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Abstract

A model to quantitatively characterize the effect of evinacumab, an investiga-
tional monoclonal antibody against angiopoietin-like protein 3 (ANGPTL3) on
lipid trafficking is needed. A quantitative systems pharmacology (QSP) approach
was developed to predict the transient responses of different triglyceride (TG)-
rich lipoprotein particles in response to evinacumab administration. A previously
published hepatic lipid model was modified to address specific queries relevant to
the mechanism of evinacumab and its effect on lipid metabolism. Modifications
included the addition of intermediate-density lipoprotein and low-density lipo-
protein compartments to address the modulation of lipoprotein lipase (LPL) activ-
ity by evinacumab, ANGPTL3 biosynthesis and clearance, and a target-mediated
drug disposition model. A sensitivity analysis guided the creation of virtual pa-
tients (VPs). The drug-free QSP model was found to agree well with clinical data
published with the initial hepatic liver model over simulations ranging from 20
to 365 days in duration. The QSP model, including the interaction between LPL
and ANGPTL3, was validated against clinical data for total evinacumab, total
ANGPTL3, and TG concentrations as well as inhibition of apolipoprotein CIII.
Free ANGPTL3 concentration and LPL activity were also modeled. In total, seven
VPs were created; the lipid levels of the VPs were found to match the range of re-
sponses observed in evinacumab clinical trial data. The QSP model results agreed
with clinical data for various subjects and was shown to characterize known TG
physiology and drug effects in a range of patient populations with varying levels
of TGs, enabling hypothesis testing of evinacumab effects on lipid metabolism.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Evinacumab, an investigational angiopoietin-like protein 3 inhibitor, was dem-
onstrated to reduce triglycerides (TGs), low-density lipoprotein cholesterol, and
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non-high-density lipoprotein cholesterol levels in healthy volunteers and in pa-
tients with homozygous familial hypercholesterolemia who were receiving sta-
ble lipid lowering therapies. To better understand the evinacumab mechanism
of action, a model quantitatively characterizing lipid metabolism following evi-
nacumab administration is needed.

WHAT QUESTION DID THIS STUDY ADDRESS?

Can quantitative systems pharmacology (QSP) modeling approaches evaluate
changes in lipid trafficking and predict the transient responses of different TG-
rich lipoprotein particles in response to the downstream modulation of lipopro-
tein lipase activity following evinacumab administration?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

A novel approach determining TG flux between particles, without an explicit
apolipoprotein B balance, was used. The QSP model integrates current under-
standing of evinacumab and target biology and clinical trial data; this allows hy-
pothesis testing, enabling a greater understanding of the mechanism of action of
evinacumab.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

Greater understanding of the mechanism of action of evinacumab and the
changes in lipid metabolism following evinacumab administration potentially
enables physicians to maximize the therapeutic benefit for patients with hyper-

INTRODUCTION

Hypertriglyceridemia, or elevated triglycerides (TGs),
is associated with an increased risk of atherosclerotic
cardiovascular disease’™; severe hypertriglyceridemia
(TGs 2500 mg/dL) is a well-known cause of acute
pancreatitis.*”’ There are many causes of hypertriglyceri-
demia, including abnormalities in peripheral lipolysis or
the overproduction or impaired clearance of lipoprotein.®

The metabolism of TG-rich lipoproteins (TRLs) occurs
via two major pathways. In the exogenous pathway, TGs
from dietary fat are transported through the body in the
form of chylomicrons, which are formed in the endoplas-
mic reticulum of the small intestine.” Once in the circu-
lation, chylomicrons are hydrolyzed by lipoprotein lipase
(LPL) located on the luminal surface of capillaries, pro-
ducing free fatty acids (FFA) and chylomicron remnants.
The FFAs are oxidized by various cell types, or stored in
adipose tissue, while the chylomicron remnants are re-
moved by the liver.'?

The endogenous pathway is regulated by the liver, with
the synthesis and secretion of very-low-density lipopro-
teins (VLDLs) enabling the liver to remove excess TGs
from cytosolic stores.'* Hydrolysis of secreted VLDLs also
occurs by the action of LPL-mediated hydrolysis in the
plasma, generating the smaller lipoproteins intermediate-
density lipoprotein (IDL) and low-density lipoprotein
(LDL). Some IDL is removed from circulation by the liver,

triglyceridemia in different populations.

while other IDL undergoes further catabolism by LPL and
hepatic TG lipase to produce LDL particles.'* The secre-
tion of VLDLs by the liver is influenced by insulin and
FFA content."

