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ABSTRACT: Reduction in low-density lipoprotein cholesterol (LDL-C) is associated with decreased risk for cardiovascular disease. Alirocumab,
an antibody to proprotein convertase subtilisin/kexin type 9 (PCSK9), significantly reduces LDL-C. Here, we report development of a quantitative
systems pharmacology (QSP) model integrating peripheral and liver cholesterol metabolism, as well as PCSK9 function, to examine the
mechanisms of action of alirocumab and other lipid-lowering therapies, including statins. The model predicts changes in LDL-C and other

lipids that are consistent with effects observed in clinical trials of single or combined treatments of alirocumab and other treatments. An
exploratory model to examine the effects of lipid levels on plague dynamics was also developed. The QSP platform, on further development and
qualification, may support dose optimization and clinical trial design for PCSK9 inhibitors and lipid-modulating drugs. It may also improve our
understanding of factors affecting therapeutic responses in different phenotypes of dyslipidemia and cardiovascular disease.
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Introduction

Increased plasma low-density lipoprotein cholesterol (LDL-
C) is a risk factor for major cardiovascular disease.! Statin
administration can result in significant reductions in cardio-
vascular mortality and morbidity.! However, some patients
either do not respond adequately or cannot tolerate statins
and would benefit from an alternative therapy. Proprotein
convertase subtilisin/kexin type 9 (PCSK9) binds the low-
density lipoprotein receptor (LDLR) and promotes degrada-
tion of the LDLR, leading to increased plasma LDL-C.23
Alirocumab, a monoclonal antibody (mAb) that blocks
PCSK9 binding to LDLR, leads to reduction in plasma
LDL-C both when administered alone or in combination
with other lipid-lowering therapies, including statins.** Of
note, statin therapy leads to upregulation of PCSK9, and this
could affect the LDL-C-lowering effect of alirocumab. In
addition, patients with different underlying pathogeneses of
hypercholesterolemia could have different responses to ali-
rocumab and other lipid-lowering therapies.

To examine the mechanisms underlying responses to ali-
rocumab and other lipid-lowering medications, we developed a
quantitative systems pharmacology (QSP) model of whole-
body cholesterol metabolism and plaque dynamics. Quantitative
systems pharmacology models are an increasingly important

approach for understanding the mechanism of drug effects by
integrating disease biology, pharmacokinetic (PK) and phar-
macodynamic data, and preclinical and clinical data.!® There
are several existing QSP models of cholesterol metabolism in
the literature, which represent the relevant pathways in varying
degrees of detail,’-13 including one model which incorporates
the PCSK9 pathway.!* We describe in this article a QSP model
that leverages existing models in the literature to predict the
effects of lipid-lowering therapies on lipids and lipoproteins.
The pathways that we chose to include in our model are con-
nected to the mechanism of patient response to alirocumab,
such as LDL-C and very low—density lipoprotein cholesterol
(VLDL-C) internalization through LDLR, PCSK9-mediated
degradation of LDLR, and exchange of cholesterol across cells
and lipoproteins. Our model is novel in that it connects these
pathways to a model of plaque formation so that we can use our
model to understand the effect of alirocumab and other lipid-
lowering therapies on cardiovascular risk.

We have developed 4 patient profiles for this model to
exemplify the range of potential responses of patients being
treated with statin or alirocumab therapy. Simulations of these
4 patient profiles allow us to test different treatment regimens
to predict the range of cholesterol lowering achieved across the
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patient phenotypes. On further refinement and calibration, our
aim is to leverage the plaque dynamics in the model to predict
the long-term effects of treatment. Preliminary results from the
model are consistent with literature assessments of the effect of
treatment on plaque volume and composition and could lead to
new avenues for analysis in the future.

Methods
Model structure

The QSP model incorporates cholesterol metabolism and
transport including LDLR trafficking, reverse cholesterol
transport (RCT), sterol regulatory element-binding protein 2
(SREBP-2) regulation of cholesterol synthesis, LDLR expres-
sion, and PCSK9 expression. A depiction of the biology of
PCSK9 and LDL, as well as the action of alirocumab is shown
in Figure 1. The model includes a representation of mecha-
nistic hypotheses linking plasma LDL-C to atherosclerotic
lipid core deposition, fibrosis, and inflammation in a represent-
ative coronary plaque. Treatments represented in the model
include anti-PCSK9 antibody, statins, fibrates, and ezetimibe.
The model consists of 74 species and corresponding ordinary
differential equations (ODEs), 310 parameters, and 35
calculated outputs. (for model equations, see Supplementary
Material). Model simulations for this article were run
using the SimBiology toolbox of MATLAB (rel. 2016a,
MathWorks, Inc., Natick, MA, USA).

The QSP model is an ODE model which simulates the
behavior of lipoproteins, regulatory proteins, cholesterol,
LDLR, plaque lipid and cellular components, and drugs local-
ized in 5 main generalized areas within the body. These areas
are represented as lumped compartments in the model; protein
and cell levels are tracked separately for each compartment but
are assumed to be well-mixed within each compartment.
Compartments include plasma, gastrointestinal (GI) tract,
hepatocytes, peripheral tissue, and plaque. The plasma and the
GI tract are general representations, whereas hepatic and
peripheral tissue cells contain subcompartments to describe
intracellular, nuclear, and endosomal localizations within the
cells. The plaque module incorporates the interplay between
lipid and fibrotic processes, which in turn lead to changes in
plaque volume.

