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Abstract

Background Alirocumab, a human monoclonal antibody,
inhibits proprotein convertase subtilisin/kexin type 9
(PCSK9) to significantly reduce low-density lipoprotein
cholesterol levels; pharmacokinetics (PK) are governed by
non-linear, target-mediated drug disposition (TMDD).
Objectives We aimed to develop and qualify a population
PK (PopPK) model to characterize the PK profile of alir-
ocumab, evaluate the impact of covariates on alirocumab
PK and on individual patient exposures, and estimate
individual predicted concentrations for a subsequent PK/
pharmacodynamic (PD) analysis.

Methods Data from 13 phase I-III trials of 2799 healthy
volunteers or patients with hypercholesterolemia treated
with intravenous or subcutaneous alirocumab (13,717
alirocumab concentrations) were included; a Michaelis—
Menten approximation of the TMDD model was used to
estimate PK parameters and exposures. The final model
comprised two compartments with first-order absorption.
Elimination from the central compartment was described
by linear (CLL) and non-linear Michaelis—Menten clear-
ance (Vm and Km). The model was validated using visual
predictive check and bootstrap methods. Patient exposures
to alirocumab were computed using individual PK
parameters.

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40262-018-0669-y) contains supple-
mentary material, which is available to authorized users.
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Results The PopPK model was well-qualified, with the
majority of observed alirocumab concentrations in the
2.5th-97.5th predicted percentiles. Covariates responsible
for interindividual variability were identified. Body weight
and concomitant statin administration impacted CLL,
whereas time-varying free PCSK9 concentrations and age
affected Km and peripheral distribution volume (V3),
respectively. No covariates were clinically meaningful,
therefore no dose adjustments were needed.

Conclusions The model explained the between-subject
variability, quantified the impact of covariates, and, finally,
predicted alirocumab concentrations (subsequently used in
a PopPK/PD model, see Part II) and individual exposures.

Key Points

The population pharmacokinetic model successfully
allowed the prediction of the pharmacokinetic
properties of alirocumab in the target population, as
well as individual exposures.

Covariates that impacted on the interindividual
variability of alirocumab were identified, with the
most important effect being the impact of body
weight and coadministration of statins on the linear
clearance rate.

The impact of covariates did not have any clinically
significant effect.
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1 Introduction

High levels of low-density lipoprotein cholesterol (LDL-C)
are a causative risk factor for cardiovascular disease
(CVD), a disease that is recognized as a leading cause of
premature mortality worldwide [1, 2]. Statin monotherapy
is widely used for the treatment of hypercholesterolemia;
however, statin intolerance and the inability to achieve
target cholesterol levels with statin therapy alone has
highlighted a need for novel therapeutic agents [1]. The
proprotein convertase subtilisin/kexin type 9 (PCSK9)
inhibitor alirocumab has been approved by the US FDA as
an adjunct to diet and maximally tolerated statin therapy
for the treatment of adults with clinical atherosclerotic
CVD or heterozygous familial hypercholesterolemia (FH)
who require additional LDL-C lowering. Furthermore, the
European Medicines Agency has approved alirocumab for
those with either heterozygous FH or non-FH and mixed
dyslipidemia, as an adjunct to diet and in combination with
a statin & other lipid-lowering therapies (LLTs) in patients
unable to reach LDL-C goals with the maximally tolerated
dose of a statin, who are statin-intolerant, or for whom a
statin is contraindicated [3, 4].

In humans, PCSK9 (a member of the subtilisin family of
serine proteases) is primarily expressed in the liver [5, 6],
where it binds to low-density lipoprotein receptors (LDL-
R) and targets them for internalization and degradation.
Alirocumab, a fully human monoclonal antibody, prevents
LDL-R degradation by binding to and inhibiting PCSK9,
resulting in increased LDL-R levels on the surface of
hepatocytes, and increased LDL-C clearance [7]. Clinical
studies have shown that treatment with alirocumab reduces
LDL-C levels by up to 61% when added to background
statins [8—15].

