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Proprotein convertase subtilisin-like kexin type 9 (PCSK9) is 
a promising target for treatment of hyperlipidemia and cardio-
vascular disease.1 Extracellular PCSK9 protein binds to low 
density lipoprotein (LDL) receptors on hepatocytes, target-
ing the receptor for intracellular degradation and reducing the 
availability of receptors for removal of LDL from the circulation. 
The level of circulating LDL cholesterol (LDLc) is one of the 
strongest indicators of CV risk. High levels present a major risk 
factor for CV disease and events, and LDLc lowering therapies 
such as statins significantly reduce this risk. While statins can 
reduce LDLc levels up to 70%, statins alone are not always 
sufficient to achieve desired LDLc levels and some patients 
are intolerant to statins. Reducing the functional PCSK9 activ-
ity may offer an additional treatment option in these situations. 
Individuals with inactivating PCSK9 mutations have naturally 
low levels of circulating LDLc,2 and ongoing clinical trials have 
shown efficient LDL-lowering with anti-PCSK9 antibodies.3

PCSK9-targeted therapies will likely be administered on 
a statin background when possible. However, statin (HMG-
CoA reductase inhibitor) inhibition of hepatic cholesterol syn-
thesis leads to an upregulation of PCSK9 that might impact 
the efficacy of combination regimens. Furthermore, subjects 
with different mechanistic causes of hyperlipidemia might 
respond differently to anti-PCSK9. Familial hypercholes-
terolemic (FH) subjects commonly exhibit mutations to the 
LDL receptors (LDLR) that reduce LDLR functionality and 
increase systemic LDLc levels. Limited clinical data on the 
impact of background statin therapy and patient phenotype 
on anti-PCSK9 response have been reported.4–9 However, 
the impact of background statin therapy and altered LDLR-
mediated cholesterol uptake and clearance in FH subjects on 
anti-PCSK9 efficacy is not well quantified. Finally, patient bio-
markers predictive of anti-PCSK9 effects on LDLc would be 
valuable as a diagnostic. Baseline PCSK9 and LDLc levels 
are obvious candidate biomarkers but sufficient clinical data 

are not yet available to characterize the relationship of these 
biomarkers to anti-PCSK9 responsiveness.

To investigate these questions and predict the impact on LDLc 
of treatment with RG7652, a fully human monoclonal antibody 
antagonizing PSCK9 activity,10 we have developed a quantita-
tive systems pharmacology (QSP) model of the mechanistic 
interaction and cross-regulation of LDLc, LDLR, and PCSK9 
in health and dyslipidemic disease, including statin and anti-
PCSK9 mechanisms of action and effects. QSP approaches 
are being increasingly applied to integrate mechanistic biology, 
preclinical and clinical data, and drug pharmacology to provide 
quantitative insight and guidance in pharmaceutical R&D.11 
QSP models have been successfully developed and applied 
to a wide range of questions and therapeutic areas.12–14 In this 
work, we have adopted a QSP approach to integrate preclini-
cal and mechanistic data as well as available clinical results 
to make predictions for scenarios for which clinical data are 
currently unavailable or insufficient. These predictions have 
helped set expectations for phase II results in advance of trial 
readout, inform early planning for subsequent development, 
increase understanding of the impact of statin background 
therapy, and support biomarker interpretation.

