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Abstract

Background and Objectives Alirocumab is a cholesterol-lowering monoclonal antibody targeting proprotein convertase
subtilisin kexin type 9 (PCSK9) indicated in the prevention of cardiovascular risk and exhibiting target-mediated drug dis-
position (TMDD). The aim of this work was to develop an integrated pharmacokinetic—pharmacodynamic model to describe
the interaction of alirocumab with PCSK9 and its impact on the evolution of low-density lipoprotein cholesterol (LDL-C)
levels and explore labeling specification for subpopulations.

Methods Using data collected from nine phase I/II/III clinical studies (r = 527, subcutaneous or intravenous administration),
a TMDD model considering the quasi-steady-state approximation was developed to characterize the interaction dynamics of
alirocumab and PCSK9, combined with an indirect pharmacodynamic model describing the inhibition of LDL-C by PCSK9
in a one-step approach using nonlinear-mixed effects modeling. A “full fixed effects modeling” strategy was implemented
to quantify parameter—covariate relationships.

Results The model captures the interaction between alirocumab and its target PCSK9 and how this mechanism drives LDL-C
depletion, with an estimation of the associated between-subject variability of model parameters and the quantification of
clinically relevant parameter—covariate relationships. Co-administration of statins was found to increase the central volume
of distribution of alirocumab by 1.75-fold (5.6 L versus 3.2 L) and allow for a 14% greater maximum lipid-lowering effect
(88% versus 74%), highlighting the synergy of action between anti-PCSK9 therapeutic antibodies and statins toward lowering
LDL-C plasma levels. Baseline levels of PCSK9 were found to be related to the amplitude of LDL-C variations by increasing
the concentration of free PCSKO necessary to reach half its capacity of inhibition of LDL-C degradation.

Conclusion The maximum effect of alirocumab is achieved when free PCSK9 concentration is close to zero, as seen mostly
after 150 mg every 2 weeks (Q2W) or 300 mg every 4 weeks (Q4W), indicating that there would be no additional clinical
benefit of increasing the dose higher than these recommended dosing regimens.

1 Introduction

Alirocumab (Praluent) is a lipid-lowering monoclonal anti-
body approved for the treatment of adults with primary
hyperlipidemia, including heterozygous familial hypercho-
lesterolemia or mixed dyslipidemia. Alirocumab reduces
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A semi-mechanistic population pharmacokinetic—phar-
macodynamic (PK-PD) relationship allowing one

to describe, in a single step, the dynamic interaction
between a drug (alirocumab) and its target (PCSK9)
and how this physiologically drives pharmacodynamics
(LDL-C depletion) was obtained.

The dose administration simulations clarified dose rec-
ommendations and the need for dosage adjustment.

Alirocumab dosage was confirmed: 75 mg Q2W or

300 mg Q4W, which can be increased up to 150 mg
Q2W for patients requiring greater reduction of blood
LDL-C levels or after insufficient response to treatment.

low-density lipoprotein receptor (LDL-R), located on the
surface of hepatocytes. PCSK9 binds to the extracellular
domain of LDL-R and promotes its internalization and deg-
radation, causing a decreased ability to remove LDL-C par-
ticles from the circulation, leading to higher serum LDL-C
levels [1]. By blocking PCSK9 from binding to LDL-R,
alirocumab increases the number of LDL-R available to
remove LDL-C from circulation. Hence, alirocumab is an
effective treatment to reduce LDL-C levels and, thus, to
reduce the risk for cardiovascular disease.
Pharmacokinetics and pharmacodynamics of alirocumab
have been well characterized [2]. Owing to its high specific-
ity and affinity to its circulating target, alirocumab exhibits
target-mediated drug disposition (TMDD). The pharmacoki-
netic effect on LDL-C is indirect, depending on free PCSK9
concentrations, until target saturation is reached. Once the
binding to PCSKO is saturated, an additional increase in
the concentration of alirocumab does not lead to a further
reduction in LDL-C levels. However, we can observe a pro-
longation of drug effect [3, 4]. Clinical studies have shown
that treatment with alirocumab reduces LDL-C levels drasti-
cally (up to 62.7%) when added to background statin therapy
[5-8]. To support the clinical development of alirocumab,
three empirical to stepwise semi-mechanistic population
pharmacokinetic models have been developed and submit-
ted to regulatory agencies. The first model, a population
model (PopPK), aimed to characterize the pharmacokinetic
profile of alirocumab and identify the covariates affecting
individual patient exposures. Free PCSK9 was integrated
as a time-varying covariate impacting Michaelis—Menten
constant (K,,), therefore impacting the nonlinear clearance.
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This model characterized the nonlinear pharmacokinetics
of alirocumab using a Michaelis—Menten approximation [9]
and thus not capturing the resulting variations in PCSKO9.

Second, the pharmacokinetic—pharmacodynamic
(PK-PD) indirect response model allowed us to relate ali-
rocumab concentrations to LDL-C levels and to estimate
derived pharmacodynamic parameters (e.g., maximum
decrease in LDL cholesterol values from baseline) [10].

The third model, a PopPK-TMDD [11] model, consid-
ered the antibody-specific mechanistic TMDD process by
integrating all the information regarding the target (PCSK9)
and the alirocumab—PCSK9 complex. This model was more
mechanistic and allowed the best concomitant estimation of
the alirocumab and PCSK9 data on the target population.

However, the modeling strategy detailed above has one
main limitation: the PK—PD model is an indirect response
model, considering that alirocumab concentrations (instead
of PCSK9) were directly impacting LDL-C levels. The tar-
get, PCSK9, was incorporated in the model as a time-vary-
ing covariate to support a better fit of the LDL-C concentra-
tions instead of describing its kinetics and demonstrating
how it controls LDL-C fluctuation.

