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ABSTRACT

Purpose For AMG 317, afully human monoclonal antibody to
interleukin receptor IL-4Ra, we developed a population
pharmacokinetic (PK) model by fitting data from four early
phase clinical trials of intravenous and subcutaneous (SC)
routes simultaneously, investigated important PK covariates,
and explored the relationship between exposure and IgE
response.

Methods Data for 294 subjects and 2183 AMG 317 plasma
concentrations from three Phase | and | Phase 2 studies were
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analyzed by nonlinear mixed effects modeling using first-order
conditional estimation with interaction. The relationship of IgE
response with post hoc estimates of exposure generated from
the final PK model was explored based on data from asthmatic
patients.

Results The best structural model was a two-compartment
quasi-steady-state target-mediated drug disposition model with
linear and non-linear clearances. For a typical 80-kg, 40-year
subject, linear clearance was 35.0 mL/hr, central and peripheral
volumes of distribution were 1.78 and 5.03 L, respectively, and
SC bioavailability was 24.3%. Body weight was an important
covariate on linear clearance and central volume; age
influenced absorption rate. A significant treatment effect was
observable between the cumulative AUC and IgE response
measured.

Conclusion The population PK model adequately described
AMG 317 PK from IV and SC routes over a 60-fold range of
doses with two dosing strengths across multiple studies
covering healthy volunteers and patients with mild to severe
asthma. IgE response across a range of doses and over the
sampling time points was found to be related to cumulative
AMG 317 exposure.

KEY WORDS asthma - IL-4Ra - monoclonal antibody -
pharmacodynamics - pharmacokinetics

INTRODUCTION

The cytokines 11-4 and IL-13 play a central role in the
nitiation and maintenance of inflammatory lung disease.
The effects of IL-4 and IL-13 include immunoglobulin class
switching in B-cells and stimulation of IgE production,
goblet cell hyperplasia and mucus hypersecretion, induction
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of chemokine production from fibroblast and epithelial
cells, promotion of eosinophilic infiltration and airway
hyper-responsiveness (1). On many cell types, biological
responses to IL-4 and IL-13 are mediated through the
same heterodimeric receptor IL-4Ra. Supportive evidence
has been established through experiments in mice deficient
in one or both of these cytokines (2—4). Mice deficient in
IL-4Ra (knockout mice) fail to develop an asthma-like
phenotype when antigen challenged. In addition, these
knockout mice fail to elicit a response even after the
administration of IL-4, IL-13, and Th2 cells in the
presence of antigen (2,5). Studies of human genetic
polymorphisms of IL-4R suggest that variants with
increased function result in an elevated risk of asthma or
increased IgE serum titers (6-9). Taken together, these
studies suggest that IL-4Ra is a suitable target for
pharmacological blockade in search for new treatments
of asthma and that IgE levels are a mechanistically
relevant biomarker for effect.

AMG 317 is a fully human IgG, monoclonal antibody
that binds with high affinity to human IL-4Ra (K4=
0.18 nM). In an @ vitro functional assay, AMG 317
inhibited IL-4- and IL-13-induced expression of the low
affinity IgE receptor CD23 on human B-cells with ICs,
values of 0.16 and 0.25 nM, respectively. It also blocks IL-4
and IL-13 induction of the cytokines TARC, MCP-4 and
eotaxin-3 in a concentration-dependent manner. As its
activity on IL-4Ra 1s limited to humans and chimpanzees,
surrogate molecules were developed to evaluate the
biologic activity and safety of IL-4Ra antibodies in mouse
models of asthma. An anti-murine IL-4R chimeric anti-
body, murine AMG 317, inhibits mull-4 and mull-13 in a
murine B9 cell proliferation assay with ICs, values of 0.075
and 0.13 nM, respectively. In ovalbumin (OVA)-sensitized
BALB/c and C57BL/6 mice, pretreatment with murine
AMG 317 at the time of OVA challenge resulted in
reduced accumulation of eosinophils in the lung, decreased
mucus production, reduced Th2 cytokine levels from
draining lung lymph nodes and lowered total serum IgE
relative to a control immunoglobulin. In a mouse model of
chronic asthma (cockroach allergen rechallenge model),
treatment with murine AMG 317 by IV administration
reduced lung inflammation, airway hyper-responsiveness to
inhaled methacholine, total serum IgE, and accumulation
of lung hydroxyproline, an amino acid unique to collagen
that is indicative of lung remodeling. Based on these and
other preclinical findings and supportive toxicological
assessments, a clinical program of the human antibody
AMG 317 was undertaken.