RESULTS
Clinical calibration and validation: phase I virtual population  
response to statins and anti-PCSK9
All model-based research was conducted via simulation of 
clinical protocols in virtual populations that reproduce clini-
cally observed variability as described in the Methods. Vir-
tual subjects included in the phase I virtual population were 
selected to match RG7652 phase I clinical data on baseline 
levels of LDLc and PCSK9 and the correlation between the 
two (Supplementary Table S4). The implementations of statin 
and RG7652 therapies were calibrated to match the change 
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PCSK9 is a promising target for the treatment of hyperlipidemia and cardiovascular disease. A Quantitative Systems Pharmacology 
model of the mechanisms of action of statin and anti-PCSK9 therapies was developed to predict low density lipoprotein (LDL) 
changes in response to anti-PCSK9 mAb for different treatment protocols and patient subpopulations. Mechanistic interactions 
and cross-regulation of LDL, LDL receptor, and PCSK9 were modeled, and numerous virtual subjects were developed and validated 
against clinical data. Simulations predict a slightly greater maximum percent reduction in LDL cholesterol (LDLc) when anti-PCSK9 
is administered on statin background therapy compared to as a monotherapy. The difference results primarily from higher PCSK9 
levels in patients on statin background. However, higher PCSK9 levels are also predicted to increase clearance of anti-PCSK9, 
resulting in a faster rebound of LDLc. Simulations of subjects with impaired LDL receptor (LDLR) function predict compromised anti-
PCSK9 responses in patients such as homozygous familial hypercholesterolemics, whose functional LDLR is below 10% of normal.
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in LDLc with atorvastatin15 and the phase I PK and change 
in LDLc of single-dose RG7652 in this population. The effect 
of atorvastatin on PCSK9 levels and the effect of multi-dose 
RG7652 as monotherapy or in combination with atorvastatin 
were used for validation of the virtual population. Details of 
this calibration and validation results are provided below.

Statin response calibration and validation. Sustained inhibi-
tion of cholesterol synthesis by high dose (40–80 mg) atorv-
astatin was calibrated at 80% (CV = 25%) to capture a ~50% 
reduction in LDLc reported in the clinical literature.16 Figure 1  
shows the corresponding LDLc distribution at baseline and 
after atorvastatin treatment for the phase I virtual population. 
In order to partially validate the statin implementation and test 
its ability to capture known effects of the drug on the modeled 
behaviors, we verified that simulations in the phase I popula-
tion recapitulated the increase in PCSK9 reported clinically 
for statin treatment.17 Figure 1 confirms a simulated mean 
increase of 35% in PCSK9 levels as a result of high dose 
atorvastatin treatment, consistent with the reported range of 
20–50%,17 offering validation that the regulation of PCSK9 
synthesis and LDLR expression modeled based on preclini-
cal data18–20 appropriately reproduces clinical behavior.

Anti-PCSK9 response calibration and validation. The TMDD 
PK model was calibrated to phase I single dose RG7652 (10–
800 mg) data (N.R. Budha et al., unpublished data). This data-
set included total anti-PCSK9 and total PCSK9 level time series 
profiles for six subjects per dose group. The model parameters 
representing LDLR degradation with PCSK9 were calibrated to 
capture the observed LDLc reduction profiles for the different 
doses of anti-PCSK9 (Figure 2). Three measurements were 
included in this calibration step: total anti-PCSK9 (free drug + 
drug-target complex), total PCSK9 (target + drug-target com-
plex), and LDLc. The implementation was then validated by test-
ing the population response to multi-dose anti-PCSK9 both as 
a monotherapy and in combination with atorvastatin. Figure 3  
confirms that the virtual population simulations recapitulate the 

individual patient clinical data for the two doses of anti-PCS9 
for which data were available (40 and 150 mg), providing vali-
dation for the implementation of anti-PCSK9 monotherapy and 
combination therapy with statins.

Model-based predictions

LDLc lowering for phase II RG7652 dosing regimens. The 
phase II study of RG7652 includes the following five arms 
for anti-PCSK9 administration: 400 mg q4w; 200, 400, and 
800 mg q8w; and 800 mg q12w. The trial is open to all-comers 
with LDLc >90 mg/dl, and subjects may be on statin back-
ground or statin intolerant.