In this analysis, we aimed to capture a semi-mechanistic
population PK-PD relationship allowing us to describe, in
a single step, using the population approach, the dynamic
interaction between alirocumab and its target PCSK9 as
well as how PCSKD9 kinetics drives LDL-C depletion and
to quantify the between-subject variability at each level of
the mechanism. This model would allow one to simulate
different dosing regimens and to study the resulting effect.

2 Methods
2.1 Clinical Studies

The model was developed using data from nine clinical tri-
als (phases I-III) carried out in accordance with the princi-
ples of the Declaration of Helsinki for medical research on
human subjects.

The main characteristics of these clinical studies are
described in Table 1. Alirocumab was administered subcu-
taneously (SC) either in a single dose or in repeated doses.
Only one phase I study involved single-dose intravenous
(IV) administration. Doses of alirocumab ranged from 0.3
to 12 mg/kg in the IV study and from 50 to 300 mg in the
SC studies. In the repeated-dose studies, administrations
were spaced by 2—4 weeks over a period of up to 104 weeks
(2 years).
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2.2 Dataset

Total alirocumab (corresponding to free alirocumab plus ali-
rocumab—PCSK9 complex), total PCSK9 (free PCSK9 plus
alirocumab—PCSK9 complex) and circulating LDL-C levels
were obtained from serum samples by ELISA assays. The lower/
upper limits of quantification (LLOQ/ULOQ) were 0.078/5 g/
mL for total alirocumab and 0.156/10 pg/mL for total PCSK9
in undiluted human serum. Serum lipid samples were assayed in
compliance with the Centers for Disease Control and Prevention.

Subjects from clinical studies who received a placebo were
excluded in the analysis. From the remaining subjects receiving
alirocumab, data were excluded from the dataset if concentra-
tions (alirocumab, PCSK9, and LDL-C) were missing, or values
were below the LLOQ. Missing covariate values were replaced

with the last known values for the same individual or interpo-
lated for continuous covariates varying over time. In the case
of baseline values (i.e., before first administration), the median
calculated over the entire dataset was used as a substitute.

2.3 Nonlinear Mixed Effect Model

The modeling analysis was carried out using the NON-
MEM software version 7.4.1 (Icon Development Solutions,
ICON, MD, USA) to develop a nonlinear mixed effects
model. The stochastic approximation expectation—maxi-
mization (SAEM) algorithm, known for being suited for
complex PK-PD problems described by differential equa-
tions with many parameters [12], was used to estimate the
model parameters. The SAEM algorithm was followed

Table 1 Summary of the clinical studies included in the modeling or validation dataset

Clinical Trials Identifier Study phase N Alirocumab Population Co-medications
dosing regimens
Clinical studies included in the modeling dataset
NCT01026597 1 30 0.3,1,3,6, 12 mg/kg Healthy volunteers None
SD LDL-C > 100 mg/dL.
NCTO01074372 1 24 50,100,150, 250 mg Healthy volunteers None
SD LDL-C > 100 mg/dL.
NCT01161082 I 55 50,100,150 mg Q2W-Q4W Healthy volunteers (n =47)  Statin (n = 47)
250 mg Q4W Non-FH (n = 8) No statin (n = 8)
LDL-C > 100 mg/dL.
NCT01448317 1 24 100,150, 250, 300 mg Healthy volunteers None
SD LDL-C > 100 mg/dL.
NCTO01723735 I 72 150 mg Q4W Healthy volunteers None (n = 24)
LDL-C > 100 mg/dL. Ezetimibe (n = 24)
Fibrate (n = 24)
NCT01288443 I 149 50,100,150 mg Q2W Non-FH Statin
200, 300 mg Q4W LDL-C > 100 mg/dL.
NCT01288469 1T 60 150 mg Q2W Non-FH Statin
LDL-C > 100 mg/dL
NCTO01266876 11 61 150 mg Q2W FH Statin
150, 200, 300 mg Q4W LDL-C > 100 mg/dL +/— Ezetimibe
NCTO01644474 I 52 75 mg Q2W, up to 150 mg Q2W Non-FH Statin
LDL-C > 100 mg/dL.
Total 527
Clinical studies included in the validation dataset
NCTO01623115 I 309 75 mg Q2W, up to 150 mg Q2W FH Statin
LDL-C > 70 mg/dL
NCTO01644188 I 447 75 mg Q2W, up to 150 mg Q2W Non-FH Statin +/—
LDL-C > 70 mg/dL Ezetimibe
NCTO01812707 11 75 50, 75, 150 mg Q2W Non-FH Statin
LDL-C > 100 mg/dL.
NCTO01507831 I 1512 150 mg Q2W FH and Non-FH Statin
LDL-C > 100 mg/dL.
Total 2343

Subcutaneous administration route except for study NCT01026597, where alirocumab was administered via an intravenous route

N patients, Q2W every 2 weeks, Q4W every 4 weeks, LDL-C low-density lipoprotein cholesterol, FH heterozygous familial hypercholester-

olemia
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by a few iterations of a final importance sampling (IMP)
step for a more precise estimation of the objective func-
tion value (OFV) and standard errors. R programming [13]
with RStudio version 1.2.5033 (Integrated Development for
R. RStudio, PBC, Boston, MA) software was used for the
preparation of the analyses (data mining and exploration)
and for postprocessing of model runs. At each stage of devel-
opment, the models were evaluated according to different
graphical (goodness-of-fit plots) and numerical diagnostic
criteria (biological plausibility of the estimated parameter
values, precision of estimates) as well as data adjustment
(bias, precision). Estimate precision was evaluated by the
relative standard error (RSE) obtained by the method of
asymptotic standard deviations implemented in NONMEM
with the SCOVARIANCE procedure. Bias or mean predic-
tion error (MPE) and precision or root mean square error
(RMSE) were calculated relative to the mean of the observa-
tions, according to Egs. 1 and 2:

N
Zi:l ( Cprcdi - C(\l’)S[ )

MPE(%) = ——~

obs

x 100 ey

ponlt <Cpred‘-_cobs, )2
RMSE(%) = ——~

obs

x 100 @

Cpreq, and C ¢ are the individual predicted and observed con-
centrations, respectively, C,, is the mean observed concen-

tration, and N is the number of observations.