AMG 317 has now been studied in three phase 1
trials and one phase 2 trial (10) to evaluate the safety,
tolerability, pharmacokinetics (PK), and pharmacodynam-
ics (PD) of single or multiple weekly doses given by

intravenous (IV) or subcutaneous (SC) injection. The
phase 1 trials were conducted in healthy volunteers and
patients with mild to moderate asthma; the phase 2 trial
was conducted in patients with moderate to severe asthma.
Here we present a population PK model of AMG 317 that
was developed by simultaneously modeling of both IV and
SC data. The dataset included 2183 concentrations from
294 subjects. A two-compartment quasi-steady-state (QSS)
pharmacokinetic model, as an approximation to the
general target-mediated drug disposition (TMDD) model,
with linear and nonlinear clearances described the entire
range of observed data. The PK model was used to
determine bioavailability, identify important PK covari-
ates, and establish an exposure-response relationship with
IgE levels, which are indicative of Th2 pathway activity
and related to disease activity in asthma.

MATERIALS AND METHODS
Patient Population and Study Design

Four studies contributed data for the population analysis.
Study A was a single dose, dose-escalation study (IV 10—
1000 mg, SC 100-300 mg) in healthy volunteers or
adults with mild to moderate persistent asthma. Study B
was a multiple-dose, dose-escalation study (SC 75, 150,
300 or 600 mg) administered once weekly for four
consecutive weeks to adults with mild to moderate
asthma. Study C was a single 150 mg SC dose study
administered to adolescents (12 to 18 years) and adults
with mild to moderate persistent asthma. Subjects in the
above three Phase 1 studies, which were conducted at
one or two centers, had intensive PK sampling at 0
(predose), and approximately at 0.5, 1, 2, 4, 8, 12, 24 h,
daily for subsequent 7 days and on days 10, 14, 21
(additional 0.5, 1, 2, 4, 8, 12 and 24 h for Study B), 28,
35, 42, and 56 after the first dose. In the Phase 2 study
conducted in 52 centers (Study D), SC doses (75, 150 or
300 mg) were administered once weekly by subcutaneous
injection for 12 consecutive weeks to adults with
moderate to severe asthma. Most subjects in this study
had sparse sampling, predose at 0 and at weeks 4, 8, 12
and 16; a subset of 32 subjects had up to 6 additional
blood samples drawn. Patient demographics and charac-
teristics of the treatments are shown in Table I. The final
population PK dataset contained data from 294 patients
and 2183 concentrations. The final population PD dataset
contained data from 281 patients and 1069 IgE concen-
tration levels. The IgE samples in intensively sampled
studies were collected in weeks 0 (baseline and day 1), 1, 3,
4,5, 6 and 8. In the Phase 2 study, most of the sparse IgE
samples were collected in weeks 0, 4, 8, 12, and 16.
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Table 1 Characteristics of

Patients and Treatments Included Category N %
in Population PK Analysis
(N=294) Study No. A 60 20.4%
B 24 8.2%
C 18 6.1%
D 192 653%
Sex Male 168  57.1%
Female 122 41.5%
Missing 4 1.4%
Race White 218 74.1%
Black 35 [1.9%
Hispanic 14 4.8%
Japanese 12 4.1%
Asian 7 2.4%
Other? 8 2.7%
Health Status Healthy 47 16.0%
Mild or Moderate Asthmatic 247 84.0%
Route of Administration I\ 29 9.9%
SC 265 90.1%
Formulation FO: 30 mg/mL 54 18.4%
Fl: 100 mg/mL 234 79.6%
F2: 100 mg/mL diluted to 30 mg/mL 6 2.0%
Dose Regimen (Dose/Route/ Formulation) 10 mg IV FO 5 1.7%
30 mg IV FO 6 2.0%
100 mg IV FO 6 2.0%
100 mg SC FO 6 2.0%
300 mg IV FO 12 4.1%
300 mg SC FO 19 6.5%
100 mg SC F2 6 2.0%
75 mg SC FI 70 23.8%
150 mg SC FI 91 31.0%
300 mg SC FI 67 22.8%
600 mg SC FI 6 2.0%
’.’include‘s 4 subjects with no Pharmacokinetic Sampling Intensive 102 343%
information about race
FO, FI and F2 denote formulation Sparse 192 65.3%
strength, with values of Mean D Median (Range)
30 mg/mL, Age (yr) 36.3 12.8  37.0 (12-64)
100 mg/mL, and 100 mg/mL Weight (kg) 86.1 22.1 834 (44-169)
diluted to 30 mg/mL, BMI (kg/m?) 29.1 73 27.7(17.3-61.1)