The anti-PCSK9 QSP model was used to simulate and pre-
dict results of the phase II trial to help anticipate likely results, 
predict the implications of mechanistic interactions between 
anti-PCSK9 and statin mediated regulation of cholesterol pro-
cessing, and support planning for future clinical development. 
Two virtual patient populations were developed based on the 
anticipated LDLc and PCSK9 ranges of the phase II subjects: 
statin-background subjects (anticipated to be 80% of the trial 
cohort), statin-intolerant subjects (anticipated at 20% of the 
trial cohort). Median predictions for each of the phase II virtual 
populations for the different study arms are shown in Figure 
4 (Supplementary Figure S5 shows population variability in 
response). Simulations for a regimen of 400 mg q4w show sus-
tained reductions in LDLc without significant rebound in LDLc 
whereas a q8w schedule is predicted to require the higher dose 
of 800 mg to limit LDLc fluctuations. Doses of 400 and 200 mg 
are also predicted to decrease LDLc but reductions are not 
maintained due to inadequate drug concentrations towards the 
end of the dosing interval. Based on these predictions 400 mg 
q4w or 800 mg q8w are predicted to be the most efficacious 
regimens among those tested for sustained reduction of LDLc.

Statin background therapy causes a slight increase in 
maximum LDLc reduction but faster LDLc rebound. Statin 

Figure 1 Phase I virtual population selection and validation: LDLc, PCSK9, and LDLR for the virtual population at baseline and post high dose 
atorvastatin treatment. LDLc, low density lipoprotein cholesterol; LDLR, low density lipoprotein receptors.
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therapy increases PCSK9 levels because the statin-induced 
reduction in hepatic cholesterol content leads to upregu-
lation of the sterol regulatory element-binding protein 2 
(SREBP2), which in turn increases synthesis of PCSK9 
and LDLR. Thus, statin background therapy might influence 
the response to anti-PCSK9. Phase I data were insufficient 
to characterize this effect due to a small sample size (N = 
12 patients on the combination of anti-PCSK9 and statins) 
and the short duration of statin treatment and limited statin 
doses in this trial. In order to predict and understand the 
impact of statin background therapy on the response to 
anti-PCSK9, we performed model-based investigations 
in the phase II virtual populations with and without statin 
background therapy. Based on trial entry criteria and enroll-
ment expectations, statin-treated and statin-intolerant 

populations were developed with similar entry LDLc levels 
in the presence and absence of statin background, respec-
tively. Despite comparable entry LDLc levels, statin back-
ground resulted in the anticipated higher simulated entry 
PCSK9 levels. Figure 5 shows the predicted response 
of the two virtual populations to an 800 mg single admin-
istration of anti-PCSK9. Median LDLc lowering is initially 
greater for subjects on a statin background (Figure 5b), 
due to neutralization of the greater LDL-increasing effects of 
higher levels of PCSK9. Higher PCSK9 levels also result in 
greater predicted target-mediated drug disposition, increas-
ing clearance of anti-PCSK9 (Figure 5a) and resulting 
in a faster rebound of LDLc in the statin-treated subjects  
(Figure 5b). However, due to the modest (20–50%) statin-
induced increase in PCSK9, the differences in predicted 

Figure 2 Calibration of the model to match the total anti-PCSK9, total PCSK9, and LDLc reduction data from the phase I clinical study for 
RG7652 (results shown for three dose groups: 150, 300, and 800 mg); blue: individual clinical subjects; red: mean and 10–90 percentile range 
for virtual subjects. LDLc, low density lipoprotein cholesterol.
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% LDLc lowering between statin-background and statin-
untreated subjects are relatively small.

Response of FH subjects to anti-PCSK9 depends on func-
tional LDLR activity. FH subjects have high LDLc levels, pri-
marily due to an impaired LDLR functionality that reduces 

cellular LDL uptake. A virtual population consisting of both FH 
and dyslipidemics was utilized to evaluate the impact of LDLR 
activity on the response to anti-PCSK9. The FH subjects in the 
virtual population were calibrated with functional LDLR activity 
<25% of normal in keeping with clinical data21 as described in 
the Methods. The virtual population captures the correlation  