2.4 Structural model

The PK-PD structural model consists of a combination of
two distinct submodels: a PK-TMDD model to describe
the concentrations of total alirocumab and total PCSK9
as a function of time, and a pharmacodynamic model to
describe how the drug impacts LDL-C levels as a function
of free PCSK9 concentrations. To avoid overparameteriza-
tion issues in the nonlinear mixed-effects modeling frame-
work, “quasi-steady-state” (QSS)-approximated TMDD was
considered instead of a full TMDD [14]. The analysis was
carried out according to a one-step strategy allowing for
the simultaneous estimation of pharmacokinetic, target, and
pharmacodynamic parameters of the model. Additive, pro-
portional, and combined residual error models were tested
[15].

2.5 Covariate Model
For this analysis, the search for the covariate model was car-

ried out according to a “full fixed effects model” (FFEM)
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approach [16]. From the structural model, the poten-
tial covariate—parameter relationships were added to the
model—using fixed effects—on the basis of knowledge
about the pathology, treatment, clinical interest, or even
mechanistic plausibility.

The selection of covariate—parameter relationships is
based on clinical relevance criteria that must be defined
a priori. The statistical inference can then be established on
the basis of the estimated fixed effects () and their confi-
dence intervals (i.e., uncertainty/precision of estimate), the
impact of these relationships on model parameters, pharma-
cokinetic values [area under the curve (AUC) of concentra-
tions, maximum concentration, or residual concentration],
and pharmacodynamic values (level of a biomarker of inter-
est) can be quantified.

From the variance—covariance matrix, 1000 parameter
vectors containing all the fixed effects of the model were
randomly drawn from a multinormal distribution, and then
used to perform simulations and to compute the pharmacoki-
netic and pharmacodynamic parameters of clinical interest.
Simulations were performed at the 75 mg initiation dosage
every 2 weeks to estimate the AUC in the 2-week interval
intake following alirocumab administration at week 10 (con-
sidered close to steady state) and the decrease from baseline
in LDL-C levels at week 12.

A covariate—parameter relationship can then be catego-
rized as clinically relevant, not clinically relevant, or not
providing enough information. This approach also allows
one to quantify the probability for a covariate to induce a
significant clinical effect in cases of intermediate clinical
relevance. Here, covariate—parameter relationships were
considered as clinically relevant when impacting alirocumab
exposure (+ 20% change in AUC) or treatment efficacy (var-
iation in the LDL-C decrease of + 20%) and integrated into
the model (Supplementary Material, Fig. S1).

According to the parsimony principle, a phase of reduc-
tion of the covariate model was then carried out to exclude
effects that are both not statistically significant (confidence
interval including the null hypothesis: no variation in the
parameter of interest) and not clinically relevant (confidence
interval fully included in the predefined interval as “clini-
cally non-important”). At this step, the model was consid-
ered final.

2.6 External Validation of the Model

The final model was then validated using an external dataset
obtained from four other clinical studies: one phase II and
three phase III studies (Table 1) following sparse sampling
collection strategies. In this dataset, individual profiles of
subjects were estimated by maximum a posteriori (MAP)
Bayesian method using the final model, and its predictive
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performance was evaluated using usual diagnostic methods
(goodness-of-fit plots, bias, and accuracy).

3 Results
3.1 Available Data
The initial modeling dataset consisted of 13,835 observa-

tions including 4408 concentrations of total alirocumab,
4983 measurements of total PCSK9, and 4444 of LDL-C.

Among those, 104 measurements (27 from alirocumab, 3
from PCSK9, and 74 from LDL-C) had a value lower than
the LLOQ and were excluded from the analysis. The final
dataset included 13,731 observations with 4381 concen-
trations of total alirocumab, 4980 measurements of total
PCSK9, and 4370 of LDL-C from 527 individuals. The
validation dataset included 29,015 observations with 9458
concentrations of total alirocumab, 9643 total PCSK9, and
9914 LDL-C from 2273 patients. Descriptive statistics of the
demographic and biological characteristics of the available
patients are summarized in Table 2.

Table 2 Descriptive statistics

. . . Characteristics of the participants
of demographic and biological

Modeling dataset Validation dataset

; : : (N =527) (N =2273)
data of subjects included in
the modeling and validation Age, years
datasets Mean (SD) 525 (13.0) 59.5 (11.0)
Range 18.0-75.0 18.0-89.0
Sex, N (%)
Female 247 (46.9) 1463 (64.4)
Male 280 (53.1) 810 (35.6)
Familial heterozygous hypercholesterolemia, N (%)
Yes 158 (30.0) 1629 (71.7)
No 369 (70.0) 644 (28.3)
Patients, N (%) 377 (71.5) 0 (0.00)
Healthy volunteers, N (%) 150 (28.5) 2273 (100.0)
Body weight, kg
Mean (SD) 80.6 (16.4) 86.1 (18.6)
Range 45.8-154 41.1-181
Baseline levels
Creatinine clearance, mL/min/1.73m?
Mean (SD) 109 (30.4) 98.8 (34.2)
Range 38.1-253 27.2-282
Total PCSK9 concentration, nM
Mean (SD) 7.66 (3.06) 8.63 (3.30)
Range 2.36-19.6 2.19-65.8
LDL-C concentration, mg/dL
Mean (SD) 140 (33.1) 126 (41.8)
Range 88.5-356 45.0-422
Co-medications (Yes/No), N (%)
Single-drug treatment 157 (29.8)/370 (70.2) 0 (0.00)/2273 (100.0)

Ezetimibe
Fibrate

Statin

Statin low dosage
Statine high dose

68 (12.9)/459 (87.1)
25 (4.74)/502 (95.3)

321 (60.9)/206 (39.1)
203 (38.5)/324 (61.5)
118 (22.4)/409 (77.6)