The pharmacokinetics (PK) of alirocumab are described
by parallel linear and non-linear processes; non-linear
processes are governed by PCSK9 production, alirocumab—
PCSK9 complex formation, and lysosomal degradation of
the alirocumab-PCSK9 complex. Therefore, alirocumab is
characterized by target-mediated drug disposition (TMDD)
with kinetics that are related to its mechanism of action.
PCSKO9, and thereby the alirocumab—PCSK9 complex, is
involved in an endosomal-lysosomal transport and degra-
dation process by the same mechanism as for the PCSK9-
LDL-R complex. At low concentrations, alirocumab is
eliminated through its binding to PCSK9 via lysosomal
degradation [16], while at high alirocumab concentrations,
PSCK9 becomes saturated and alirocumab elimination
occurs via a linear, non-saturable proteolytic pathway. The
kinetics of both alirocumab and PCSK9 have been
described by a population PK (PopPK) model of alir-
ocumab that was developed by taking into account the
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mechanistic TMDD process. The model accurately pre-
dicted both alirocumab and total PCSK9 concentrations in
patients and healthy subjects, and revealed a significant
relationship between linear alirocumab clearance and statin
coadministration [17], demonstrating the utility of PopPK—
TMDD models in characterizing the PK profile of alir-
ocumab in its target population.

In this analysis, we present a PopPK model that was
developed to characterize the PK of alirocumab in both
healthy individuals and patients with FH and non-FH,
based on pooled data from phase I-III clinical studies.
Potential covariates affecting alirocumab PK explored
include PCSK9 concentrations, patient/subject demo-
graphics, coadministration of LLTs, antidrug antibody
(ADA) status, disease status (FH vs. non-FH), adminis-
tration site, injection device, relevant biologic constants,
and renal function. The effect of these covariates were
investigated using a Michaelis—Menten approximation of a
TMDD model for alirocumab so that individual patient PK
parameters and exposures [area under the concentration—
time curve (AUC,) and maximum concentration (Cp.y)]
could be estimated. Ultimately, the individual predicted
concentrations were used as input values for a subsequent
PopPK/pharmacodynamic (PD) study [18].

2 Methods
2.1 Clinical Study Design

Data were derived from phase 1 (NCT01026597,
NCT01074372, NCT01161082 [19], NCT01448317, and
NCTO01723735), phase II (NCT01288443, NCT01288469
[20, 21], NCT01812707, and NCT01576484), and phase III
(NCT01644188 [ODYSSEY COMBO 1] [10],
NCT01644474 [ODYSSEY MONO] [8], NCT01623115
[ODYSSEY FH 1] [9], and NCT01507831 [ODYSSEY
LONG TERM] [11]) clinical studies. The dataset was
composed of healthy individuals as well as patients with
FH and non-FH.

Across the studies, alirocumab was administered either
as a single subcutaneous dose or multiple subcutaneous
doses, except for one phase I study that used a single
intravenous dose. Alirocumab doses ranged from 0.3 to
12 mg/kg for the intravenous study, and from 50 to 300 mg
for the subcutaneous studies. Doses were administered
every 2 weeks or every 4 weeks over a period of up to
104 weeks; however, the current analyses used PK data
obtained up to 24 weeks. A summary of alirocumab doses
and dosing regimens of the clinical studies included in this
analysis are presented in Table 1.

These studies were performed in accordance with the
principles of the Declaration of Helsinki and all applicable
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Table 1 Summary of doses and dosing regimens across trials (individuals included in the analysis only)

Study number N Input  Dose Dosing PK Study population Comedication

route regimen samples®

NCT01026597 30 1V 03,1, 3,6, Single dose 17 HV: LDL-C > 100 mg/dL No
(STUD = 0) 12 mg/kg

NCT01074372 24 SC 50, 100, 150, Single dose 18 HV: LDL-C > 100 mg/dL No
(STUD = 1) 250 mg

NCTO01161082 54 SC 50, 100, 150 mg  Day 1, day 13 47 FH, 8 non-FH; LDL-C > 100 mg/dL Statin
(STUD =2) 200 mg 29, day LDL-C > 130 mg/dL No statin

43 (Q4W, (n=28)
Q2W)

Day 1, day
29 (Q4W)

NCT01266876 61 SC 150, 200, 300 mg Q4W 10 FH, LDL-C > 100 mg/dL Statin + EZE

(STUD =17) 150 mg (weeks 0,
4, 8)
Q2w
(weeks 0,
2,4,6,8,
10)

NCT01448317 24 SC 100, 150, 250, Single dose 14 HYV, Japanese, LDL-C > 100 mg/dL No
(STUD = 3) 300 mg

NCTO01723735 72 SC 150 mg Q4w 12 HV: LDL-C > 130 mg/dL No (24), EZE
(STUD = 4) (weeks 0, (24), fibrate

4,8) (24)

NCT01288443 149 SC 50, 100, 150 mg  Q2W 9 HC: LDL-C > 100 mg/dL Statin
(STUD = 5) 200. 300 mg (weeks 0,

2,4,06,8,
10)

Q4w
(weeks 0,
4,8)