Figure 3 Model validation against phase I clinical data. LDLc lowering (% of baseline: calculated relative to the LDLc at time of first anti-PCSK9 
dose) in response to multiple dose anti-PCSK9 as monotherapy and in combination with atorvastatin; (a) 40 mg anti-PCSK9, (b) 40 mg anti-
PCSK9 + atorvastatin, (c) 150 mg anti-PCSK9, (d) 150 mg anti-PCSK9 + atorvastatin. Blue: individual clinical subjects; red: mean and 10–90 
percentile range for virtual subjects. LDLc, low density lipoprotein cholesterol.
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(R = 0.7) reported between PCSK9 levels and LDLc in FH sub-
jects.22 Figure 6 shows the nadir LDLc levels as a function of 
LDLR activity for the virtual cohort in response to a simulated 
single 800 mg dose of anti-PCSK9 on statin background. For 
functional LDLR levels >10% of normal, LDLR activity does not 
appreciably impact LDLc lowering in response to anti-PCSK9. 
However, subjects with LDLR activity below 10% of normal are 
predicted to exhibit a weaker LDL response to anti-PCSK9 due 
to a greater relative importance of non-LDLR mediated LDLc 
clearance in these subjects. Variability in predicted response 
at a given LDLR activity is due to concurrent variability in the 
parameters associated with other biological mechanisms.

Minimal impact of baseline LDLc and PCSK9 on anti-PCSK9 
driven LDLc % lowering. Phase I data did not reveal any sig-
nificant correlation between response to anti-PCSK9 and 

baseline levels of either LDLc or PCSK9. We examined the 
impact of anti-PCSK9 on LDLc levels in the virtual subjects. 
The relative lowering in LDLc is predicted to be independent 
of baseline LDLc levels, with variability in absolute nadir LDLc 
levels over a wide range of baseline LDLc (see Supplemen-
tary Figure S1). Simulations suggested a weak but significant 
correlation between LDLc lowering and baseline PCSK9, with 
higher baseline PCSK9 levels resulting in lower nadir LDLc.

DISCUSSIOn

We have developed a QSP model of the mechanistic inter-
action and cross-regulation of LDLc, LDLR, and PCSK9 in 
dyslipidemic disease and used it to predict anti-PCSK9 mAb 
induced reduction in LDLc in subjects with and without statin 
background therapy and in hypercholesterolemic subjects. 
Additionally, we have explored the relationship between 
baseline LDLc and PCSK9 biomarker levels and anti-PCSK9 
induced changes in LDLc.

The model structure and numerous parameterizations 
representing different virtual subjects were developed based 
on preclinical mechanistic data and calibrated to clinical 
data on: untreated subjects; LDLc lowering by statins; and 
RG7652 PK and effects on total PCSK9 and LDLc in single-
administration treatment in the phase I trial. Virtual popula-
tions comprising sets of virtual subjects were validated by 
verifying that changes in PCSK9 in response to atorvastatin 
and changes in LDLc and PCSK9 in response to multiple 
administration of RG7652 (as monotherapy and in combina-
tion with atorvastatin) quantitatively and statistically matched 
phase I clinical data. While somewhat limited by clinical data 
availability, these validation efforts confirm that the quantita-
tive representation of critical elements of the model including 
PCSK9 and LDLc cross-regulation, statin and anti-PCSK9 
effects, and interactions between the drugs, are consistent 
with available clinical data.

Exploration of alternate parameterizations via virtual sub-
jects is an important aspect of research in mechanistic QSP 
models.23,24 Systems models typically include numerous 