387 (17.0)/1886 (83.0)
105 (4.62)/2168 (95.4)
2271 (99.9)/2 (0.001)
1174 (51.7)/1099 (48.3)
1069 (47.0)/1204 (53.0)

Creatinine  clearance =~ computed

MDRD  formula: CLCr

= 1863 x (creati-

nine X 0.0113)7115% x age=029% x A x B with creatinine = pmol/L, A = 0.742 if female, B = 1.21 if African
N number, SD standard deviation, MDRD modification of diet in renal disease, CLCr creatinine clearance
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3.2 Pharmacokinetic-Pharmacodynamic Model
3.2.1 Structural Model

On the basis of known information on the nonlinear phar-
macokinetics of alirocumab and the role of PCSK9 in LDL-
cholesterol metabolism, the PK—PD model developed to
describe the alirocumab/PCSK9 pharmacokinetic interac-
tion and its lipid-lowering effect combines: (i) a PK-TMDD
model considering the “quasi-steady-state” (QSS) approxi-
mation, assuming the instantaneous formation of complex
between alirocumab and PCSKO9, as we previously described
[11], and (ii) an indirect pharmacodynamic model capturing
the depleting effect of free PCSK9 on LDL-C levels. Thus,
the model describes a mechanism for inhibiting the degra-
dation of the response (i.e., the LDL-C level), or “type II”
according to the classification of Sharma and Jusko [17], as
a function of the concentration of free PCSK9 (Fig. 1). The
model is described by a system of differential equations in
Table 3.

To describe the process of extravascular absorption of
alirocumab, two additional parameters were necessary: abso-
lute bioavailability (F) and lag time between the administra-
tion time and the appearance of concentrations (LAG).

All the parameters of the structural model were estimated,
except peripheral volume (V})) and complex formation con-
stant rate (k.,). These parameters were set to a fixed value
following a sensitivity analysis, V, set at 2.61 L—corre-
sponding to a usual value of peripheral volume of distribu-
tion for a monoclonal antibody [18]—and the k, was set at

Dose
1
! k,,SC
1 In(t), IV
. k v
Pgrlpheral ——L——— Free Alirocumab
Alirocumab ~—m— ——
cp k

el

Fig.1 Schematic representation of the semi-mechanistic population
pharmacokinetic—-pharmacodynamic model describing alirocumab,
PCSK9 and LDL-C. PCSKO9, proprotein convertase subtilisin kexin
type 9 LDL-C; LDL-C, low-density lipoprotein cholesterol; k /k,,
transfer constants between the central and peripheral compartments;
k,, rate constant of absorption, if subcutaneous administration; In(f),
infusion rate, when administered intravenously; k, free alirocumab

elimination rate constant; SC, subcutaneous; IV, intravenous; ksyn,
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559/nM/day consistent with previous findings [11]—corre-
sponding to very fast drug—target binding.

All parameters follow log-normal distributions except F
and maximal capacity of inhibition of LDL-C degradation
by PCSKO9 (1,,,,), which represent percentages from 0% to
100% and require logit-normal distributions to constrain
their estimation within this interval.

Interindividual variability was estimated for clearance,
rate constant for complex clearance (k .,,), PCSK9 first-
order rate of degradation (kg,), central compartment vol-
ume of distribution (V,), rate constant of absorption (k,), F,
first-order LDL-C degradation rate constant during treat-
ment (k,,), concentration of free PCSK9 necessary to reach
half of I, ICs(), and I,

To model the three entities (alirocumab, PCSK9, and
LDL-C) simultaneously, three independent error models
were used. Combined error models (additive error and
proportional error) allowed best description of the residual
variability.

Estimation precision (RSEs) of population parameters
characterizing the structural model were less than 30% for
all parameters, suggesting very precise estimation. Biases
(MPE) and precisions (RMSE) of adjustment between obser-
vations and population predictions (PRED) or individual
predictions (IPRED) confirm the good predictive perfor-
mance of the structural model. Graphical comparisons of
observations and predictions show good fitting quality of the
structural model and absence of major systematic deviation,
confirmed by the plots of residuals. Population parameters
characterizing the structural model, biases, precisions, and
goodness-of-fit plots obtained during the internal evaluation

l ksyn

+  pcskg, ——=—— Complex
N Kot
0
lkdeg \\ lkclear
N

AN Imax
N IC50
—— LDL-C ﬂ Y

~

in out

PCSKO9 zero-order rate of synthesis; kdeg, PCSKO9 first-order rate of
degradation; k,, association rate constant of the drug—target com-
plex; k., complex dissociation rate constant; k., rate constant for
complex clearance; I,,, maximal capacity of inhibition of LDL-C
degradation; ICs,, concentration of free PCSK9 necessary to reach
half of I,,; v, Hill coefficient; k,, first-order LDL-C degradation
rate constant during treatment; &, (0), first-order LDL-C degradation
rate constant before alirocumab
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Table 3 Mathematical description of the semi-mechanistic TMDD and pharmacokinetic—pharmacodynamic model

Equations

Parameters

Depot Compartment
A,4(0) =Dose - F

dAd —
o = ket A

Central compartment, total Alirocumab

Bt fnr) 4k, - Ag — (ke + )+ [Aree] - Ve + ke - Ay — ket %
kel = %
kep = g
kye = VQP

_ Korthetear  _ Ketear
ky = Bt — gy R

on on

Ptot(o) = [Pml] baseline - VC

[Afl—ee] — [Alul]_[P(ul]_kss+\/([Alulz]_[Plol]_kSS) +4'kss'[Auu]

-+ = kcp : [Afree] : Vc - kpc 'Ap

Central compartment, total PCSK9

dP,, _ _ _ _ Pm('[Afmc]
dr _ksyn Ve kdeg Py <kclear kdeg) kA |

ksy" = kdeg ’ [PlOl]baseline
[P free] = [P 101] - [Complex]

[Complex] = [Ptot] . %

Pharmacodynamic compartment

diLbLC| _ 1 _ o [Pree]’ )
D) _ o — gy (1 srels) - woLey

14
Lo [ProJpusetne )

1C+[Puly

baseline

kout(o) = kout ! (1 -
kin = out(o) : [LDLC]hasclinc

A, amount of alirocumab in the depot compartment (nmol)

A4(0), amount of alirocumab at time 0.