NCT01288469 60 SC 150 mg Q2W 8 HC: LDL-C > 100 mg/dL Statin
(STUD = 6) (weeks 0,

2,4,0)

NCTO01812707 75 SC 50, 75, 150 mg Q2w 9 HC, Japanese, LDL-C > 100 mg/dL Statin
(STUD = 11) (weeks 0,

2,4,06,8,
10)

NCTO01644474 52 SC 75 mg (up to Q2W (from 5 HC, LDL-C > 100 mg/dL No
(STUD = 8; week 12) weeks 0
ODYSSEY 75 or 150 mg (up to 22)

MONO) to week 24)

NCTO01644188 434 SC 75 mg (up to Q2W (from 5 HC with established CHD or risk equivalent, ~Statin: no
(STUD = 10; week 12) 75 or weeks 0 not adequately controlled with a fibrates or
ODYSSEY 150 mg (up to to 102) maximally tolerated stable daily dose of EZE
COMBO 1I) week 102) statin

NCT01623115 299 SC 75 mg (up to Q2W (from 5 FH with or without CHD not adequately Statin with or
(STUD = 9; week 12) weeks 0 controlled with an LLT, LDL-C > 70 without
ODYSSEY FH to 76) or > 100 mg/dL depending on CV risk LLT

D

75 or 150 mg (up

to week 76)
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Table 1 continued

Study number N* Input  Dose Dosing PK Study population Comedication

route regimen samples”

NCTO01507831 1465 SC 150 mg (up to Q2W (from HC (with established CHD or CHD risk Statin with or
(STUD = 12; week 76) weeks 0 equivalents) or FH (with or without CHD), without
ODYSSEY to 76) not adequately controlled with a LLT
LONG TERM) maximally tolerated stable daily dose of

statin with or without other LLT, LDL-
C > 70 mg/dL

CHD coronary heart disease, CV cardiovascular, EZE ezetimibe, FH familial hypercholesterolemia, HC hypercholesterolemia, HV healthy
volunteers, IV intravenous, LDL-C low-density lipoprotein cholesterol, LLT lipid-lowering therapy, PK pharmacokinetics, Q2W every 2 weeks,

Q4W every 4 weeks, SC subcutaneous
“Number of subjects/patients

"Number of sample time points per patient/group

amendments by the World Medical Assemblies, and the
International Conference on Harmonisation Guidelines for
Good Clinical Practice.

2.2 Bioanalysis

Assay methods for total alirocumab and free and total
PCSK9 were previously described [22], as were methods
for anti-alirocumab antibodies [23]. Further details of assay
methods are provided in the electronic supplementary
material.

2.3 Pharmacokinetic Exclusion Criteria

Patients and healthy individuals receiving placebo treat-
ment were excluded from the overall database of ran-
domized and treated subjects. For subjects treated with
alirocumab, data were excluded due to missing alirocumab
concentrations, missing dosing dates and times, or values
below the lower limit of quantification. Missing covariate
values were replaced by the previous values from the same
individual [last observation carried forward (LOCF)].
However, missing data for ADA status were not replaced
using the LOCF imputation, but instead were always con-
sidered missing. In addition, all baseline values for ADAs
were set to a negative ADA status.

2.4 Population Model Development

The PopPK analysis was performed using the NONMEM®
computer program (version 7.2; ICON Development
Solutions, San Antonio, TX, USA) running on a LINUX
cluster of multiprocessor computers [24]. All runs were
performed using the first-order conditional estimation with
interaction method.
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2.5 Pharmacostatistical Model Development

As a first step, an accurate screening for outliers was per-
formed on the analysis dataset using a preliminary, non-
qualified model. Once outliers were detected and, if
appropriate, excluded from the database, the preliminary
model was used as a basis for building the pharmacosta-
tistical model. Several potential structural models were
investigated [one or two compartments, first- or zero-order
absorption constant, linear or Michaelis—Menten elimina-
tion or a combination of both, and a TMDD model with a
quasi-steady-state (QSS) approximation]. In addition, sev-
eral variations from the preliminary model were tested by
adding or removing interindividual variability terms, or
testing additive or proportional variability models.