Figure 5 Effect of statin background on response to anti-PCSK9. Response to single dose of 800 mg anti-PCSK9 for subjects on statin 
background (blue) and statin naïve subjects (red). (a) Total anti-PCSK9 and (b) LDLc. Solid lines show median predictions and dashed lines 
indicate the 10–90 percentile range. LDLc, low density lipoprotein cholesterol.
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Figure 6 Nadir LDLc (% of baseline) vs. functional LDLR level/
activity. FH, familial hypercholesterolemic; LDLc, low density 
lipoprotein cholesterol; LDLR, low density lipoprotein receptors.
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parameters that cannot be uniquely identified. Furthermore, 
many of these parameters demonstrate inter-subject vari-
ability. However, the potential impact of this variability and 
uncertainty can be addressed by exploring alternate param-
eterizations that recapitulate higher level behaviors of inter-
est. An analysis of numerous biological systems models 
found that the majority of parameters in such models are 
“sloppy parameters” whose values need not be accurately 
determined for confidence in model predictions.25 Rather, 
reproducing system level (phenotypic and clinical) outputs of 
interest was found to be more critical to ensuring subsequent 
predictability of the same outputs or measurements. Thus, 
recapitulation of LDLc and PCSK9 levels in response to statin 
and anti-PCSK9 treatment provides the validation needed to 
successfully apply the model and virtual populations to for-
ward simulation and prediction of LDLc and PCSK9 levels 
under different conditions and protocols. However, because 
virtual population variability addresses not only inter-patient 
variability, but also alternate mechanistic hypotheses and 
parameter uncertainty, the virtual population variability does 
not correspond directly to clinical variability. The richer the 
clinical data on interventions modifying the pathways of inter-
est, the stronger the constraints on critical parameters and 
the greater the correspondence between virtual population 
variability and clinical variability.

A key application of the model was the prediction of LDLc 
modulation for various regimens of RG7652 treatment in an 
ongoing phase II trial. The predictions helped set expectations 
for the outcomes of phase II results, including optimal dosing 
regimens, and increased confidence in simulations and dose 
recommendations obtained with a nonlinear mixed-effects 
population PKPD model (N.R. Budha et al., unpublished 
data). Population PKPD analysis is particularly useful for the 
characterization of variability and identification of covariates 
based on clinical data. However, due to lack of mechanistic 
detail, the PKPD modeling (N.R. Budha et al., unpublished 
data) was unable to select between two indirect response 
models with alternate explanations for the differential LDLc 
response to anti-PCSK9 in statin-untreated and treated 
arms in the phase I study of RG7652. Furthermore, clinical-
data driven indirect response models cannot be confidently 
applied to predict responses in patient populations with fun-
damentally different underlying biology than those previously 
tested. However, because of its emphasis on mechanism 
rather than prior clinical data, a QSP approach is better suited 
to forward-prediction in scenarios for which there is minimal 
clinical experience, such as the impact of background statin 
therapy on anti-PCSK9 efficacy or the prediction of treat-
ment response in FH or other untested populations. Simula-
tion of anti-PCSK9 treatment with and without background 
statins predicted a small but potentially detectable impact 
of statin-treatment on anti-PCSK9 mediated LDLc lowering 
with statin treatment. Peak LDLc reduction was predicted to 
be slightly better on a statin background, due to neutraliza-
tion of the statin-induced PCSK9 and its detrimental effect 
on LDLc. However, higher PCSK9 in statin-treated subjects 
was also predicted to lead to greater target-mediated clear-
ance of anti-PCSK9 and rebound of LDLc. These trends are 
consistent with limited published clinical data for anti-PCSK9 
efficacy with and without statins.4–9,26 However, the predicted 

differences in LDLc-profiles between anti-PCSK9 treated 
subjects with and without background statin are small, sug-
gesting that anti-PCSK9 dose need not be adjusted to com-
pensate for statin-mediated PCSK9 up-regulation and that 
statin background therapy is unlikely to cause significantly 
greater anti-PCSK9 induced LDLc lowering, a potential safety 
concern when combining two potent LDLc-lowering agents.

The model was also used to compare predicted responses 
in dyslipidemics vs. FH subjects. Results suggested that the 
reduced LDLR activity in heterozygous FH (functional LDLR 
activity of 10–25% of normal) is unlikely to strongly impact 
the anti-PCSK9 responsiveness whereas a reduction of func-
tional LDLR levels to less than 10% of normal, which may be 
seen in homozygous FH subjects, is predicted to reduce the 
efficacy of anti-PCSK9, due to the greater relative importance 
LDLR-independent LDL uptake mechanisms. This effort 
would not have been easily conducted in an indirect-response 
model lacking the mechanistic detail of the QSP model.