F, bioavailability (%)

k,, rate constant of absorption, if subcutaneous administration (/day)

A, amount of total alirocumab in the central compartment (nmol), A,,(0)

In(?), infusion rate, when administered intravenously (nmol.day™)

k. free alirocumab elimination rate constant (/day)

CL, linear clearance of alirocumab from the central compartment (L/day)

V., central compartment volume (L)

k.p/Ky, transfer constants between the central and peripheral compartments
(/day)

Q, inter-compartmental clearance of free alirocumab (L/day)

V,, peripheral compartment volume of free alirocumab (L), set to 2.61L

A, amount of free alirocumab in the peripheral compartment (nmol)

k., quasi-steady-state constant (nM)

ko, complex dissociation rate constant (/day)

kgjear » Tate constant for complex clearance (/day)

k> association rate constant of the drug-target complex (/nM/day) set to
559 (/nM/day)

kp, equilibrium dissociation constant (nM); equals k q/k , set to 0.58 nM
from in vitro experiments

P, total amount of PCSKO9 (free + bound) in the central compartment
(nmol)

[Aeel, concentration of free alirocumab in central compartment (nM)

A, amount of free alirocumab in the peripheral compartment (nmol), A,

=0

kg,» PCSK9 zero-order rate of synthesis (nM/day)

syn’

kgeg» PCSKO first-order rate of degradation (/day)

[LDLC], LDL-C level (mg/dL)

k;,» LDL-C synthesis rate (mg/dL/day)

kou first-order LDL-C degradation rate constant (/day) during treatment

ko (0), first-order LDL-C degradation rate constant (/day) before ali-
rocumab treatment, introduced to take into account the endogenous
effect of PCSK9 on LDL-C prior to alirocumab administration, consider-
il‘lg [LDLC]baseline and [Pfree] baseline

[LDLClycline baseline LDL-C level (mg/dL), set to individual observed
value

[P o)baselines Daseline total PCSK9 concentration (nM), set to individual
observed value

I..x» maximal capacity of inhibition of LDL-C degradation (%)

ICs, concentration of free PCSK9 necessary to reach half of I ,, (nM)

[Pfiee], concentration of free PCSK9 in the central compartment (nM)

[Complex], alirocumab-PCSK9 drug-target complex (nM)

7, Hill coefficient (unitless)

PCSK9 proprotein convertase subtilisin kexin type 9 LDL-C, LDL-C low-density lipoprotein-cholesterol.
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are presented in Supplementary Material (Tables S1-S2,
Figs. S2-S3).

3.2.2 Covariate model

On the basis of the mechanism of action of alirocumab, the
role of PCSK9 in cholesterol metabolism, and leveraged
information from previously developed models for ali-
rocumab [10, 11], the following covariate—parameter rela-
tionships were integrated a priori into the model (Egs. 3-7):

e Effect of statins on V

V.=0, - @STATIN
¢ Ve VCSTATIN (3)

where ©,, is the typical value of the effect, STA-
S

CSTATIN
TIN = 1 in case of co-administration of statin, STA-

TIN = 0 otherwise.
e Effect of statins on k:
kout — ®k . @STATIN

out Koutsramin

“

where O, is the typical value of the effect, STA-
OUISTATIN
TIN = 1 in case of co-administration of statin, STA-
TIN = 0 otherwise.
e Effects of statins and sex on [, :
Imax = ®I + ®I

max MaxgTATIN

- STATIN + O, - SEX 5)
maxsgx

where O, is the typical value of the effect of static
MaXSTATIN

co-administration (in case of co-administration of statin,
STATIN = 0 otherwise), 0, is the typical value of
maxgpx

the effect of female (SEX = 1 for women, SEX = 0 for
men).
e Effect of baseline total PCSK9 on ICs:

TBSPCSK ) Oicsoraseesk

6.99 ©

IG5y = O, - (

where O is the typical value of the effect and
S0TBSPCSK

TBSPCSKO is the baseline total PCSK9 level (standard-
ized to the median value in the dataset: 6.99 nM).
e Effect of baseline total PCSK9 on kg,):

TBSPCSK ) deeL’TBSPCSK

6.99 @

kdeg = ®kdeg : (

where @eeaseesk is the typical value of the effect and
TBSPCSKO is the baseline total PCSK9 (standardized to
the median value in the dataset: 6.99 nM).

Analysis of the effects of the inclusion of covari-
ate—parameter relationships on alirocumab exposure (effect
on pharmacokinetics) and on the decrease in LDL-C level
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(effect on pharmacodynamics) is summarized in Fig. 2.
Among the six initially included covariate—parameter rela-
tionships, three were highlighted as potentially clinically
relevant.

The relationship between the co-administration of statins
and the volume of distribution highlights a derived signifi-
cant decrease in exposure to alirocumab (approximately
—45% AUC) as well as a 42% probability of observing a
resulting decrease in the lipid-lowering effect of more than
20%.

The relationship between the co-administration of
statins and /,, highlights a 48% probability of observing
an increase in the lipid-lowering effect of more than 20%.

The relationship between baseline PCSK9 and the con-
centration of free PCSK9 allowing 50% of I, (i.e., ICs;)
to be reached indicates that patients with a baseline level
greater than or equal to 9.10 nM (equivalent to the 75th
percentile in the population and representing the hardest-
to-treat population) will, on average, have a lipid-lowering
effect reduced by approximately 60% compared with patients
with the median rate (6.99 nM).