2.6 Covariate Screening

The relationship between the individual estimates and the
following covariates was investigated: demographic char-
acteristics, such as body weight, body mass index (BMI),
age, sex, race, renal function (evaluated by creatinine
clearance [calculated using the Cockcroft—-Gault formula]
and the estimated glomerular filtration rate [calculated
using the Modification of Diet in Renal Disease Study
equation]), and albumin concentrations. In addition, the
coadministration of other LLTs, free and total PCSK9
concentrations in serum, type of disease (FH or non-FH),
presence of ADAs, type of injection device (prefilled syr-
inge and vials or autoinjector device), and the site of
injection were also included as covariates. A complete list
of covariates investigated, along with relevant codings, is
given in the electronic supplementary Methods. When
available, the time-varying values of covariates were used
in addition to baseline values. The influence of continuous
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covariates was evaluated on model parameters using the
following coding:

TVPARAM = 0, + 0, x COV

TVPARAM = 0y + 0 x (COV/Median COV)
TVPARAM = 0, + 0y x (COV —Median COV)
TVPARAM = 0}, x (COV/Median COV) ** 0,
TVPARAM = 0, x COV/(0,, + COV)

where TVPARAM is the typical value (population
parameter) and COV is the value of the considered con-
tinuous covariate.

To evaluate the potential influence of categorical
covariates (CAT) on the model parameters, the following
coding was used:

e TVPARAM = 0, x CAT + 0 x (I — CAT)

The selected covariates were added individually to the
model in a forward selection method and tested for statis-
tical significance. Covariates providing a significant change
(p < 0.05, log likelihood ratio test) in the objective func-
tion value (OFV) were retained. After each covariate—pa-
rameter relationship tested, the best model in terms of OFV
(and quality criteria) was selected for the next step. A
backward deletion was then performed to assess the
covariate parameter relationships. Only covariates associ-
ated with a significant change in the OFV, with a
p value < 0.001, were retained in the final model. The
population parameters were then re-estimated considering
the relationship with the covariates. The impact of
covariate inclusion on interindividual variability was
measured by the percentage of decrease in the variance of
each model parameter ([ pefore covariate inclusion — @'
after covariate inclusion]/wzbefore covariate ‘mclusion)' StatiStically
significant covariates were also assessed in terms of bio-
logical plausibility and clinical implications.

2.7 Model Qualification

Before qualification, model verification was performed by
examination of the goodness-of-fit plots and estimation of
several quality criteria, such as bias, precision, or average
fold error. Goodness-of-fit plots and quality criteria were
provided for both the pharmacostatistical model and final
model to allow a comparison. Validation of the predictive
ability of the PopPK model was performed using different
approaches, including examination of individual concen-
tration versus time curves, visual predictive check, and
bootstrap methods.

2.8 Computation of Individual Parameters

Once the model was qualified, model parameters were used
to compute the individual alirocumab PK parameter esti-
mates for phase III patients. Steady-state exposure vari-
ables (Cphax and AUC,) were then derived on weeks 22-24
(or weeks 10-12 if not available, as steady state was
already reached at this time). Descriptive statistics were
provided for each dose administered in the phase III studies
(75 or 150 mg every 2 weeks) and by covariates of interest.

3 Results
3.1 Final Population Pharmacokinetic Model

Data from 2799 individuals, consisting of 13,817 alir-
ocumab concentrations over time, were included in this
PopPK analysis. The exclusion of 100 outlier concentra-
tion—time points resulted in a total dataset of 13,717
samples.

The pharmacostatistical model (refer to Fig. 1 for
schematic) was a two-compartment model with an
absorption constant (Ka, 1/h), characterizing the first-order
absorption process from the depot to the central compart-
ment, described by an apparent distribution volume (V2,
L). The peripheral compartment was related to the central

%:—kﬁ(l) >
Ka, LAG, F

dA(3)

ky3 A(2) = k3, A(3)

\
dAQ2 A2
%:k,,Aa)—kuA(z)+k.~.2A<3)—wm—miiifé)m
Linear " Non-Linear
(CLL) (Km, Vm)

®» ®

Fig. 1 Schematic of the pharmacostatistical model, a two-compart-
ment model characterized by a first-order absorption process from the
depot to the central compartment. The first-order absorption process
was described by an absorption constant. The two compartments are
represented by a distribution volume (V2 and V3) and are linked by
an intercompartmental clearance. Two elimination processes from the
central compartment are possible: a linear process, represented by
linear elimination clearance, and a parallel non-linear process,
represented by the two Michaelis—Menten parameters (Vm and
Km). A lag-time and the bioavailability factor associated with
subcutaneous administration of alirocumab complete the set of fixed-
effect model parameters, 0s. Ka absorption constant, V2 distribution
volume from the depot to the central compartment, V3 distribution
volume from the central to peripheral compartments, Q intercompart-
mental clearance, CLL linear clearance, LAG lag time, F bioavailabil-
ity factor, SC subcutaneous

A\ Adis



106

J. Martinez et al.

compartment by an intercompartmental clearance (Q, L/h)
and described by an apparent distribution volume (V3, L).
The elimination was characterized by a first-order process
described as an apparent linear clearance (CLL, L/h) and a
parallel non-linear process described by the two Michaelis—
Menten parameters, Vm (mg/h) and Km (mg/L). Lag time
(LAG) and the bioavailability factor () completed the set
of fixed-effect model parameters (6s).