LPL is a key enzyme in the metabolism of TRLs, hydro-
lyzing TGs found in the core of chylomicrons and VLDLs.
LPL is primarily expressed by myocytes and adipocytes
and is transported to the capillary endothelium by the pro-
tein GPIHBP1.'*'> The activity of LPL is regulated by sev-
eral proteins, including apolipoprotein (Apo)CIII, ApoAS5,
and angiopoietin-like proteins (ANGPTL) 3 and 4.'® LPL
expression in adipose tissue is also regulated according to
nutritional (fasting vs. fed state) and hormonal status. For
example, in fed conditions, insulin results in increased
LPL activity, leading to the increased uptake of FFAs."”

The overall metabolism of TRLs by both pathways is
illustrated in Figure 1a, and the interaction between lipid
metabolism and carbohydrate metabolism is illustrated in
Figure 1b.

Approved TG-lowering therapies have been shown
to have limited efficacy or associations with adverse
events or drug-drug interactions'®*% therefore, alter-
native therapeutic options are needed for patients with
hypertriglyceridemia. One alternative is therapies target-
ing ANGPTL3. ANGPTL3 plays a key role in lipid me-
tabolism by inhibiting both LPL and endothelial lipase
activity,”* leading to the reduced clearance of TRLs
upstream of LDL, raising plasma concentrations of TGs
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FIGURE 1 Physiological components of the model: (a)
overview of triglyceride-rich lipoprotein metabolism and (b)
effect of carbohydrate metabolism on triglyceride metabolism.
CM, chylomicron; ECF, extracellular fluid; FFA, free fatty acid;
G6P, glucose 6-phosphate; Glut4, glucose transporter type 4; IDL,
intermediate-density lipoprotein; LDL, low-density lipoprotein;
LPL, lipoprotein lipase; TG, triglyceride; VLDL, very-low-density
lipoprotein

and high-density lipoprotein cholesterol (HDL-C).*® In
individuals, ANGPTL3 loss-of-function (LOF) variants
are associated with lower LDL cholesterol (LDL-C), TG,
and HDL-C levels.””*° Of note, the inhibition of LPL by
ANGPTL proteins is influenced by the overall nutritional
state; under fasting conditions, adipose LPL is inhibited by
ANGPTL4, whereas under fed conditions, muscle LPL is
inhibited by both ANGPTL3 and ANGPTL4.*
Evinacumab is a fully human monoclonal antibody
that binds to ANGPTL3.>>™* Inhibition of ANGPTL3 with
evinacumab in combination with stable lipid-lowering
therapies has been shown to reduce TGs, non-HDL-C,
and LDL-C in healthy human volunteers, in patients with

homozygous familial hypercholesterolemia (HoFH),*****

or in subjects with mild-to-moderately elevated TGs and/or
LDL-C.*® The changes in lipid parameters with evinacumab
mirror the lipid phenotype observed in individuals with
ANGPTL3 LOF variants.””° Because of the complex na-
ture of TRL metabolism, as described previously, there is
an imminent need to develop a model that integrates our
current knowledge of TRL metabolism with clinical data to
better understand the mechanism of action of evinacumab.

Quantitative systems pharmacology (QSP) is a modeling
approach that has been incorporated into most pharmaceu-
tical and biotech research programs.’’ It integrates diverse
mechanistic data to quantitatively evaluate the dynamic in-
teractions between drug(s) and biological systems.*** Several
mechanistic QSP models have been developed evaluating
various aspects of lipoprotein metabolism,*** including
modeling of the effect of various lipid-lowering therapies.*

The objective of this work was to develop a QSP model-
ing approach to evaluate changes in lipid trafficking follow-
ing evinacumab administration and to further elucidate the
mechanism of action of evinacumab to be able to predict the
transient responses of different TRL particles in response to
the downstream modulation of LPL activity by evinacumab.
The QSP modeling platform is based on a previously pub-
lished hepatic lipid model,** which provided a framework
to study the effects of insulin resistance in multiple tissues
on the accumulation of TGs in the liver. The hepatic lipid
model has been augmented and adapted to enable specific
queries relevant to the mechanism of evinacumab to be ad-
dressed, as described in methodology section.