Finally, the model was used to investigate potential pre-
dictive biomarkers. Although the relative lowering of LDLc 
was predicted to be independent of baseline LDLc levels, the 
variability in the absolute nadir levels in LDLc helps identify 
the anticipated variability in response of subjects over a wide 
range of baseline LDLc levels. We also predicted a weak but 
significant correlation between baseline PCSK9 and LDLc 
lowering on anti-PCSK9 that is unlikely to impact efficacy or 
dose requirements to meet desired LDLc levels.

One limitation of the work described here as well as of 
many shorter biomarker-focused early clinical trials in car-
diovascular disease is a focus on lipid biomarkers as an 
endpoint, instead of the more clinically important outcome 
of cardiovascular (CV) risk reduction. For example, despite 
early promise of CETP inhibitors for treatment of athero-
sclerosis, recent phase III trials have failed to show improve-
ment in CV risk despite increases in HDL cholesterol.27,28 
However, unlike HDL elevation, there is strong evidence for 
LDL reduction as a predictive marker of CV risk reduction.  
A linear correlation of LDLc to CV risk derived from clini-
cal trials of statin therapy supports a causative role of LDLc 
reduction on CV risk reduction. However, it remains to be 
determined whether this relationship applies to other LDL-
lowering agents, as statins might have anti-inflammatory and 
additional effects that could contribute to CV risk reduction.29

Other biology not included in the model scope could 
also influence clinical results. The model does not consider 
LDL particle size distribution or HDL dynamics. Although 
total LDLc is a marker for CV risk, small, dense LDL par-
ticles are considered more atherogenic,30 and alteration of 
the LDL particle distribution by anti-PCSK9 may influence CV 
risk beyond what would be predicted based on LDLc alone. 
Similarly, any impact on HDL resulting from LDL modifica-
tion could also influence inflammation, reverse cholesterol 
transport, plaque accumulation, and CV risk. These aspects 
of the biology can be considered in future development of the 
model as warranted by ongoing clinical research. The model 
can also be used to evaluate new or next generation drugs 
targeting the pathways or proteins represented.

In conclusion, the application of the QSP model of LDLc/
PCSK9 interactions has led to an increased understanding 
of the effects of anti-PCSK9 treatment on different patient 
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subtypes, thus enabling more robust planning for potential 
clinical scenarios where data are currently limited. Addition-
ally, the model is adaptable and extendable to address ques-
tions related to future investigation of additional interventions 
and broader related biology.

METHODS
A mechanistic mathematical model of the response of LDLc 
to intervention with anti-PCSK9 and statins was developed in 
the Simbiology software package (Mathworks, Natick, MA).  
A schematic of the model is depicted in Figure 7 and details 
on model states, parameters and equations are included in 
the Supplementary Tables S1-S3 and Figures S2-4.

Model structure
The model shown includes the following major processes in 
the systemic circulation and hepatic compartment:

1. Cholesterol consumption, excretion, and utilization: The 
primary sources of cholesterol are represented and 
include dietary cholesterol intake with ~50% absorp-
tion31 (arrow 1) and endogenous synthesis by hepato-
cytes32 (arrow 2). A sink from the hepatic cholesterol 
pool (arrow 3) corresponding primarily to bile formation 
completes the mass balance.