The interindividual variability was modeled through an
exponential error model for all parameters except LAG, Q,
Ka, and Vm, for which no interindividual term could be
provided. A combined proportional plus additive error
model was used to model the residual variability. The
influence of the estimation of covariance between mns
within an w-block was evaluated on the structural model,
and the difference in OFV (AOFV) was significant
(AOFV = 76.9) for the block Km/V3. After examination of
the goodness-of-fit plots (left part of electronic supple-
mentary Figs. 1-4) and computation of quality criteria
(upper part of electronic supplementary Table 1), this
model was considered the final pharmacostatistical model
(Table 2).

After extensive covariate screening, the final PopPK
model included four covariates (Table 2): two [body
weight (WT) and statin coadministration (STATIN)] on the
linear elimination clearance (L/h), one [time-varying free
PCSK9 (FPCSK9) levels] on the Michaelis—Menten
parameter Km, and one [subject/patient age (AGE)] on the
volume of distribution of the peripheral compartment V3,
according to the following equations (TV = typical value;
COVx = coefficient for the covariate effect):

e CLL =TVCLL + COV1 x (WT —
82.9) + COV2 x STATIN

e Km = TVKm + COV3 x (FPCSK9/72.9)

e V3 =TVV3 x (AGE/60) “°V*

After covariate inclusion, the interindividual terms were
decreased for CLL, Km, and V3 (42.3, 11.6, and 51.3%
decrease, respectively), confirming the impact of covariates
(see Table 2). For F, the interindividual variability esti-
mated in the logit space was 103%; back calculation in
normal space around the median of individual values
(0.866) gave 0.674 < F < 0.913 (5th-95th percentiles).

The quality of the final model was graphically evaluated
using goodness-of-fit plots (right part of electronic sup-
plementary Figs. 1-4) and the quality criteria (lower part of
electronic supplementary Table 1). The robustness of the
final model and the accuracy of parameter estimates (s-
tandard error computation) were validated using a boot-
strap and a visual predictive check method. The parameter
values of the final model were very close to the median
bootstrap values (estimated on 381 successfully minimized
runs obtained from the 1000 launched runs) and were
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included in the 95% confidence interval computed from the
bootstrap (electronic supplementary Table 2). Using visual
predictive check, a large majority of the observed con-
centrations were within the range of the 2.5th to 97.5th
predicted percentiles (Fig. 2). This represents a good
qualification of the PopPK model developed in the current
analysis.

3.2 Impact of Covariates on Model Parameters

Body weight and coadministration of statins were found to
impact alirocumab CLL significantly. CLL decreased by
78% in subjects weighing 50 kg, and increased by 40% in
subjects weighing 100 kg, compared with a typical patient
weighing 82.9 kg (median body weight). In a patient of
median body weight, CLL was increased by 52% when
statins were coadministered with alirocumab.

The impact of time-varying free PCSK9 concentrations
on Km was also significant. For the 5th (0 ng/mL) and 95th
(392 ng/mL) percentiles of time-varying FPCSKO9 levels in
the study population, Km was 7.73 ng/mL and 4.82 ng/mL,
respectively. Although age was also identified as a signif-
icant covariate impacting peripheral volume of distribution
in the PopPK model, the effect of age was minimal. The
peripheral volume of distribution increased from 2.79 L for
a patient aged 60 years, to 2.86 L for a patient aged
65 years and 2.99 L for a patient aged 75 years.

3.3 Impact of Covariates on Alirocumab Exposure

The impact of the four significant covariates included in the
final PopPK model (body weight, coadministration of sta-
tin, age, and time-varying FPCSK9 concentrations) was
evaluated on alirocumab steady-state exposure, as shown in
Fig. 3 (AUCs3¢) and Fig. 4 (Cy,.x)- Increased body weight
was associated with reduced alirocumab exposure for both
the 75 and 150 mg every 2 weeks dosing regimens. In
patients weighing more than 100 kg, alirocumab AUC;3¢
after administration of 75 and 150 mg doses every 2 weeks
decreased by 29 and 36%, respectively, compared with
patients weighing between 50 and 100 kg (AUCj;36.
= 2170 mg-h/L). In a patient of median body weight,
coadministration of a statin resulted in a 28—-29% decrease
in AUCj334 after both the 75 and 150 mg doses compared
with patients receiving monotherapy. The impact of
FPCSKO9 concentrations at baseline only slightly impacted
alirocumab exposure at steady state. Alirocumab exposure
after 75 and 150 mg every 2 weeks was 9 and 19% lower,
respectively, for patients whose FPCSK9 baseline con-
centrations were above the median baseline concentration
(283 ng/mL) than those with baseline concentrations below
the median. Patient age was associated with small differ-
ences in alirocumab steady-state exposure at both the 75
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Table 2 PopPK parameters before (pharmacostatistical model) and after inclusion of covariates (final model with covariates)