METHODS

Development of the QSP modeling
platform

Hepatic lipid model

The lipid model published by Pratt and colleagues™ was
implemented in SimBiology™ software (Mathworks,
Natick, MA). This allowed MATLAB® scripting to be used
to calibrate and test the representation of TG, glucose and
insulin data, as published with the model. Modifications
of the hepatic lipid model included a change in the initial
concentration of liver glycogen from 48 to 300 mmol/L;
a change in the Michaelis constant (K,) of hexoki-
nase for glucokinase from 8 mmol/L to approximately
0.03 mmol/L; and parameter adjustments to ensure “ap-
propriate” state values and transients, including adjust-
ments to muscle energy usage to obtain the correct split
between plasma glucose and FFAs as well as tuning pa-
rameters to obtain observed data on steady-state values.**
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Overall modifications to the hepatic lipid model

To enable quantitative predictions of the effects of evi-
nacumab on lipid metabolism, several modifications and
adaptions to the previous hepatic lipid model were made.
These included the following:

 Addition of an extracellular fluid compartment to match
the apparent volume of approximately 14 L established
in intravenous glucose tolerance tests.

« The effects of LPL, LDL receptor, and related receptors
(e.g., LDL receptor-related protein) and ApoCIII were
added, including descriptors for generation, clearance,
and activity.

« The notional adenosine monophosphate variable, or P
variable, was changed to an algebraic expression due
to stiffness concerns. This function was used to switch
muscle metabolism from carbohydrates to lipids and
vice versa (refer to Data S1 for further details).

« The unit description for insulin was modified (refer to
Data S1 for further details).

« When adjusting parameters in the initial hepatic liver
model, it was observed that some states would vary
without affecting the stable range, for example, those
for glycogen and TG values. Therefore, where physio-
logically relevant, new functions were added, or the pa-
rameters were changed, so that the input and/or output
functions had a more relevant relationship with respect
to the value of the state, ensuring that the species re-
mained in a physiologically reasonable range.

In addition, as the hepatic liver model contained only two
plasma TG compartments (meal-derived chylomicrons and
hepatically derived VLDL), IDL-TG and LDL-TG compart-
ments were added to enable more physiologically relevant
TG uptake and particle progression. A target-mediated drug
disposition (TMDD) model was included.*® Lastly, ANGPTL3
biosynthesis and clearance were included in the model. The
modeling of TG flux between particles and the TMDD model
are described in more detail in the following paragraphs.

The overall structure of the QSP lipid-modeling plat-
form is shown in Figure 2. Further details of the model,
including the ordinary differential equations, rate laws,
variables, and parameter values, are provided in the
Supplement (Data S2 and Tables S1 and S2).

QSP approach to model LPL effect on TG flux

A critical innovation in the development of the QSP
lipid-modeling platform was determining TG flux be-
tween TG-containing particles without using an explicit
particle number balance as measured by ApoB content.

ASCPT

It was noted that most reports of TRL particle data are
based on assays that define the particle size, and a review
of the available data showed that the amount of TG per
particle was relatively constant, suggesting that explicit
modeling of ApoB was not necessary. Furthermore, as
the available Regeneron Pharmaceuticals, Inc., trial data
(NCT02107872 and NCT01749878) were comprehensive
and reported TG for various nominal particles, the model
was modified to represent LPL action as both removing
TGs for use in tissue and also how said LPL action caused
reclassification of TG-containing particles. For example,
LPL action on VLDL results in both TG uptake into tis-
sue but also flux of TGs from VLDL to IDL sized particles.
This approach was refined to include the effect of LPL ac-
tion and particle size on whole particle receptor-mediated
uptake in the tissues.

Lipolysis of TG in VLDL by LPL activity in muscle and
adipose tissue results in VLDL particles shrinking and be-
coming IDL particles. If it is assumed that the amount of
TG in each particle remains constant, then we can calcu-
late the flux of TG from VLDL to IDL as follows:

+ kt * Prypr, * M,

= * *
ratePVLDmIDL (kba PyipL *A a1

) % V2IDLyyo

arpL

Here, the V2IDL,,;, is merely the amount of TG per
IDL particle divided by the difference in the amount of TG
between VLDL and IDL particles. A similar equation for
TG transport from IDL to LDL was used.

Pharmacokinetic modeling

For the QSP model of ANGPTL3 action, it was crucial to
understand the level of free (active) ANGPTL3. However,
the available clinical trial data with evinacumab meas-
ured only total ANGPTL3 concentrations (total ANGPTL3
includes both free ANGPTL3 and ANGPTL3 bound to
evinacumab). A TMDD model for evinacumab was incor-
porated to account for the different rates of clearance of
free ANGPTL3 compared with evinacumab/ANGPTL3
complexes.