The relationships between sex and I, co-administra-
tion of statins and baseline PCSK9, and kg, did not show
any significant changes in terms of pharmacokinetics or
pharmacodynamics.

Thus, only the effects of co-administration of statins on
V. and I, and the effect of baseline PCSK9 on IC;, were
retained in the final model.

3.2.3 Final Model

Population parameters of the final model are reported in
Table 4. The final model integrates three parameter—covari-
ate relationships: co-administration of statins intervening
at the same time on the (i) volume of distribution and (ii)
on the capacity of maximum inhibition of degradation of
LDL-C (I,,,) and (iii) total baseline PCSK9 acting on the
concentration of free PCSK9 allowing half of the maximum
effect (IC;) to be reached.

V. is estimated to be 3.2 L in subjects treated with ali-
rocumab alone and 5.6 L when combined with a statin. 7,
is estimated at 74% in monotherapy with alirocumab and
88% in combination with a statin.

ICs, increases with total baseline PCSK9. Addition of
these covariates made it possible to reduce the inter-indi-
vidual variability of the parameters V. and ICs, respec-
tively from 31% to 26% and from 31% to 7%. In addition, a
decrease of interindividual variability of clearance from 83%
to 56% was obtained. RSEs of parameters were all below
30%, demonstrating good confidence in their estimation.

The additive parts of residual variability were 0.426 nM
for alirocumab, 1.07 nM for PCSK9 and 5.71 mg/dL for
LDL-C, corresponding to very low values compared with
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Category . Clinically important |:| Not clinically important |:| Reference

Fig.2 Effects of the inclusion of covariate—parameter relationships
on alirocumab exposure and on the reduction of the LDL-C level. a

Effect of co-administration of statins on I, k., and V. b Effect of

baseline total PCSK9—Iess than the 25th percentile (p25) or higher
than the 75th percentile (p75)—on ICs, and k,. ¢ Effect of sex on
V, volume of distribution; k,,(0), first-order LDL-C degradation

]max'

their respective average concentrations of 82.7 nM, 29.7 nM,
and 84.4 mg/dL. The proportional parts were 25.5%, 27.9%,
and 14.2% respectively. Diagnostic plots of the final model
are reported in Fig. 3. The performances of the final model
were evaluated by visual predictive check, stratified by study
(Supplementary Material, Fig. S4).

3.3 External Validation of the Model

The final model was then applied to the validation dataset
to predict concentrations using MAP Bayesian estimation to
evaluate its ability to predict data coming from external stud-
ies. Diagnostic plots show good correspondence between
observed and predicted data (Supplementary Material, Fig.
S5). Bias (MPE) and precision (RMSE) were evaluated for
PRED/IPRED. For alirocumab MPE were —6.36%/—-2.77%
and RMSE were 72.1%/31.6%; for total PCSK9 MPE were
—6.04%/-9.45% and RMSE 42.0%/25.6%; for LDL-C
MPE were —6.35%/1.54% and RMSE 29.4%/15.7%. MPE
and RMSE were close to those obtained with the modeling
dataset, confirming the ability of the model to predict the
concentrations of alirocumab, PCSK9, and LDL-C from an
external dataset.

3.4 Simulations
Dose administration simulations on the unbound PCSK9

and, consequently, on the LDL-C lowering are presented
in Fig. 4. The administration of a single dose of 150 mg

rate constant before alirocumab; /., maximal capacity of inhibition

of LDL-C degradation by PCSKO9; k,, first-order LDL-C degrada-
tion rate constant during treatment; kdcg, PCSKO9 first-order rate of
degradation; k,,, association rate constant of the drug—target com-

on’

plex; ICs,, concentration of free PCSK9 necessary to reach half of
I

max

of alirocumab is simulated considering a typical V for ali-
rocumab alone (red, V = 3.2 L) or co-administered with a
statin (blue, V = 5.6 L), all other model parameters being
identical. The maximum LDL-C reduction is typically
obtained after 150 mg Q2W or 300 mg Q4W. This maximum
effect is achieved when free PCSK9 concentration is close
to zero, as seen mostly after 150 mg Q2W or 300 mg Q4W.

4 Discussion

From nine clinical studies, a semi-mechanistic PK-PD
model of alirocumab, its interaction with PCSK9 and its
LDL-C-lowering effect was developed using a population-
based approach. This combines a pharmacokinetic model of
the TMDD-QSS type to characterize the alirocumab—PCSK9
interaction with a turnover pharmacodynamic model of
inhibition of the degradation of the response to describe
the impact of circulating PCSK9 levels on the decline of
LDL-C.

The major advantage of the TMDD-QSS model com-
pared with the Michaelis—Menten model [9] is that it makes
possible to predict the pharmacokinetics of a monoclonal
antibody considering the quantitative information of its tar-
get by integrating them into the same physiological system
describing the mechanism of their interactions: binding, dis-
sociation, and complex internalization. Lipid-lowering effect
of alirocumab has been dynamically described by TMDD:
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Table 4 Final model population parameters

Population parameter Estimate RSE (%) [95% CI]

0. (L/day) 0.221 9.49% [0.179; 0.263]

0y.,...(per day) 0.127 1.87% [0.122; 0.132]

6., (per day) 1.34 2.58% [1.27;1.41]

04 (L/day) 0.557 5.84% [0.492; 0.622]

6, (L) 3.20 5.10% [2.88; 3.53]

0,.(per day) 0.346 5.79% [0.306; 0.387]

Or (%) 68.1 4.23% [62.4;73.9]

6, niM 0.58 - -

6y, (per nM/day) 559 - -

6y,L 2.61 - -

0; ac (day) 0.0283 3.00% [0.0266; 0.0300]

6y, (per day) 0.260 3.86% [0.240; 0.280]

0, (%) 74.1 3.03% [69.6; 78.6]

HIC;O (nM) 6.03 1.27% [5.88; 6.19]

0, (unitless) 11.6 9.30% [9.43; 13.7]

Oy statin (unitless) 1.75 4.85% [1.58; 1.92]