Most reactions in the model are described by first-order
mass action kinetics. These reactions are used to describe pro-
duction or elimination of a model component or transfer of this
component to a different compartment or form. For example,
transfer of PCSK9 from the intracellular space of hepatocytes
to plasma [PCSK9,;— ;] and formation of LDL-C from
VLDL-C [VLDL,;—LDL,] are represented as follows:

[PCSK9‘

ch_)p1:| =PCSK9 _ic_H _to_ pl _release _rate _k

-PCSKO9, 4
[VLDLPI — LDLpI J =VLDL _to_ LDL _ conversion _rate_k
-VLDL _pl

The association of 2 proteins, such as the association of
PCSK9 or LDL-C with the LDLR on the hepatic cell surface

or in endosomes, is proportional to their product:

[ PCSK9,, + LDL-R — PCSK9{LDL-R |=
PCSK9 _LDLR _ pl _ association _rate _k
PCSK9,,-LDL-R
' Vol
[LDL,, +LDL-R, —LDL:LDL-R_ |=
LDI. _LDLR en_ association _rate _k
LDIL_ -LDL-R,,
' Vol

en

The action of regulatory proteins such as SREBP-2 is rep-
resented through a Hill function. SREBP-2 controls intracel-
lular production of both LDLR and PCSKO9 in the same way:

[PCSK90_)iCH ] =PCSK9 _ic_H _ production _rate _k
SREBP2};

' PCSK9_ECS0" + SREBP2!"!
[LDL Ry ] =LDLR _ic_H _ production_rate_k

SREBP2;;
LDL—-R_EC50" + SREBP2}}

In this way, the maximum production rate is set and the
reaction rate is decreased based on the level of SREBP-2 pro-
tein present. The impact of apolipoprotein Al (apoAl) and
apolipoprotein B (apoB) protein levels on high-density lipo-
protein cholesterol (HDL-C) and VLDL-C formation,
respectively, is also calculated in this way.

Drug administration in the model is designed to mimic
clinical administration of the drug. Statin, ezetimibe, and
fibrates are dosed orally once per day. Anti-PCSK9 antibodies
are injected into a subcutaneous compartment on a once every
2weeks or once every 4weeks dosing schedule. The PK of
statin, ezetimibe, and fibrate are each represented using com-
partmental PK models that approximate the clinically relevant
drug exposure profiles. A Hill function of the effective drug
concentration is used to model the pharmacodynamic impact
of these drugs on reactions in the model. Pharmacokinetics
of alirocumab are modeled using a target-mediated drug dis-
position (TMDD) framework. The pharmacodynamic impact
of this drug is a result of the sequestration of free PCSK9 by
the antibody.

In brief, the key actions represented within each compart-
ment in the cholesterol metabolism model are as follows:

GI:

o Intake of food (represented as a constant source over the
course of the day or as a discontinuous source present

during 3 daily meals).
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PCSKS9 regulates numbers
of the LDL receptor

A ~

Impact of mAb to PCSK9 on
LDL receptor numbers

Figure 1. Role of PCSK9 in LDL metabolism and impact of PCSK9 monoclonal antibody. (A) (1) LDLR binds to LDL particle at the liver cell surface.
PCSKQ can also bind to the LDLR. (2) The LDL particle-LDLR complexes with or without PCSK9 bound are internalized in the liver cell by endocytosis.
(3) LDLR not bound to PCSKO9 releases the LDL particle, which goes to a lysosome for digestion, whereas the LDLR is recycled to the cell surface. (4)
LDLR bound to PCSK9 is digested in the lysosome along with the LDL particle. (B) (1) PCSK9 mAb binds PCSKQ in the circulation, preventing it from
binding the LDLR. (2) The LDL particle-LDLR complexes are internalized in the liver cell. (3) In the absence of PCSK9 binding, LDLR recycling
increases and more LDLRs bind to the liver cell surface as a result. (4) Circulating LDL particle levels are reduced. LDL indicates low-density
lipoprotein; LDLR, low-density lipoprotein receptor; mAb, monoclonal antibody; and PCSK9, proprotein convertase subtilisin/kexin type 9. Reprinted
with permission from Reyes-Soffer et al.!> https://doi.org/10.1161/CIRCULATIONAHA.116.025253. Promotional and commercial use of the material in
print, digital, or mobile device format is prohibited without the permission from the publisher Wolters Kluwer. Please contact healthpermissions@
wolterskluwer.com for further information.
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Transfer of hepatic cholesterol to GI cholesterol pool.
Elimination of cholesterol from food and from the GI
cholesterol pool.

Encapsulation of food and pooled GI cholesterol into
chylomicrons.

Transfer of chylomicrons to hepatic intracellular choles-
terol pool through lymph.

Plasma:

Secretion of VLDL-C (regulated by apoB), PCSKO9,
apoB, and apoA1l from hepatocytes into plasma.
Transformation of VLDL-C to LDL-C.
LDLR-independent of PCSK9 from
plasma.

Binding of PCSK9, LDL-C, and VLDL-C to LDLRs
on hepatocyte and peripheral cell surfaces.