Model qualification

The drug-free model (without evinacumab treatment) was
tested for fit against multiple data sets.****° Following the
initial qualification of the model, the TMDD model pre-
dictions of free ANGPTL3 concentrations were integrated
into the model to appropriately affect LPL activity. A sensi-
tivity analysis using a finite difference method (parameter
perturbed by +10%; simulate for 10 days) was undertaken
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FIGURE 2 Graphical representation of the quantitative systems pharmacology model developed in SimBiology. The quantitative
systems pharmacology model was created in SimBiology with MATLAB’ scripting. At the top left of the diagram is shown the dietary
input of glucose and triglycerides (TGs), whereas at the top right is shown the subcutaneous administration of evinacumab. Moving left to
right down the figure are shown the liver, plasma, muscle, and adipose components (variables in each section denoted by L, P, M, and A

precursors, respectively). All other abbreviations are defined in Table S1

to identify parameters, both alone and in combination,
which had strong effects on simulated outcomes.”® This
guided the creation of virtual patients (VPs), representing
several classes of clinical phenotypes. The resulting mod-
els and VPs were then fit to clinical trial data.

RESULTS
Drug-free QSP model testing

The initial hepatic lipid model created in SimBiology was
calibrated and tested against the clinical data published
with the model* and other available data sets49’52’53;
the model results agreed well with the previously pub-

lished data. Following the development of the QSP

lipid-modeling platform, the drug-free model (without
evinacumab treatment) performance was compared with
multiple published data sources. The model matched fast-
ing values for each lipoprotein species, with all species
exhibiting pseudo-steady-state conditions, and was stable
over simulations ranging in duration from 20 to 365 days.
The peak-to-peak variation exhibited over 35 days is
shown in Figure 3; the diurnal variations are due to simu-
lation of typical meal intake.

Incorporation of the TMDD model

To be able to predict the effect of evinacumab treatment
on lipid metabolism, a TMDD model was incorporated
into the QSP model enabling the determination of the
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concentration of evinacumab as well as free and total
ANGPTL3 concentrations. The model was found to fit
the pharmacokinetic profile of evinacumab from clinical
trial data across several doses of evinacumab (Figure S1).
A physiological model, including the mechanism of inter-
action between LPL and ANGPTL3, was then tested and
validated against clinical data (Figure 4).

Sensitivity analyses and fit with clinical
trial data

Data from the single ascending dose study with evi-
nacumab were used to create VPs (NCT01749878).333¢
Sensitivity analyses were conducted using a finite differ-
ence method (parameter perturbed by +10% and simu-
lation run for 10 days) to identify influential parameters
for the creation of VPs. The tornado diagram showing the
single-parameter sensitivity of TGs to parametric change
is shown in Figure S2. Total TG was sensitive to ApoCIII,
ANGPTLS3, and LPL concentrations; adipose TG lipolysis

adipose.A_TG

adipose.A_FFA 7 adipose.A_LPL

ASCPT

to nonesterified fatty acid gain (betaf) was also shown to
have influence on total TGs. Potential VPs were tested
against multiple criteria, with only those that represented
the trial phenotype and known physiological criteria
being accepted for use.*

In total, seven VPs were finalized, representing seven
population types; these VPs were one baseline normal VP,
five VPs with elevated TG, and one VP representing a pa-
tient with HoFH with extremely high levels of LDL-C (pa-
rameter values for VPs are presented in Table S3). All VPs
matched the range of responses observed in clinical trial
data (Figure 5).

The QSP model results agreed with in-house clinical
data (Figure 6).

DISCUSSION

This QSP modeling platform was developed with the
aim to quantify the transient responses of different
TRL particles to evinacumab therapy, enabling a better
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understanding of the clinical impact of treatment. For
the QSP modeling platform to support this goal, several
key elements needed to be achieved. First, the drug-free
QSP model had to fit the original data published with the
Pratt et al. lipid model** and other relevant published
data in metabolomic data sets.’* Also, the pharmacoki-
netic component of the model had to fit evinacumab and
total ANGPTL3 concentrations from clinical trial data.
The integrated model (with evinacumab dosing) had
to fit the TG clinical data for the various TRL particle
types; the cohort of VPs had to represent the variability
observed in evinacumab clinical data. Finally, the model
and parameters matching the single ascending dose evi-
nacumab trial data must also match other available clini-
cal trial data.*