Parameter Pharmacostatistical model Final model with covariates

Estimate % RSE Estimate % RSE [95% CI] (shrinkage %)
Typical value of CLL (0;, L/h)* 0.0114 9.07 0.0124 2.99 [0.0116; 0.0131]
Effect of WT on CLL (0;,)* NA NA 2.92.107* 3.24 [2.73-107% 3.11-107%]
Effect of STATIN on CLL (0,3)* NA NA 6.44-107° 6.08 [5.66-107%; 7.22:107%)
Typical value of V2 (0,, L) 2.66 6.54 3.19 3.63 [2.95; 3.42]
Typical value of Ka (63, 1/h) 0.0129 5.44 7.68-1073 2.45 [7.31-1073; 8.06:107%]
Typical value of V3 (0,4, L)° 1.81 5.21 2.79 2.95 [2.62; 2.95]
Effect of age on V3 (615" NA NA 0.310 12.3 [0.233; 0.386]
Typical value of Q (s, L/h) 0.0156 7.29 0.0185 4.95 [0.0166; 0.0203]
Typical value of Vm (05, mg.h/L) 0.172 11.1 0.183 4.96 [0.165; 0.202]
Typical value of Km (0 7, mg/L)* 9.49 11.3 7.73 6.39 [6.74; 8.72]
Effect of FPCSK9 on Km (0;4)° NA NA — 0.541 8.97 [— 0.638; — 0.444]
Typical value of F (0,¢) 0.590 5.44 0.862 0.13 [0.860; 0.865]
Typical value of LAG (6, h) 0.643 2.76 0.641 2.58 [0.608; 0.674]
Interindividual variability (CV %)
»® CLL 0.402 (63.4%) 7.09 0.232 (48.2%) 4.37 [0.212; 0.252] (18.5)
»* V2 0.485 (69.7%) 4.34 0.589 (76.7%) 442 [0.537; 0.641] (42.5)
»* V3 0.151 (38.9%) 11.1 0.0735 (27.1%) 17.1 [0.0483; 0.0986] (60.4)
o km 0.337 (58.1%) 12.0 0.298 (54.6%) 8.92 [0.245; 0.351] (55.4)
Block fvar — frem® — 0.994 10.4 —0.793 14.4 NA
o’ F 0.206 (45.3%°) 18.1 1.060 (103%°) 6.59 [0.920; 1.20] (49.5)
Residual variability
Proportional term (6g) 0.261 (26.1%) 0.45 0.259 (25.9%) 0.45 [0.257; 0.262]
Additive term (6y, mg/L) 0.0488 7.59 0.0465 6.46 [0.0405; 0.0526]

0 and o are the PopPK parameters (0) and the variance of their associated interindividual variability (w)

CI confidence interval, CLL linear clearance, C'V coefficient of variation, F' bioavailability factor, FPCSK9 free proprotein convertase subtilisin/
kexin type 9, Ka absorption constant, Km Michaelis—Menten parameter, LAG lag time, NA not applicable, PopPK population pharmacokinetic,
Q intercompartmental clearance, % RSE percentage of relative standard error (100% x [standard error/estimate]), V2 distribution volume from
the depot to the central compartment, V3 distribution volume from the central to peripheral compartments, Vi Michaelis—Menten parameter, WT
weight

“The expression of linear elimination clearance including covariates effects is CLL = TVCLL + COV1 x (WT — 82.9) + COV2 x STATIN,
where WT is weight, with a median value of 82.9 in the available data. STATIN was coded as 0 if no coadministration, and 1 if coadministration,
of rosuvastatin (dose < 20 mg/day) or atorvastatin (dose < 40 mg/day) or simvastatin (whatever dose)

"The expression of the distribution volume of the peripheral compartment is V3 = TVV3 x (AGE/60)“°V*, where 60 is the median value of age
in the available data

“The expression of the Michaelis—Menten parameter Km is Km = TVKM + COV3 x (FPCSK9/72.9), where FPCSKO9 is the time-varying free
PCSKO concentration, with a median value of 72.9 in the available data

9The value presented here is the correlation coefficient (r)
°Estimated in logit space
and 150 mg every 2 weeks dosing regimens. There was an 4 Discussion
8% increase in alirocumab exposure in patients between 65
and 75 years of age compared with those who were
65 years of age or younger. Alirocumab exposure also
increased by 10-36% in patients older than 75 years of age
compared with patients younger than 65 years of age.
Covariates of interest not identified as significant in the
PopPK model included race, sex, renal function, BMI, and
presence of ADAs (Figs. 2, 3).