Direct internalization of LDL-C from plasma by hepat-

clearance

ocytes and peripheral cells.

Direct internalization of VLDL-C from plasma by
hepatocytes.

Production of HDL-C from excess cholesterol in periph-
eral cells and apoAl.

Transformation of HDL-C cholesterol to LDL-C and
VLDL-C cholesterol through RCT.

Transport of drugs into and out of plasma.

Binding of anti-PCSK9 mAb to PCSK9.

Hepatocytes:

Production of intracellular cholesterol, mediated by acti-
vated SREBP-2.

Transfer of cholesterol from cholesterol in the GI tract or
chylomicrons in the lymph to intracellular cholesterol.
Production of VLDL-C from intracellular cholesterol
and secretion into plasma.

Production of apoAl, apoB, LDLR, PCSK9, and
SREBP-2 in the hepatic cell and trafficking of the first
4 of these proteins to the cell surface or plasma.
Contribution of HDL-C, LDL-C, and VLDL-C
directly to hepatic intracellular cholesterol.

Uptake of VLDL-C through LDLR and contribution to
intracellular cholesterol.

Contribution of endosomal LDL-C to intracellular
cholesterol.

Internalization of LDL-C-LDLR and PCSK9-LDLR
complexes from the cell surface into the endosome.
Association and dissociation of PCSK9 and LDL-C
from LDLR within the endosome.

Elimination of endosomal LDLR and PCSKD9, alone, or

in a complex.

Peripheral cells:

Production of intracellular cholesterol, mediated by acti-

vated SREBP-2.

e Production of LDLR and SREBP-2 in the peripheral
cell nucleus and trafficking of LDLR to the cell surface.

e Direct contribution of LDL-C to hepatic intracellular
cholesterol.

e Contribution of endosomal LDL-C to intracellular
cholesterol.

e Uptake of VLDL-C through LDLR and contribution to
intracellular cholesterol.

e 'Transfer of intracellular cholesterol to HDL-C in plasma
through RCT.

e Internalization of LDL-C-LDLR and PCSK9-LDLR
complexes from the cell surface into the endosome.

e Association and dissociation of PCSK9 and LDL-C
from LDLR within the endosome.

e Elimination of endosomal LDLR and PCSK9, alone, or

in a complex.

Aside from alirocumab, which acts only in the plasma by bind-
ing to PCSK9, other drugs act in different compartments of
the model. A summary of the mechanisms of action repre-
sented for each drug are as follows:

e Fibrates inhibit transfer of HDL cholesterol to LDL-C
and VLDL-C (RCT) and dissociation of LDL-C from
LDLR on hepatocytes and peripheral cells. Fibrate pro-
motes transport of hepatic intracellular cholesterol to the
GI tract, transformation of VLDL-C into LDL-C, and
production of apoAl in hepatocytes.

e Ezetimibe inhibits cholesterol uptake in chylomicrons.

e Statins inhibit intracellular cholesterol production and
promote production of apoAl in hepatocytes.

Plague model structure

The plaque model is an exploratory representation of mecha-
nisms implicated in plaque formation and development. The
plaque model includes a general pool of cells and LDL-C
which contribute to plaque size and composition, which are
mediated by cell apoptosis and inflammatory processes. First-
order mass action equations are used to represent cell and
protein production, degradation, and activation or oxidation.
For processes which are influenced by the lumped effect of
several biological mechanisms, such as the influence of acti-
vated cells on the level of inflammation, Hill functions are
used. The volumes of plaque, its lipid core, and its fibrous core
and cap are calculated by summing the contributions of the
live and dead cells and cholesterol in the model. No drug is
simulated to have a direct effect on the plaque, but plaque
development is indirectly affected when LDL-C levels in
plasma are reduced through treatment.
The main processes represented in the model are as follows:

e Low-density lipoprotein cholesterol entry to the plaque
is facilitated by the activation of endothelial cells (ECs)
lining the artery lumen.



Ming et al

e Low-density lipoprotein cholesterol in plaque is taken
up by macrophages and smooth muscle cells (SMCs).

o Low-density lipoprotein cholesterol in plaque is oxi-
dized and is taken up in this form by macrophages and
SMCs.

e Macrophages and SMCs within the plaque can be acti-
vated and can become foam cells; all of these cells con-
tribute to the lipid core of plaque.

e Excess cholesterol on SMCs and macrophages is trans-
ferred to HDL-C through RCT.

o All cell types may die, which is mediated by the level
of inflammation, apoptosis, and cholesterol in the
plaque.

e Inflammation is promoted by activated ECs, mac-
rophages, SMCs, dead cells, and oxidized LDL-C.

o The lipid core of the plaque is formed by cholesterol car-
ried on dead and live cells.

o The fibrous core and cap are produced by SMCs and
degraded by matrix metalloproteinases (IMMPs) pro-
duced by activated macrophages.

e Total plaque volume is a combination of lipid and fibrous
cores and fibrous caps, as well as the volume added by
circulating macrophages, SMCs, and foam cells in the
plaque.