GIMSTA”N (unitless) 0.140 9.82% [0.112;0.167]

91C50T} - (unitless) 0.930 1.86% [0.895; 0.964]
Between-subject variability Estimate (CV, %) RSE (%) [95 % CI] (shrinkage, %)
0%y 0.270 (55.7%) 27.2% [0.126; 0.414] (60.4%)
wzkdw 0.0554 (23.9%) 7.26% [0.0476; 0.0633] (19.4%)
wzkdcg 0.124 (36.4%) 9.84% [0.100; 0.148] (21.3%)
602‘/( 0.0648 (25.9%) 23.2% [0.0353; 0.0944] (43.3%)
cozka 0.344 (64.1%) 9.44% [0.281; 0.408] (44.9%)
o 0.626 (NA) 18.2% [0.403; 0.849] (35.0%)
w2km 0.256 (54.0%) 12.3% [0.194; 0.318] (29.4%)
wzlm 0.146 (NA) 27.7% [0.0664; 0.225] (54.6%)
wZIC;O 0.00578 (7.61%) 17.8% [0.00375; 0.00780] (26.9%)
Residual variability Estimate RSE (%) [95% CI]
OALIROCUMAB_ADD (SD. nM) 0.426 5.88% [0.376; 0.476]
OALIROCUMAB_PROP (SD% ) 25.5 0.92% [25.0; 26.0]

OrpcsK9 ADD (SD. nM) 1.07 6.20% [0.939; 1.21]

OrpcsK9 PROP (SD% ) 27.9 1.41% [27.1;28.7]

OLDLC_ADD (SD, mg/dL) 5.71 4.50% [5.20; 6.23]

OpLc PROP (SD%) 14.2 1.68% [13.7; 14.7]

Ocvs b, deeg, 04 0,0, 0 0, 0Vp, OLac: Ok - 01> bic,,» O structural model parameters; 6y_grarins Olmxsmm, GICSOTBSPCSK: covariate effects; w’:

between-subject variance associated to structural model parameters; 6,1 1rocumap_app> @aLIROCUMAB_PROP» P1PCsK9_aDDs O1PCsko_prop @LpLC_ADD>
01 pLc_prop: Tesidual additive (ADD) and proportional (PROP) error terms for total alirocumab, total PCSK9 and LDL-C respectively

RSE (%) relative standard-error, 95% CI 95% confidence interval ([# + 1.96 standard error]), CV coefficient of variation, CV = Ve®* — 1 for
parameters following a log-normal distribution, SD standard deviation, CL clearance, k,,, rate constant for complex clearance, k,,, PCSK9
first-order rate of degradation, Q intercompartmental clearance, V, central compartment volume of free alirocumab, k, rate constant of absorp-
tion, if subcutaneous administration, F absolute bioavailability, k;, equilibrium dissociation constant, k,, association rate constant of the drug—
target complex, V), peripheral compartment volume of free alirocumab, LAG lag time between the administration time and the appearance of
concentrations, k,,, first-order LDL-C degradation rate constant during treatment, /,,,. maximal capacity of inhibition of LDL-C degradation by
PCSKO9, ICs, concentration of free PCSK9 necessary to reach half of 1,,, y Hill coefficient, TBS_PCSK9 baseline value total PCSK9, PCSK9
proprotein convertase subtilisin kexin type 9 LDL-C, LDL-C low-density lipoprotein cholesterol, NA not available because between-subject vari-

abilities were modeled as logit function
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Total Alirocumab predictions (nM)

Total Alirocumab observations (nM)

PRED

IPRED

Total LDL-C predictions (mg/dL)

100

Total LDL-C observations (mg/dL)

Fig.3 Comparison of observations and (individual) predictions of
total alirocumab (a), total PCSK9 (b), and LDL-C (c¢) of final model
in a logarithmic scale. d Subplot of conditional weighted residuals
(CWRES) versus population predictions for total alirocumab (focused

Total PCSK9 observations (nM)

PRED

IPRED

Total PCSK9 observations (nM)

[ 50 100 150 200 250
Population prediction (nM)

on concentrations < 250 nM) of the final model. PRED population
predictions, /PRED individual predictions, PCSK9 proprotein con-
vertase subtilisin kexin type 9 LDL-C, LDL-C low-density lipopro-
tein-cholesterol

Tene dar)

Fig.4 Simulation for the effect of dose on the unbound PCSK9 and
consequently on the LDL-C lowering. a Simulation of alirocumab
concentration (nM) versus time (day). b Simulation of free PCSK9
concentration (nM) versus time (day). ¢ LDL change from baseline
(%) after: 75 mg subcutaneous administration, every 14 days (red

line), 150 mg subcutaneous administration, every 14 days (green
line), and 300 mg subcutaneous administration, every 28 days (blue
line). PCSK9 proprotein convertase subtilisin kexin type 9 LDL-C,
LDL-C low-density lipoprotein cholesterol
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decreasing concentration of free PCSK9 promotes the deg-
radation of LDL-C.

Unlike usual indirect PK—PD models that use the con-
centration of an administered drug to influence the pharma-
codynamic system, this model captures the dynamics of an
endogenous effector (PCSK9) with a non-null initial concen-
tration (i.e., pretreatment) that is used to drive the effect. The
model allowed an accurate description of the concentrations
of all entities.

There are two ways of jointly analyzing pharmacokinetic
and pharmacodynamic observations, either simultaneously
or capturing sequentially: first the drug concentrations with
a pharmacokinetic model, then the response measurements
with a pharmacodynamic model without estimating the
parameters (population parameters and individual param-
eters). The simultaneous approach reduces the biases associ-
ated with sequential model estimation, considers simultane-
ously the uncertainty of all the data, and allows drug effect
(pharmacodynamics) to influence its pharmacokinetic [10].
The sequential approach, which does not consider the uncer-
tainty of estimation of the pharmacokinetic parameters when
estimating pharmacodynamics, is faster and yields results
usually close to the simultaneous method. It is thus the most
frequently used for PK—PD modeling.