respectively

AMG 317 Assay and Total Serum IgE Concentrations

Plasma samples were assayed for AMG 317 levels using a
validated enzyme-linked immunosorbent assay (ELISA).
Briefly, microplate wells were coated with recombinant
human IL-4R:huFc reagent and then unknown, standard,
and quality control (QC) samples were added. After the
wells were incubated and washed, biotinylated recombinant
human IL-4R:hulc was added to bind to the captured
AMG 317. After the wells were incubated and washed,
horseradish peroxidase (poly-HRP) streptavidin was added

@ Springer

to the wells, which binds to the biotin label on the human
IL-4R:huFc secondary reagent. After another washing step,
tetramethylbenzidine (TMB) was added to the wells. In the
presence of HRP, the TMB solution reacted with the
peroxide to create a colorimetric signal that was propor-
tional to the amount of AMG 317 bound by the capture
reagent. The reaction was stopped, and the optical density
was measured at 450 to 650 nm. The lower limit of
quantification ranged from 9.7 to 10 ng/mL.

Total serum IgE levels were measured by standardized
clinical chemistry tests.
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Anti-AMG 317 Immunoassay

A validated electrochemiluminescence (ECL) immunoassay
was used to detect anti-AMG 317 binding antibodies. The
sensitivity of the assay was determined to be approximately
34.3 ng/mL of anti-AMG 317 in neat human serum. In the
presence of 29 and 108 pg/mL of AMG 317, the assay can
detect 94 and 500 ng/mL of antibody, respectively. Pooled
normal human serum served as the negative control and an
affinity-purified rabbit polyclonal anti-AMG 317 antibody
served as the positive control. The mean ECL of each
sample or control was divided by the mean ECL of the
negative control to obtain the signal to noise (S/N) ratio.
The mean ECL of the negative control was subtracted from
the mean ECL of each sample or control to obtain the net
ECL. The assay cut point was validated at an S/N of 1.17
(based on the upper bound of a one-sided 95% reference
interval for the distribution of S/N values generated by
serum samples from 56 healthy human serum donors). If
the sample S/N was greater than the assay cut point, the
sample was analyzed in the absence or presence of excess
AMG 317 (confirmatory specificity testing). Reduction in
the net ECL or S/N value of the drug-treated sample when
compared to the untreated sample indicated that the
sample contained drug-specific binding antibodies. A
sample was reported as positive for anti-AMG 317 binding
antibodies if the untreated sample S/N was greater than
the assay cut point and the drug-treatment caused a percent
net reduction in ECL greater than 50%, or if the untreated
sample S/N was greater than the assay cut point and the
drug-treated sample S/N was less than or equal to the assay
cut point. The approximate relative concentration of anti-
AMG 317 antibodies (antibody units) was determined by
dividing the net ECL of each sample by the net ECL of the
positive control (rabbit anti-AMG 317 at 1 pg/ml) and
multiplying this ratio by the positive control concentration.

ﬁsc:
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Pharmacokinetic Modeling
Noncompartmental Analysis

Noncompartmental PK analysis of subjects in Studies A
and B was conducted using WinNonlin Professional (v 4.1e,
Pharsight Corp.)

Population PK Base Structural Model

A two-compartment quasi-steady-state (QSS) approxima-
tion to the TMDD model (11
model for population PK model development (Fig. 1).
Previous population modeling of monoclonal antibodies has
consistently demonstrated that a two-compartment model is
necessary to characterize profiles from IV dosing (12-15).
As AMG 317 targets a cell surface receptor, a mechanistic

) served as the structural

rationale exists for utilizing a target-mediated drug dispo-
sitton model. The QSS approximation assumes that the
binding rate is balanced by the sum of the dissociation and
internalization rates (11). After exploratory analysis, the
OSS model was selected because the entire range of
concentrations could be described with the model. The
parameters of the QSS model are listed in the caption of
Fig. 1.