2. Hepatocyte cholesterol synthesis, uptake, and degrada-
tion: The model includes a mean representation of circu-
lating LDL particles with a cholesterol content of 0.92 mg/
nmol of particles.33 The formation of the LDL particles34 
is represented in a single step with a rate proportional 
to the hepatic cholesterol content (arrow 4). Details of 
apoB-100 particle formation and metabolism are not 
included in the model. Circulating PCSK9 (ng/ml) and 
hepatocyte LDLR levels are modeled. Both PCSK9 and 
LDLR are transcriptionally upregulated by SREBP2,35 
which is expressed in normalized units relative to an 
untreated, healthy subject level. SREBP2 is regulated 
by hepatic cholesterol content (arrow 5) and positively 
impacts LDLR and PCSK9 production (arrows 6 and 7). 
PCSK9 directs LDLR to lysosomal degradation rather 
than recycling in hepatocytes and thereby favors greater 
LDLc levels in plasma.36,37 Correspondingly, LDLR deg-
radation is modeled as driven by PCSK9 (arrow 8). Free 

LDLR is modeled as binding LDLc, resulting in hepa-
tocyte LDLc uptake and increased liver cholesterol lev-
els (arrow 9). LDL particles are also consumed in the 
periphery (arrow 10). In addition to uptake of LDL parti-
cles, hepatocytes also take up cholesterol in the form of 
HDL particles (arrow 11). The model does not address 
HDL dynamics, and instead represents a fixed, invariant 
pool of HDL. A LDLR independent route of hepatocyte 
LDLc uptake (arrow 12) is also included.38 The choles-
terol metabolism model developed here is focused on 
the key mechanisms and details relevant represent the 
impact of the statin and anti-PCSK9 combination ther-
apy. A more detailed cholesterol metabolism model is 
presented in ref. 39; the scope of the current model can 
be expanded if other interventions such as ezetimibe or 
HDL modifying therapies are of interest.

3. Therapeutic modulation of cholesterol processing: Anti-
PCSK9 and statin drugs are represented based on 
their mechanisms of action. Statin induced inhibition of 
HMG-CoA reductase and thus cholesterol synthesis is 
represented as a constant inhibition of the endogenous 
hepatic cholesterol synthesis rate. Given the daily treat-
ment regimen for statins, temporal fluctuations due to 
statin PK can be neglected for predictions on the days-
weeks time-scale. A full target mediated drug disposi-
tion (TMDD) model40 is included to capture the dynamics 
of anti-PCSK9 (drug) and its impact on PCSK9 (target) 
levels. Anti-PCSK9 is administered subcutaneously (SC) 
and absorption from the depot to the central plasma com-
partment is represented by a first order process with rate 
constant ka and bioavailability F. Reversible elementary 
binding kinetics of drug and target are modeled with for-
ward and reverse rate constants kon and koff. The clear-
ances of the free drug, target, and drug-target complex 
are represented as first order processes. Distribution of 
the free drug to a peripheral compartment is also included. 
Due to the highly perfused nature of the liver, extracellular 
hepatic drug and LDLc concentrations are assumed to be 
equivalent to serum concentrations.

Model calibration and development of virtual population
A reference untreated, healthy subject was developed using 
a corresponding reference parameterization (details on 

Figure 7 Schematic of Quantitative Systems Pharmacology model for evaluation of LDLc lowering with anti-PCSK9 as monotherapy and 
combination with statins. Ch., cholesterol; Circ., circulating; LDLc, low density lipoprotein cholesterol.
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model equations and parameters are included in Supple-
mentary Tables S1–3). Parameter values were primarily 
obtained from literature data on the pathways and proteins. 
Parameters for which specific data were not available were 
calibrated to reproduce phenotypes and measurements for 
a reference subject corresponding to a typical or average 
healthy subject. The subsequent methodology to develop 
and validate virtual subjects and each virtual population 
comprised three key steps:

1. Parameter exploration: Variability in key model param-
eters was explored to generate alternate parameter-
izations, each of which represents a potential virtual 
subject. Reference values for the parameters and the 
ranges of exploration were determined from available lit-
erature data. A list of the model parameters explored for 
generation of the virtual subjects is shown in Supple-
mentary Table S2.

2. Patient selection: The baseline characteristics and 
selected responses to clinical interventions of each vir-
tual subject was simulated. Supplementary Table S4 
shows the clinical data used for virtual subject selection. 
A virtual subject was acceptable if simulated behaviors 
matched specified clinical data characterizing the patient 
phenotype(s) of interest. A subset of all valid virtual sub-
jects was selected to match the desired distributions 
of clinical measurements. Each virtual subject's rela-
tive contribution to virtual population measurements is 
weighted by a virtual subject specific prevalence weight;24 
a simple weighting scheme was applied by which each 
virtual subject was assigned a weight of either 1 or 0 to 
optimize the fit to clinical data distributions.