Model Calibration and Results

Overview

The goals of the lipid model were to develop a model incorpo-
rating whole-body lipid metabolism, effect of lipid-lowering
therapies on lipid levels, and plaque dynamics. A schematic
representation of the model is depicted in Figure 2. As an ini-
tial step in the development of the QSP model, a model was
built to reproduce hepatic and peripheral lipid metabolism.
Key lipid end points of interest included LDL-C, HDL-C,
total cholesterol, non-HDL-C, and apoB concentrations. For
hepatic lipid metabolism, key components included the follow-
ing: (1) cholesterol input via synthesis, LDL-C/VLDL-C/
HDL-C uptake, dietary intake, and enterohepatic circulation
(EHC); (2) cholesterol output through VLDL-C and EHC;
(3) effect of PCSK9 on LDLR internalization, degradation,
and recycling; (4) hepatocyte production of PCSK9, LDLR,
apoB, and apoAl, and (5) effect of intracellular cholesterol
level on SREBP-2-regulated genes.

For peripheral lipid metabolism, key components included
the following: (1) exchange of cholesterol between VLDL-C,
LDL-C, and HDL-C in circulation; (2) peripheral cholesterol
uptake through LDLR; (3) peripheral cholesterol production;
(4) RCT; and (5) effect of intracellular cholesterol level on
LDLR through SREBP-2. In addition, dietary cholesterol
intake and EHC of biliary cholesterol were included in the
model. The default parameterization of the model was cali-
brated to be representative of a statin-naive patient with non—
familial hypercholesterolemia (non-FH).”

Calibration of baseline model parameterization and
virtual patients fo represent therapeutic responses of
interest

The QSP platform was developed and calibrated in JDesigner
(Systems Biology Workbench, Inc., Claremont, CA, USA )76
using published data in accordance with Rosa’s Model
Qualification Method.1665 The base parameterization of the
model, VPO, is representative of a statin-naive patient with
non-FH as described in the phase 3 study published by Roth
et al.” Initial parameter values were obtained from animal and
clinical studies in the literature (see Supplementary Table 1 for
full list of parameter descriptions and references/guidelines
used for initial estimates). Many values were taken from an
existing model of cholesterol metabolism which does not
include PCSK9.1! Known biological constraints were also
used to guide the baseline parameterization, such as the rela-
tive affinity of LDL-C and PCSK9 for LDLR in neutral (at
the cell surface) vs acidic (endosomal) pH, the approximate
half-life of LDLR, and the synthesis rate and pool size of
PCSKD9 in plasma. Parameters were adjusted to achieve phys-
iologically relevant cholesterol/lipid values and dynamics.

Because the model is fairly large and encompasses represen-
tations of many biological subsystems, calibration of smaller
modules was done before calibration of the final model output
was performed. Calibration of the functions used to model the
effect of intracellular cholesterol on relative endoplasmic retic-
ulum (ER) cholesterol, relative SREBP-2 activation, and rela-
tive SREBP-2-regulated expression is shown in Figure 3.

Once the biological parameter values were established
for the base calibration, the model was further calibrated to
reproduce the effects of established cholesterol-lowering
therapies (statins, ezetimibe, and fibrates) as well as the newly
emerging class of PCSK9 inhibitors, exemplified by the mAb
alirocumab. Known PK parameters for statin therapy were
taken from package inserts and the literature.1?2° We included
known mechanisms of action for statins, ezetimibe, and
fibrates into the model and calibrated the parameters influ-
encing the pharmacodynamic effect of each drug to the aver-
age clinical response across clinical trial data reported in the
literature.5-20-24

Alirocumab administration was modeled using TMDD PK.
To calibrate the qualitative response to anti-PCSK9 therapy,
clinical studies describing patient response to alirocumab were
evaluated.>® The key mechanism for anti-PCSK9 mAbs was
prevention of PCSK9-mediated targeting of LDLR to lys-
osomes through mAb-PCSK9 immune complex formation
and clearance. Results of clinical trials evaluating the PK pro-
file and efficacy in lowering LDL-C, kinetics, and magnitude
of the LDL response and responses of other lipoproteins were
assessed in the optimization.

As a part of the model calibration, we also created repre-
sentative virtual patients (VPs) to match the phenotype of
patients enrolled in a clinical study with alirocumab. Each VP
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Figure 2. Schematic representation of cholesterol metabolism QSP model

: a depiction of the model from PhysioPD is shown. Subsections of the models

are labeled. The entire model is shown in (A) and a close up of the hepatic and peripheral subsections where PCSK9 acts is shown in (B). Colors indicate
different model components, including cells (light blue), species (ie, proteins and metabolites, blue), treatments (orange), processes (green), sources/sinks

(gray), and outputs (purple).

is a complete parameterization of the model that represents a
specific balance of biological mechanisms which leads to a
given clinical phenotype. The final subset of parameters that
were chosen to define the differences between the VPs (Table
2) provided handles to explore hypotheses related to the func-
tion of these mechanistic pathways. During the calibration
procedure, the parameters were adjusted in JDesigner to
achieve the desired VP characteristics. A set of VPs were
defined by selecting key physiological pathways affecting

