already having had a
large effect on LDL-C, leaving limited opportunity for
further reduction by alirocumab, although mean LDL-C
values at baseline were similar in patients on apheresis
and patients not on apheresis. Although it was not pos-
sible to fully elucidate the reasons for the large variabil-
ity in response in the present study, a high proportion of
patients achieved a clinically relevant >15% reduction in
LDL-C level over the study course, supporting the effi-
cacy of alirocumab in a pediatric population.

Ezetimibe, which was a background therapy for 13
patients in the current study, has a modest effect on
LDL-C, with a reduction of ® 17% to 18% seen when
used as monotherapy in patients with primary hypercho-
lesterolemia.???® Evinacumab is approved as an adjunct
therapy for the treatment of HoFH but is likely to be most
useful in patients with severe HoFH who lack any LDLR
functionality.?*

The dosing regimens evaluated in the present study
were optimal to maximize the effect of alirocumab in
this pediatric population with HoFH. Indeed, alirocumab

Cnough was similar to the concentration observed in the
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ODYSSEY study in adults with HoFH. In this latter study,
alirocumab C, . reached a steady level of x25 pg/mL
at Weeks 8 to 12,'° compared with C,_ ~of 16.4 to
24.4 ug/mL at Week 12 and 26.7 to 083 pg/mL at
Week 48 for patients not on LDL apheresis (and gener-
ally similar for pre-apheresis measurements in patients
who received LDL apheresis) in the current study. Fur-
thermore, the concentration of free PCSK9 measured
before dose administration decreased to almost zero
for most timepoints, suggesting that alirocumab bound
PCSK9 and prevented the protein from engaging with
LDLR throughout the dosing interval. The safety profile
in the study was consistent with the known profile of ali-
rocumab in adults.’

The limitations of this study include the small cohort
size and the even more limited number of patients
included in each LDLR functional status/LDL apher-
esis subgroup, and also the lack of a comparator arm;
therefore, the significance of the results must be gauged
carefully and in context within the wider field of research.
Despite this, this post hoc characterization based on
LDLR functionality assessment provides an innovative
way to better understand highly variable patient popula-
tions with HoFH. However, LDLR activity was not directly
measured during the study, but the post hoc analysis was
based on functional LDLR status of patients, determined
based on their genetic background. Assigning LDL-
receptor functionality based on genetic analyses is chal-
lenging when functional studies for a specific mutation
have not yet been reported; it should be noted that for
some mutations, functionality is predicted based on in
silico modeling only. Therefore, future studies that specif-
ically assess LDLR activity will help fully characterize this
patient population and their response to new treatments.

In conclusion, the HoFH population is highly het-
erogeneous and deserves well-characterized genotyp-
ing and LDLR function assessment to fully understand
potential treatment effects. However, the potential for
LDL-C reduction is still difficult to predict even when
genetic data are available, and the effects for an indi-
vidual patient can only be determined once treatment
with a PCSK9 inhibitor has been tested, irrespective of
genetic background. Our study adds evidence support-
ing alirocumab, a PCSK9 inhibitor, as potential adjunct
to treatment for pediatric patients with HoFH, even in
those presumed to see limited benefit based on LDLR
functional status.
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