3. Patient validation: A subset of the clinical data was 
reserved for patient validation. The subjects selected 
in step (ii) were validated against this clinical data to 
increase confidence in the predictive ability of the model 
and of the virtual subjects selected for research. Sup-
plementary Table S4 shows the clinical data used for 
virtual subject validation.

Four virtual populations were specified as collections of 
virtual subjects that together reproduce mean (SD) clinical 
trial entry criteria/data for baseline LDLc (mg/dl) and PCSK9 
(ng/ml) for the corresponding clinical populations, as follows:

•	 A phase I virtual population with untreated LDLc = 
160(20), PCSK9 = 290(40)

•	 A phase II statin-background virtual population with 
statin-treated LDLc = 125(20), PCSK9 = 360(40)

•	 A phase II statin-intolerant virtual population with 
untreated LDLc = 125(20), PCSK9 = 275(40)

•	 An FH virtual population

The baseline LDLc distribution in the phase II study is not 
known, and is assumed to be 125(20) (mean(SD)) for both 
the statin treated and statin intolerant populations to allow 
an unbiased comparison of anti-PCSK9 monotherapy and 
combination therapy with statins. Virtual subjects in the FH 
population were restricted to those with functional LDLR lev-
els below 25% of normal.21 Only non-FH virtual subjects with 
functional LDLR levels of 25–100% of normal were included 

in phase I and phase II populations because of the low repre-
sentation of FH subjects in the broader hypercholesterolemic 
population. The phase I virtual population was used for cali-
bration and validation of the model to clinical observations. 
The phase II and FH virtual populations were used for model-
based predictions.

Acknowledgments. The authors thank Whit Tingley, Genen-
tech, for technical discussions and review of the manuscript 
and Asawari Samant, Mathworks, for Simbiology and MAT-
LAB software support.

Author Contributions. S.R. and K.G. wrote the manuscript. 
S.R., K.G., A.B., and P.F. designed the research. K.G. and 
N.B. performed the research. S.R., K.G., N.B., A.B., J.D.D., 
and P.F. analyzed the data. N.B. contributed new reagents/
analytical tools.

Conflict of Interest. All authors are full time employees at 
Genentech Inc., a subsidiary of Roche.

Study Highlights

WHAT IS THE CURREnT KnOWLEDgE On THE 
TOPIC?

 3 Early clinical trials of anti-PCSK9 agents have 
shown significant LDL lowering in dyslipidemic 
patients. However, the clinical data presently 
available leave many open questions regard-
ing factors that might influence anti-PCSK9 
response in the larger population.

WHAT QUESTIOn DID THIS STUDY ADDRESS?

 3 The following questions were addressed: (i) 
how does statin background therapy impact 
LDL lowering with anti-PCSK9?; (ii) are base-
line LDL and PCSK9 levels expected to predict 
LDL lowering on anti-PCSK9?; (iii) how much 
might genetic mutations associated with familial 
hypercholesterolemia compromise anti-PCSK9 
induced LDL lowering?; and (iv) what are an-
ticipated phase II results for RG7562 and what 
dosing regimen is recommended for phase III?

WHAT THIS STUDY ADDS TO OUR KnOWLEDgE

 3 This study offers quantitative, mechanism-
based predictions on how LDL lowering with 
anti-PCSK9 might be impacted by various clini-
cal factors that have not been robustly evalu-
ated in early clinical trials.

HOW THIS MIgHT CHAngE CLInICAL 
PHARMACOLOgY AnD THERAPEUTICS

 3 These results can be used to inform anti-PC-
SK9 drug development, and generally illustrate 
how QSP methodologies can impact clinical 
stage drug development.
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