processes that are known to vary in cardiovascular disease.
Parameter scans were performed in JDesigner to determine
which parameters in these pathways were best able to modulate
the therapy outcomes. Literature sources and guidelines used
to initialize these parameters are cited in Table 1. Parameters
were manually adjusted to identify VPs (parameterizations of
the model) who showed high or low response to simulation of
statin or alirocumab treatment. For alirocumab treatment, the
model was calibrated so that the responder profile exhibited a
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Figure 3. ER cholesterol levels and subsequent SREBP-2—regulated response as a function of changes in total cellular cholesterol: (A) Relative ER
cholesterol as a function of relative total cellular cholesterol as measured by Lange et al'” along with the corresponding exponential fit (blue) used to
define ER cholesterol levels in the platform. (B) Hill function fit (blue line) that provides an appropriate response of SREBP-2 activation to relative changes
in ER cholesterol. The graph represents the combined data from experiments where cholesterol was delivered by cyclodextrin complexes (cholesterol/
MCD) (red and green symbols) and experiment (black symbols) where cholesterol was delivered by p-VLDL to CHO cells. (C) HMG CoA reductase activity
as a function of relative total cellular cholesterol as measured by Lange et al'® along with the corresponding Hill function fit (blue) used to define SREBP-2
response to changes in cellular cholesterol levels in the platform. HMG CoA reductase gene expression is regulated by SREBP-2. CHO indicates Chinese
hamster ovary; ER, endoplasmic reticulum; HMG CoA; 3-hydroxy-3-methylglutaryl coenzyme A; MCD, methyl-B-cyclodextrin; SREBP-2, sterol regulatory

element-binding protein-2.

Table 2. Baseline characteristics of VPs with statin background therapy prior to therapy.

CHOLESTEROL VPO VP1
LDL, mg/dL 145 169
Total cholesterol, mg/dL 223 241
ApoB-100, g/L 115 1.25
HDL, mg/dL 55.0 46.3
VLDL, mg/dL 237 25.5
Non-HDL-C, mg/dL 168 195
PCSK9

Free 3.3nM (238ng/mL)  3.0nM (216 ng/mL)
Plaque

Plaque volume, mm3 78 85

Lipid core, mm?3 31 38

VP2 VP3 VP4
168 170 169
239 242 239
1.25 1.25 1.28
46.2 46.3 46.0
251 25.6 24.6
193 196 193

4.5nM (324 ng/mL) 1.8nM (130ng/mL) 4.7nM (338ng/mL)
84 84 84

37 37 37

Abbreviations: ApoB, apolipoprotein B; HDL, high-density lipoprotein; HDL-C, high-density lipoprotein cholesterol; LDL, low-density lipoprotein; VLDL, very low—density
lipoprotein; PCSK9, proprotein convertase subtilisin/kexin type 9; SREBP-2, sterol regulatory element-binding protein 2, VP, virtual patient.
VPO is the baseline platform parameterization, representative of a statin-naive patient with non-FH.” VPs 1 and 2 are statin responders and nonresponders, respectively.

VPs 3 and 4 are alirocumab responders and nonresponders, respectively.

75% reduction in LDL-C after treatment, and the nonre-
sponder profile had a 17% reduction in LDL-C. The calibrated
values of key parameters determined for each VP are shown
(Table 1), as well as the resulting baseline values of each patient
(Table 2).

An analysis of the calibration results shows that some
parameters were highly variable across all VPs, including the
rate of bile salt entering the GI tract, the rate of hepatic choles-
terol de novo synthesis, and the rate of LDLR synthesis. The

only additional difference between statin responders and non-
responders in the model was the steepness of the effect of
SREBP-2 level on LDLR and PCSK9 synthesis. Alirocumab
responsive and nonresponsive patients differed significantly in
their rate of unbound LDLR degradation, rate of PCSK9 syn-
thesis, affinity of PCSK9 for LDLR, and rate of independent
PCSK9 clearance. With this insight gained from the initial
model fitting, these values could be compared with data on
lipoprotein and PCSK9 levels from clinical trials, and data on
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Figure 4. Calibration of cholesterol model to clinical studies: data from Stein et al* were used to calibrate the model for patients with non-familial
hypercholesterolemia. Comparison of simulation of multiple doses of (A) 50mg, (B) 100mg, or (C and D) 150 mg alirocumab on days 1, 29, and 43 for a
typical virtual patient. For plots (A-C), model was run to steady state (4000 hours) with 10 mg statin therapy every day before alirocumab was administered,
to simulate statin background of patients enrolled in clinical trial. Plot (D) shows data from patients on diet therapy alone at the start of treatment, so
background statin therapy was not simulated. Simulated effect of alirocumab on LDL-C for typical virtual patient on statin background shown as lines, data
are shown as single points representing mean and standard deviation of patient group at each time point. Time of alirocumab administration is indicated
by the orange arrow at the top of the figure. Percent change is calculated from first day of alirocumab treatment. VP2 parameterization was used for both

simulations. LDL-C indicates low-density lipoprotein cholesterol.

variability in lipoprotein and PCSK9 synthesis and clearance
in tracer kinetics studies? to assess whether the parameter val-
ues in these VP profiles are reasonable and to more systemati-
cally optimize them.