The population PK analysis was conducted using
nonlinear mixed-effects modeling with NONMEM, Ver-
sion VI, Level 2.0 and NONMEM, Version VII (ICON
Development Solutions). The first-order conditional esti-
mation method with interaction (FOCEI) was used. Model
development was guided mostly by the diagnostic plots and
plausibility of the parameter estimates with minimum
objective function value (MOFV) as a secondary measure
for model evaluation. Model validation took two steps: 1) a
model was developed with AMG 317 concentration data
from all studies except Study D, and 2) as a model

.

k!ntf maxs K ss

Fig. | Schematic of the population PK model with parallel linear and non-linear clearance (CL), characterized by the QSS parameters ki, Rmax and K.
kine is the internalization rate constant of drug-receptor complex, Ry is the total receptor concentration (assumed to be a constant parameter of the
system), Kss is the QSS constant equal to (kint + koff)/kon Where kog is the dissociation rate constant of drug-receptor complex. A; and A, represent the
amount of drug, and V| and V, represent the volumes of distribution of the central and peripheral compartments, respectively. Q is the inter-
compartmental clearance. AMG 317 was administered either into the central compartment by IV administration or into a depot compartment by SC
injection. F is SC biocavailability, and k, is the rate of absorption from the SC compartment.
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evaluation step, the observed data in Study D were
compared with the predicted based on the final model
from 1) using the covariate information in patients of Study
D. When the predicted were consistent with observed, final
parameter values were estimated with the model in 1) from
all data.

All inter-individual random effects were described by an
exponential model, exp(), where # is normally distributed
with mean 0 and an unknown variance to be estimated.
The residual error model was described by combined
additive and exponential error on log-transformed concen-
trations. The residual error was assumed to be distributed
according to a standard normal distribution with mean 0.

Covariate Analysis

The functional form of multipliers in the covariate model

for continuous function covariates was (CC()(\)X;) . The
reference values of COVyer were 80 kg for body weight
and 40 years for age. The exponent, 8, for dependence on
weight was fixed to a value of 0.75 on clearance (CL), 1 on
volume (V1), and was estimated for other covariates, e.g.,
age on k,. For dichotomous covariates (such as for
formulation, route, or anti-drug antibody) the functional
form was 6" with x taking values of 0 or 1 and 6>0 to be
estimated. For the anti-drug effect on CL and the total
receptor concentration (R,,.), an equivalent form of 1+
(Ocraps—1)-ABS was coded with 6¢zyps representing the
increase in CL in the presence of anti-drug antibodies,
where ABS was the antibody status and assigned a value of
0 if negative and 1 if positive. During the first two weeks it
is believed that the anti-drug antibodies (if present) would
be immature and less likely to impact PK and PD.
Therefore, ABS was assumed to be negative within
two weeks of the first dose; if antibody status was negative
at a timepoint but the previous and successive measure-
ments were positive, ABS was coded as positive.

Model Evaluation

The base, final, and important intermediate models were
evaluated with a set of diagnostic tools. The evaluation
included plots of observed AMG 317 concentrations versus
population and individual predictions, weighted residuals
versus time and population predictions, observed concen-
trations, population and individual predictions versus time,
histograms and quantile-quantile plots of the individual
random-effect distributions, scatter-plot matrix of the
individual random effects, random effects versus continuous
covariates, and distributions of individual random effects
stratified by the categorical covariates.

For each individual random effect, the shrinkage was
computed as 1 — var(n,q)/€, where n;,q and Q are the post

@ Springer

hoc individual random effect and the estimated population
variance parameter for a PK parameter of interest. A similar
but different definition is described in Savic (16). Low
shrinkage values indicate that the majority of subjects have
enough data to estimate their individual PK parameters.