For this study, to avoid bias in estimating the parameters
of the response linked to a preconditioning of the model by
an adjustment of pharmacokinetics alone, the simultaneous
approach was applied. The complexity of our model leads to
a major increase in computation duration compared with a
sequential approach. That is why this approach was possible
only because pharmacokinetics and pharmacodynamics of
alirocumab had already been studied minutely.

Previously, effects of covariates were tested on pharma-
cokinetic parameters [11]. The only covariate—pharmacoki-
netic parameter relationship retained according to statistical
criteria, in the final model was the effect of statin co-admin-
istration (correlated with disease state: healthy volunteers or
patients) on V. Considering the previous knowledge about
the pharmacokinetics [10, 11], the high number of covari-
ate—parameter (pharmacokinetic or pharmacodynamic)
combinations and the runtime of several hours for each run;
therefore, we did not reassess the covariate model for the
TMDD part of our integrated model and kept the final model
previously published.

Owing to the size of the dataset, model complexity, and
the very long time needed to reach the convergence, a FFEM
approach was chosen for the search of the covariate model
rather than a conventional step-by-step approach (or “step-
wise covariate modeling,” SCM). It is particularly effective
when the objective of the model is to predict data, but it
frequently presents drawbacks, making it difficult to gen-
eralize the results beyond the dataset [16, 19]. In addition,
it requires testing many models and therefore significant

A\ Adis

computation and postprocessing times. The FFEM method
requires only two modeling steps: a first one for the com-
plete model and a second one for the reduced model. It is
therefore much faster and advantageous for models that have
many parameters to estimate and/or that take a long time to
converge to the solution, as for this analysis. A limitation of
the FFEM approach is its lack of serendipity: only param-
eter—covariate relationships already anticipated or highly
probable (based on a mechanistic hypothesis) are evaluated
and have a chance to be included in the final model. On the
basis of prior knowledge, mechanistic plausibility, and clini-
cal relevance, the FFEM method provides a more precise and
useful inference from the covariate—parameter relationships.
It is therefore a method of choice during advanced stages of
development that helps to clarify the practical applications
of treatments: dose recommendation, dosage adjustment,
or labeling specification for subpopulations. Mechanistic
modeling of biological processes brings the advantage of
requiring fewer explanatory covariates than more empirical
approaches: as compared with the 13 covariates previously
identified [9—11], the current model allowed the discrimi-
nation of three relevant covariate—parameter relationships
explaining part of the interindividual variability in phar-
macokinetics and response of the drug with a potentially
significant clinical impact.

Co-administration of statins has been linked to an
increase in the volume of distribution V, already described
[11, 20] and an increase in the inhibitory effect of PCSK9
on the degradation of LDL-C. Baseline total PCSK9 level
was linked to an increase in ICs,. These covariate—parameter
relationships can be explained by a well-documented bio-
logical mechanism: stimulation of the synthesis of PCSK9
in response to treatment with statins. Statins, as inhibitors
of HMG-CoA reductase involved in the synthesis of cho-
lesterol, decrease the hepatic production of cholesterol that
activates SREBP2 protein (sterol regulatory element-binding
protein 2) and results in increasing the synthesis of PCSK9
and LDL-R [21]. Thus, treatment with statins can influence
the response to anti-PCSK9 drugs and lead to a synergy
between the two drug classes: alirocumab neutralizes the
increase in expression of PCSK9 induced by statins and
potentiates the action of the latter.

In the pharmacodynamic model, the lower the PCSKO9,
the lower the LDL-C. [, and ICs, are two pharmacody-
namic parameters that express the amplitude of LDL-C vari-
ations. The positive effects of co-administration of statins
on I, (88% versus 74% without statins) and of baseline
PCSK9 on ICs, (increasing linear relationship) can be
explained by overexpression of PCSK9 induced by statin
treatment: internalization activity of LDL-R is strengthened,
leading to less LDL-R available on hepatocytes’ surface and
increases in the LDL-C level. Thus, the inhibitory effect
on the degradation of LDL-C (/,,,) is increased. Similarly,

ax



Combined semi-mechanistic TMDD and PK-PD models of alirocumab, PCSK9, and LDL cholesterol 801

activation of the synthesis of PCSK9 in response to the
effect of statins mechanically increases ICs,. Although the
dynamic pharmacodynamic model previously developed for
alirocumab is different and less mechanistic (i.e. estimation
of LDL-C degradation by alirocumab concentrations), the
parameters describing the amplitude of the lipid-lowering
effect E,,,,, and ECs; [10] increased with the initial level of
PCSKO and the concomitant use of statins. This model also
reported effects of statins on k,,, and sex on the maximum
lipid-lowering effect (E,,,). The search for covariates by
FFEM approach of this study allowed to establish that effects
of statins on k,, and sex on I, (whose meaning is close to

E, .« 1n this model) were not sufficient to detect an impact
on the efficiency of the treatment, evaluated by the drop in

LDL-C after 12 weeks.

5 Conclusion

Alirocumab is indicated in the prevention of cardiovascu-
lar risk treatment, initially at a dosage of 75 mg Q2W or
300 mg Q4W, which can be increased up to 150 mg Q2W
for patients requiring greater reductions of blood LDL-C
or after insufficient response to treatment, irrespective of
body weight, baseline LDL-C level, or statin co-therapy.
Our model allowed an accurate description of the concentra-
tions of all entities and simulations supported this labeling.
As demonstrated by the simulations the maximum LDL-C
reduction is typically obtained after 150 mg Q2W or 300 mg
Q4W. This maximum effect is achieved when free PCSK9
concentration is close to zero, as seen mostly after 150 mg
Q2W or 300 mg Q4W, indicating that there would be no
additional clinical benefit of increasing the dose higher than
these recommended dosing regimens.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13318-022-00787-4.
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