Simulations to qualify calibration of QSP model for

statin and alirocumab treatments

To ensure that clinical outputs predicted by the model were in
line with clinical data, calibration of the baseline parameteriza-
tion of the model to published clinical studies was performed.
We calibrated the model to a clinical study which examined the

effect of multiple doses of alirocumab on patients with familial
hypercholesterolemia or non-FH on a stable atorvastatin dose
or on diet therapy alone* (Figure 4). Patients received an ali-
rocumab dose of 50,100, or 150 mg on days 1,29, and 43 of the
trial. In another cohort of the study, patients were administered
the same schedule of 150mg alirocumab but without statin
therapy. To replicate this study, we simulated a typical VP on
statin background by running the model with 10mg statin
every day until a steady state was reached. Patients not receiv-
ing statin in the study were run for the same initialization
period without treatment. At this point, alirocumab was given
150 mg on the designated study days. We demonstrate that the



10

Gene Regulation and Systems Biology

B

Alirocumab alone

Alirocumab with atorvastatin

ZOb > > 13“Tbbbbbbbcbbbbb 180Tbbbbbbbbbbbbb
—VPo
o 160 160 P
‘SE —VP2
- 0 — 140 — 140 —VP3
© = = i
EI ?12(1 ‘E‘vun © Ali dose
= E E :
-20 c c
£ S 100 g 100
@ € ®
o = =
= £ 80 -
8 -0 —VP0 g ]
5 —vpi g g ’\w /
c ] 2 a AATAY v
2 60 —VP3 - a0 ~
g VP4
B Ali dose 2 2
-80 0 ]
0 50 100 150 0 50 100 150 200 0 50 100 150 200

Time from dosing start (days)

Time from dosing start (days)

Time from dosing start (days)

Figure 5. Use of model to predict range of patient responses to different therapy combinations: simulations run for VPs 0 to 4 using same treatment
regimen. (A) Simulation of Stein et al* multiple dosing protocol of alirocumab 150mg on days 1, 29, and 43 for patients on a background of 10mg statin.
Simulations of VPs on statin therapy alone were run for 4000 hours before alirocumab dose was started. Percent change is calculated from baseline value
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with 40mg statin (right panel), all daily. VP legend: VPO (dark blue), VP1 (red), VP2 (green), VP3 (black), VP4 (light blue). Time of alirocumab
administration is indicated by the orange arrows at the top of the figure. LDL-C indicates low-density lipoprotein cholesterol; VP, virtual patient.

same parameterization of the model reflects a similar degree of
reduction in LDL-C induced by multiple doses of alirocumab
therapy, and that the model is calibrated to accurately simulate
the effects of combination therapy with both alirocumab and
statin. Overall, simulations conducted with the model repli-
cated many key features of cholesterol metabolism, similar to
observations from clinical studies with lipid-lowering thera-
pies (Figures 4 to 6).

By running simulations with the different VP profiles, the
model can be used to simulate a range of patient responses to
different cholesterol-lowering therapies. When the simulation is
run to replicate the multiple dosing schedule of 150mg ali-
rocumab in a phase 1 study,* a range of patient responses to
treatment is observed for each VP (Figure 5A). The maximum
reduction in LDL-C level achieved in VPs 0 to 3 (baseline
patient, statin responder, statin nonresponder, and alirocumab
responder, respectively) falls between 56% and 73%. All patients
return to their baseline LDL-C level when alirocumab treat-
ment is stopped, but the dynamics of how quickly patients return
to baseline differs; VP3, whose profile is most responsive to ali-
rocumab, retains low LDL-C levels (within 5% of baseline) for
103 days after the cessation of treatment (146days from base-
line). VP4 represents a patient with suboptimal response to ali-
rocumab treatment. The LDL-C of VP4 is reduced by 31% at
maximum, and LDL-C levels increase to within 5% of baseline
within 24 days of the last treatment (67 days from baseline). This
finding underscores that the average patient response reported is
composed of heterogeneous groups of patients who have differ-
ent responses to alirocumab treatment.

This model can be used to aid in prediction of which com-
bination therapies might be optimal for patients. Figure 5B
shows a simulation of alirocumab given alone (left panel), in
comparison with alirocumab given in combination with statin
(right panel). The degree of response to alirocumab among the

40
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Figure 6. Calibration of plaque model to clinical studies: Plot of
simulated and clinically measured percent change in LDL-C vs percent
change in plaque volume. Simulations run to replicate dosing scheme
used in Okazaki et al,%° where patients were given 20mg atorvastatin
every day for 6months. Simulations for each VP are shown as points.
Line depicts line fit to clinical measurements for patients with baseline
LDL-C>125mg/dL in Okazaki et al.3° Change in plaque and LDL size is
compared with level of both at baseline before the start of treatment. LDL,
low-density lipoprotein; LDL-C indicates low-density lipoprotein
cholesterol; VP, virtual patient.

VPs generally remains the same across the treatments, with
VP3 showing the greatest LDL reduction and VP4 showing
the least reduction. However, the simulations can provide some
information about effects of combination therapies for the dif-
terent VPs. In the simulations, all VPs seem to show a greater
extent of LDL reduction when alirocumab is combined with
statin (Figure 5B, right panel) compared with alirocumab
alone, and indeed, patients VPO and VP1 have a similar
response in this regimen to the alirocumab high responder
patient. As is expected, VPs 2 and 4 (statin and alirocumab low
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responders, respectively) do not show as great a reduction in
LDL-C with this dosing combination. The variation in
response to treatment between the VPs highlights the impor-
tance of the underlying biology of the patients that they repre-
sent, and that this affects the degree of LDL-C reduction (see
further analysis of this subject in McQuade et al’!). As more
drugs are developed or new patient types are identified, this
model is a valuable tool for exploring dosing regiments before
embarking on testing in the clinic.