A two-compartment Michaelis—Menten PopPK model,
parameterized with a first-order absorption process and two
elimination processes (one linear and one non-linear), was
developed and qualified in a dataset of 2799 healthy sub-
jects or patients with hypercholesterolemia enrolled in
phase I, II, and III studies. This analysis showed that the
PK of alirocumab can be accurately predicted using this
model. Agreement between model-predicted and observed
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Fig. 2 Visual predictive check of results per study. Linear scale.
Dark blue dots represent observations, solid red line represents
median of observations, solid dashed lines represent 5th and 95th

serum concentrations was noted, allowing characterization
of alirocumab PK properties in the target population as
well as individual exposures.

This model also enabled identification of covariates that
explained part of the interindividual variability of the
compound. CLL was related to body weight and statin
coadministration, whereas Km was related to free time-
varying PCSK9 concentrations in serum, and V3 was
related to age. The greater effect of body weight on
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percentiles of observations, pink and blue areas represent confidence
intervals of the median and 5th and 95th percentiles of predictions,
respectively. STUD study

alirocumab steady-state exposure at 150 mg every
2 weeks, compared with 75 mg every 2 weeks, is consis-
tent with the observation that body weight only impacts the
linear part of the clearance, which is prominent at the
highest alirocumab exposures when the target mediated
clearance is saturated (Fig. 5). Statins were anticipated to
impact non-linear clearance of alirocumab through the
upregulation of PCSK9 concentrations that is typically
observed with statin therapy [25]. Conversely, in this
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Subgroup n 75/150°
Overall 554/1640
Gender

Male 397/1035

Female 157/605
Age (years)

<65 359/1067

=65 to <75 158/453

=75 371120
Body weight (kg)

<50 3/11

=50 to <100 450/1282

=100 101/347
BMI (kg/m?)

<25 101/259

=25 to <30 247/642

=30 206/739
Race

Caucasian 497/1521

Black 20/52

Asian 1517

Other 22/50
Creatinine clearance (mL/min)

<30 1/4

=30 to <60 34/157

=60 to <90 230/564

=90 289/915
Free baseline PCSK9 levels (ng/mL)

<283 315/781

=283 239/859
Statins coadministration

Without 40/15

With 514/1625

Fig. 3 Overview of covariate impact on alirocumab steady-state
exposures in patients from phase III trials. “Number of patients in the
75/150 mg dose category. Blue diamonds represent the median of the
75 mg dose category, red diamonds represent the median of the

population analysis, the effect of statins was observed on
the CLL. Similar observations have been reported for

Median (95% Cl)
! :‘ 't i

—e Lo
o

t ¢

'_’_' <> i

5000 10,000 15,000 20,000
Steady state AUC_ .. (mg.h/L)

0-336

150 mg dose category. AUC area under the concentration—time curve,
BMI body mass index, CI confidence interval, PCSK9 proprotein
convertase subtilisin/kexin type 9

evolocumab, another anti-PCSK9 monoclonal antibody,
where statins significantly increased evolocumab clearance
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Subgroup n 75/1502 Median (95% CI)
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Fig. 4 Box plot of Cy,.x values for patients included in the phase III
study as a function of several covariates. “Number of patients in the
75 mg/150 mg dose category. Blue diamonds represent the median of
the 75 mg dose category, red diamonds represent the median of the
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150 mg dose category. BMI body mass index, CI confidence interval,
C,ex Maximum concentration, PCSK9 proprotein convertase subtil-
isin/kexin type 9
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0.0574
— Linear clearance
—— Median value

95" percentile
-==-KM - FPCSK9 = 79.2 ng/mL
—— Non-linear clearance - FPCSK9 = 79.2 ng/mL
—— Total clearance - FPCSK9 = 79.2 ng/mL
[ C,,n-C,a range - 75 mg dose
 m— Y03 C, ., range - 150 mg dose

‘trough” ~ max

0.044

0.03+

0.02+

0.014

Elimination clearance (L/h) of alirocumab

0.00 T T T T T T T T T 1

Alirocumab concentration (mg/L)