ASCPT

Preliminary evaluation of the clinical pharmacokinetic
data for evinacumab showed an increase in total ANGPTL3
concentrations after evinacumab administration. Prior ex-
perience with the pharmacokinetics of monoclonal anti-
bodies, and the timing of the increase in total ANGPTL3
concentrations, suggested that this was due to a protective
effect, with the evinacumab/ANGPTL3 complex being
cleared more slowly than free ANGPTL3. Therefore, a
TMDD model for evinacumab was incorporated.>

At higher evinacumab doses and at earlier timepoints
following evinacumab administration, a higher pharma-
codynamic response was observed, which was found to be
accurately represented by the QSP model. In contrast, at
lower evinacumab doses and at later timepoints, smaller
responses were observed in both the clinical trial data and
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FIGURE 6 Quantitative systems pharmacology model simulation (red) overlaid on evinacumab clinical trial data for selected subjects.
The solid red line represents the quantitative systems pharmacology model simulation, the dashed black line represents the mean value

of observed clinical trial data, and the solid gray lines represent individual participant data. The blue dots represent evinacumab dosing,
which was consistent across all separate IV and SC panels. Evinacumab clinical data taken from a phase I, multiple ascending dose study
with evinacumab in subjects with hypertriglyceridemia (NCT02107872). The subjects were selected to show both SC and IV dosing at the
higher evinacumab dose levels. ANGPTL3, angiopoietin-like protein 3; IV, intravenous, mAb, monoclonal antibody; SC, subcutaneous; TG,

triglyceride
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QSP model data, hence leading to a lower ratio of response
to noise in these situations. However, we are confident
that the QSP model accurately represents the most clin-
ically important areas of the pharmacokinetics and phar-
macodynamic response.

The QSP model was shown to allow the stable (>1 year)
and accurate representation of plasma concentrations of
TGs, glucose, and insulin. Furthermore, the use of a phys-
iologically based TMDD model allowed the representation
and prediction of clinical trial data, reflecting changes in
evinacumab, total ANGPTL3, and TG concentrations. The
TMDD approach also allowed the inference of unmea-
sured quantities of interest, such as the concentration
of free ANGPTL3. Further confidence in the model was
obtained from the replication of clinical trial data with
ApoCIII siRNA therapies (data not shown). Finally, the
QSP modeling platform was shown to represent TG phys-
iology and treatment effects in a range of patient popula-
tions with varying levels of TGs and/or cholesterol.

A limitation of this study is the use of VPs to repre-
sent true physiological variability. In the current study, the
VPs were created using an investigation of the variations
in multiple parameters, which showed that most interac-
tions had a minimal influence on the model. Therefore,
the limitations of VP methodology are expected to have a
minimal effect.

Although evinacumab is known to affect lipid metabo-
lism by inhibiting ANGPTL3,**** with changes in plasma
lipid concentrations mirroring the lipid phenotype ob-
served in individuals with ANGPTL3 LOF variants,>”
the detailed mechanism by which evinacumab modifies
lipid metabolism is yet to be elucidated.** The QSP mod-
eling platform provides a unique tool to allow different
hypotheses to be tested. For example, the model could
be used to give reasonable estimates of LDL-C, and with
additional calibration and mechanisms could address
fat accumulation in the liver, as occurs in nonalcoholic
steatohepatitis and nonalcoholic fatty liver disease. In
addition, the model could be extended to represent cho-
lesterol in TRL particles, thereby enabling the effects
of statins to be modeled, allowing the investigation of
combination therapies with statins or, for example, with
ApoCIII inhibitors. Further investigations are in progress
to evaluate the drug effect on LDL-C and total cholesterol
as well as the differential effects of ANGPTL3 on LPL as
it affects, for example, chylomicrons and VLDL/IDL/LDL
TG metabolism.

In conclusion, the QSP modeling platform successfully
integrated known features of evinacumab and target biol-
ogy and was shown to represent the variability observed in
evinacumab clinical trial data. These features of the QSP
model allow hypothesis testing, enabling an enhance-
ment of our understanding of the mechanism of action of

evinacumab and possibly an explanation of the variability
in lipid responses observed with evinacumab clinical trial
data. This will allow physicians to maximize the therapeu-
tic benefit for patients with hypertriglyceridemia in differ-
ent populations.
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