Plague calibration

To better understand the consequences of changes in the lipid
profile, a QSP model of plaque dynamics was developed. To
reproduce plaque dynamics, the model aimed to reproduce
plaque lipid metabolism and trafficking and processes leading
to plaque formation and reversal with appropriate therapy.
Key components of the lipid metabolism in the plaque model
included the following: (1) localization of LDL-C to the
plaque lesion and subsequent production of modified (eg, oxi-
dized) LDL-C, (2) LDL-C uptake by macrophages and
SMCs, and (3) formation of an acellular lipid core. In the
plaque model, cell types included the following: (1) plaque
cellular components (eg, monocytes/macrophages, SMCs,
ECs, foam cells) and (2) cells involved in hepatic and periph-
eral cholesterol and PCSK9 production and clearance (eg,
hepatocytes, ECs). Critical cell-related elements of the plaque
dynamics model included the following: (1) EC activation
(with positive feedback through inflammatory pathways); (2)
macrophage recruitment/proliferation, activation, and foam
cell formation; (3) cell death and removal of cellular debris by
macrophages; (4) SMC recruitment/proliferation and activa-
tion and foam cell formation; (5) production of MMPs; (6)
formation of a lipid core and fibrous cap; and (7) contribution
of inflammatory and apoptotic processes. Changes in plaque
size and composition were assessed by examining plaque size
and percentage change in size.

Guidelines for plaque calibration were taken from in vitro
studies with human cell lines and clinical studies and are sum-
marized in Table 3. Because plaque is more difficult to measure
than LDL-C, which can be obtained from a blood sample,
there have been fewer human studies measuring plaque, and
findings are not as clear and consistent. Data obtained from a
report of plaque volume changes in statin-naive patients with
hypercholesterolemia with a history of acute coronary syn-
drome3® were used to calibrate the plaque component of the
model (Figure 6). The treatment regimen given in this study,
20 mg atorvastatin therapy every day more than 6 months, was
simulated for each VP profile. Comparing predictions of the
model for each VP with the line fit in Okazaki to patient data
for patients with baseline LDL-C > 125 mg/dL, we see that all
VPs fall very close to this line describing average relationship
of change in LDL-C to change in plaque (Figure 6). The

plaque model is complex, and not all processes involved in

plaque remodeling are well understood biologically. Therefore,
this model should be considered as an initial attempt to con-
nect cholesterol changes to cardiovascular outcomes, but it
must be more completely developed and further qualified
before it is used to reliably predict plaque changes. New data
that emerge from future clinical studies could be used for
calibration.

The plaque model can be used to give novel insight
on the effect of treatments on plaque size and
composition

A QSP model of plaque development can be extremely valu-
able to gain insight on mechanisms affecting long-term out-
comes of cholesterol treatment. Our model is developed to
predict not only the overall plaque volume changes but also
the changes in plaque composition. Changes in fibrotic and
lipid components of the plaque arise from different pro-
cesses and thus have different responses to therapy. The
lipid core of the plaque is formed through deposition of
cholesterol by oxidized or plaque-localized LDL and by
apoptotic macrophages and SMCs. Cholesterol from the
lipid core can also be taken up by cells within the plaque and
shuttled to HDL via the RCT pathway. The fibrotic portion
of the plaque consists of 2 components, a fibrotic core sur-
rounded by a fibrotic cap, thus differentiating the fibrotic
surface portion of the plaque at the vessel lumen (the cap)
from the fibrotic material inside the plaque. Both the fibrotic
core and cap are constructed similarly: formed through dep-
osition of fibrotic components by SMCs in the plaque and
degraded by MMPs.

Our initial model of plaque suggests an interesting inter-
play between fibrotic and lipid core components of the plaque
that could affect whether overall plaque volume increases or
decreases. In a simulation with alirocumab therapy given to
patients with initially high LDL-C levels on 80mg statin
background, a large reduction in lipid core size counteracts a
gain in fibrotic volume to lead to an overall reduction in plaque
volume (Figure 7B). However, in patients with initially low
LDL-C, an initial overall gain in plaque volume may occur
due to the increase in fibrotic core and cap size in combination
with a relatively lower reduction in volume of lipid core,
potentially reflecting the lower baseline lipid core volume
(Figure 7A). This is consistent with some reports showing that
the lipid core decreases in response to treatment, whereas the
fibrotic portion of the plaque increases in size or remains the
same.3¢5657 The size of the lipid core component of plaque is
correlated with negative outcome, but the fibrotic cap thick-
ness is suggested to protect the plaque from rupture.”® This
aspect of the model suggests an interesting prediction for
further validation and analysis and suggests that clinical
studies of plaque should study both plaque composition and
overall plaque volume to obtain a true picture of the benefit of
treatment.
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Table 3. Baseline plaque characteristics and target criteria for calibration.