Fig. 5 Dependence of predicted total, linear, and non-linear clear-
ance on alirocumab concentration in patients coadministered with
statins from phase III studies. C,,,, maximum change from baseline,
Cirougn difference between baseline and value before next alirocumab
dose, FPCSK9 time-varying free proprotein convertase subtilisin/
kexin type 9, KM Michaelis—Menten parameter

[26]. We also recently showed a significant relationship
between CLL and statin coadministration [17], resulting in
a 1.27-fold higher CLL when statins were coadministered.
We proposed two hypotheses to explain these findings. The
first related to the upregulation of PCSK9 by statins, as
previously reported [25, 27]; however, there was no sig-
nificant relationship between any model parameter and
baseline PCSK9 levels. The second hypothesis was linked
to previous findings that showed that statins have proan-
giogenic effects, via the acceleration of re-endothelializa-
tion and the mobilization of endothelial progenitor cells
[28, 29]. Indeed, the main catabolic pathway for mono-
clonal antibodies representing the CLL occurs via the
reticuloendothelial system [30]. The proangiogenic effects
of statins was suggested to result in a significantly higher
CLL. As alirocumab is eliminated through target-mediated
clearance, the concentration of FPCSK9 was expected to
influence alirocumab PK. In support of this, the time-
varying FPCSK9 concentration was identified as a signif-
icant covariate affecting alirocumab PK, through its impact
on the Michaelis—Menten constant in the PopPK model.
Although age was a significant covariate, the impact of the
inclusion of this covariate on V3 was very limited, trans-
lating into a small to no effect on alirocumab exposure.
This limited impact of age on post hoc assessment of
alirocumab exposure remained within the exposure ranges
observed across clinical studies of alirocumab [16, 22, 31].
In addition, this did not translate into clinically meaningful
differences in efficacy and safety profiles assessed across
all age categories. Therefore, no dose adjustments are
recommended in elderly patients.

Consistent with other monoclonal antibodies, the large
size of the alirocumab molecule is expected to prevent
filtration through the glomerulus and, consequently, elim-
ination via the renal route is expected to be insignificant
[32-34]. Indeed, renal function was not identified as a
significant covariate influencing alirocumab population
parameters in this analysis. Differences in body weight are
also likely to account for the small differences in sex,
another non-significant covariate, on alirocumab steady-
state exposure observed in this study.

One limitation of this model is that it is based on a
Michaelis—Menten approximation of a TMDD model. A
more mechanistic TMDD model, such as a QSS approxi-
mation of a model, could be used to characterize the
functionality of alirocumab and PCSKO9 kinetics. Separate
from this analysis, a TMDD-QSS model has been devel-
oped and qualified [17]. In such a model, both alirocumab
concentration and PCSK9 total concentrations are used as
dependent variables; the consequence is that even if the
global quality criteria computed for this model (for alir-
ocumab and PCSK9) are fairly good overall, the quality of
the estimation for alirocumab concentrations remained
lower than the one obtained using the Michaelis—Menten
approximation, with an average fold error of 1.21 for
TMDD-Michaelis—Menten and 1.35 for TMDD-QSS. This
debase for alirocumab concentrations was expected as the
TMDD-QSS model must fit both alirocumab and PCSK9
concentrations in a single step. It should also be mentioned
that model stability was better with the Michaelis—Menten
approximation, leading to easier exploration of the
covariate/parameter relations. Moreover, the duration of
the runs was at least two times longer for the QSS
approximation. As the main objectives of this work were to
explain the between-patient variability of alirocumab, and
to provide the best individual estimates for a PK/PD
analysis, the Michaelis—Menten approximation of the
TMDD model was finally retained.

5 Conclusions

Alirocumab PK can best be described as non-linear, with
target-mediated clearance, although the deviation from
linearity is modest. The PopPK model presented here was
well-qualified and, although not fully mechanistic, allowed
the characterization of alirocumab PK properties in its
target population, as well as the estimation of alirocumab
exposure in individual patients. Four covariates were found
to be significant and were retained in the final PopPK
model, i.e. body weight, coadministration of statin, age,
and time-varying PCSK9 concentrations. However, their
limited impact on exposure did not translate into any
clinically meaningful difference in efficacy or safety, in
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part because dose uptitration accommodates for any
potential difference in exposure. Therefore, no adjustments
are recommended according to patient body weight, age, or
concomitant statin use. The alirocumab concentrations
predicted by this model have been used to build a PopPK/
PD model (see Part II of this series) to facilitate further
characterization of the PK/PD of alirocumab and the effect
of LDL-C reduction [18].
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