CHARACTERISTIC

Plaque location

Plague volume, mm3

Lipid core, %

Cap thickness, mm

Cellular composition

Cellular proliferation vs
recruitment

LDL permeability, mm/h
LDL oxidation, 1/h
Reverse cholesterol

transport

% macrophages,
smooth muscle cells %
activated cells

Foam cell formation

BASELINE CV PLATFORM
Coronary vessel (4 mm diameter)
69 (assuming 10-mm lesion length
for analysis), 55% stenosis

32

0.14

Mac: 7%, SMC: 3%

Mac: 58% proliferation, SMC: 10%
proliferation

0.036 (maximum)
~0.1 (modulated by the level of

inflammatory signaling)

1%x10-4-1%x10-31/h (750mg/d RCT
from periphery)

Mac: 28% of all cells, SMC: 38% of

all cells, activated Mac, 21% of Mac,
activated SMC, 13% of SMC

Mac: 78%, SMC: 22%

TARGET CRITERIA

Coronary vessel (4 mm diameter)
62.5-75 (based on 50%-60%
stenosis)

20-40

0.05-0.15

Mac: 3%-40% plaque area, SMC:
3%-50% plaque area

Mac: 30%-80% proliferation, SMC:
3%-14% proliferation

2x10-7—1x10-6cm/s (0.0072-
0.036)

Oxidation half-life of several hours
observed in vitro

~700-900mg/d RCT from periphery

Mac: 10%-50% of all cells, SMC:
20%-50% of all cells, % activated
cells: 5%-30% (may be higher for
unstable plaques)

~20%-40% derived from SMC (may
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Discussion

Alirocumab is a novel therapy for treating hypercholester-
olemia by inhibiting PCSK9 activity. To better understand the
role of PCSK9 in lipid biology and the biologic effects of ali-
rocumab treatment, we have developed a QSP model of lipid
metabolism, including interactions and regulation of PCSK9,
LDLR, LDL-C, and other components of lipid metabolism. In
examining the impact of alirocumab administration and assess-
ing potential effects on plaque dynamics, this model extends
previously described QSP models on cholesterol metabo-
lism.%:14 The effects of alirocumab both with and without con-
comitant statin therapy were explored in the model. In addition,
a model simulating the effects of changes in LDL-C on plaque
dynamics was also developed.

The cholesterol metabolism model structure and parame-
ters were based on both clinical and preclinical data and cali-
brated to data from clinical trials with alirocumab. Qualification
of the model was performed by confirming that changes in
LDL-C, HDL-C, total cholesterol, and apoB predicted by the
model in response to alirocumab treatment matched data from
an independent clinical trial with alirocumab. This confirmed
that the key components of the model reflecting interactions

and regulation of PCSK9 and the LDLR with consequent
effects on LDL-C and other lipoproteins were accurately
represented.

Although the pathways involved in the cholesterol metabo-
lism model are well established, the mechanisms involved in
plaque formation are not as definite. Our plaque model was
developed to represent the cells and factors with a recognized
role in plaque formation in a semimechanistic way. Our model
assumes that the key link between cholesterol metabolism and
plaque development is the amount of LDL-C in the plasma,
which has been demonstrated in the literature.>? We also incor-
porate cholesterol transfer from macrophages and SMCs in
plaque to apoAl to form HDL-C through the RCT path-
way.®® We chose not to emphasize the influence of HDL-C
level on plaque formation in the model due to contradictory
studies in animals and clinical trials which demonstrate that
the mechanisms controlling the relationship of HDL-C to car-
diac outcomes are not straightforward.®0-62

In this model, simulations of studies with patients with
hypercholesterolemia were based on a representative VP, and
VPs reflecting differential response to lipid-lowering therapies
were developed. Future efforts will be directed to developing a
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panel, respectively. LDL indicates low-density lipoprotein.

greater range of different VPs to reflect the heterogeneity of
the patient population receiving lipid-lowering therapies.
These VPs could be constructed to show the differences in
underlying biology that gives rise to the dyslipidemia, even in
patients who have similar circulating levels of the lipoproteins.
These VPs will lead to a greater understanding of the mecha-
nisms underlying the differences in clinical response to differ-
ent lipid-lowering treatments. For example, even for patients
with the same initial LDL-C level, some may show a greater
clinical response to alirocumab or other treatments than others,
and the QSP model may be very useful for understanding and
generating hypotheses about the underlying physiologic rea-
sons for the difference in response. Parameterizations of the
model could also be developed to represent patients from dif-
ferent disease subgroups with increased risk of dyslipidemia,
such as patients with diabetes mellitus.

A further extension of the model would be to examine the
effect of alirocumab on other lipoproteins. Alirocumab has
been observed to have effects on lipoprotein(a), apoAl, and tri-
glycerides.”®3 A more complete understanding of the physio-
logic basis of the effects of alirocumab could also lend insight
into potential biomarkers that may predict which patients will
show clinical benefit from alirocumab.

For the plaque portion of the model, by including various
cell types and processes involved in plaque formation and
development, simulations of the model were able to qualita-
tively reflect the effect of changes of plaque volume over time

in the setting of reduction in LDL-C. As the risk of plaque
rupture and clinical sequelae depend not only on plaque size
but also on plaque composition, future studies will examine in
more detail the evolution of both plaque size and composition
at different time points following lipid-lowering therapies. In
addition, the model can be used to probe for potential bio-
markers predicting benefit to alirocumab therapy.

In summary, the QSP model of PCSK9, LDL-C, and other
lipids can lead to an enhanced understanding of the effects of
alirocumab and lend insight into the potential effects govern-
ing differential response to treatment and effects on plaque
dynamics.
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