The precision of model parameters was investigated by
the bootstrap method. More concretely, 500 replicate data-
sets were generated through random sampling with
replacement using the individual as the sampling unit
(17,18). Stratification during the random sampling process
was implemented to ensure that the bootstrap datasets
adequately represent the original data with respect to
continuous covariate distributions and categorical covariate
percentages. Non-parametric, empirical 90% confidence
intervals (CI) were constructed by observing the 5th and
95th quantiles of the resulting parameter distributions for
the bootstrap runs that provided parameter estimates.

Exposure-Response Modeling

Individual post hoc parameter estimates from the final PK
model were used to obtain predicted cumulative area under
the curve (CAUCT) at each measured IgE time point. In
addition, the areas under the curve (AUCs) of 7, 14, 21,
and 28 days prior to the IgE time points were computed.
We referred to these AUCs as AUC7, AUC14, AUC21
and AUCZ28, respectively. Linear mixed effects modeling
was performed in patients whose baseline IgE was greater
than healthy volunteers, to relate each of AMG 317
exposure measures (i.e., CAUCT, AUC7, AUCI14,
AUC21, and AUC28) to IgE levels. In order to compare
across different AMG 317 exposure measures as predictors,
only IgE observations for which all the predicted exposure
measures were available were included in the analysis. For
instance, if AUC of 28 days prior to the observed IgE was
missing, that record was excluded. One record with IgE
level of 0 was also excluded.

The models were fitted to log-transformed IgE and
exposure measures with data from patients in Phase 2
study. All model parameters were estimated using maxi-
mum likelihood method. Model comparisons were made
using Akaike information criterion (AIC) and standard
errors of estimates.

Other models such as an indirect response type were
explored, but the model fit appeared to be poor, and
predictions from the indirect response model did not agree
with observed data.

RESULTS

Profiles from single dose IV and multiple dose SC cohorts
from the studies with intensive PK sampling illustrate the
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nonlinearity of AMG 317 pharmacokinetics (Fig. 2). Fol-
lowing IV bolus and infusion dosing in healthy subjects,
AUC,, increased by approximately 6.5- and 13-fold over
the dose range of 10 to 30 mg, and 100 to 1000 mg,
respectively (Table II). After weekly SC dosing, AUC g
n at week 3 increased by 30-fold from 75 to 600 mg
(Table III). Therefore, it was deemed necessary to
incorporate a nonlinear component in pharmacokinetic
compartmental modeling of AMG 317 PK over this range
of doses.

Fig. 2 (@) Plasma AMG 317
concentration-time profiles in
humans after a single IV dose
(Study A). (b) Plasma AMG 317
concentration-time profiles in
humans after four weekly SC
doses (Study B).
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Table Il Noncompartmental Analysis of Single IV Dose Pharmacokinetics (Study A). tma Reported as Median (range). All Other Parameters Reported as
Mean (SD). HV—Healthy Volunteers, MMA—Subjects with Mild to Moderate Asthma

Dose Route n Patient Dose Day nax Crrax o Co AUC, ¢ AUC,,o/Dose

(mg) Status (hr) (ug/mL) (ug-hr/mL) (ug-hr/mL)/mg

10 IV bolus 5 HV 0 2.70 40. 1 4.01
(0-1.0) (0.835) (12.4) (1.24)

30 IV bolus 6 HV 0 10.4 260 8.67
(0-4.0) (3.35 (1'14) (3.80)

100 IV infusion 6 HV [.5 46.1 1660 16.6
(0.5-12) (14.4) (699) (7.0

300 IV infusion 6 HV 0.8 93.9 5050 16.8
(0.5-12) (20.9) (1010) B34

300 IV infusion 6 MMA 0.5 74.0 4520 [5.1
(0.5-1.0) (15.4) (1250) 4.2)

1000 IV infusion 6 HV 1.0 260 22200 22.2
(0.5-2.0) (48.5) (5670) (5.7)

A two-compartment QSS model was selected as the
structural model. Preliminary investigations with a
Michaelis-Menten approximation of the non-linear clear-
ance exhibited systematic bias in estimation at concen-
trations below 300 ng/mL; the bias was eliminated with the
QSS approximation of TMDD (not shown). Therefore, the
QOSS model with random effects on CL, V;, Q, k,, and

Rinax was selected as the base model for exploration of the
PK-covariate relationships.

The subjects in this study had a median body weight of
83.4 kg with the body weight ranging from 44 to 169 kg.
The median age was 37 years with a range of 12 to 64 years
(Table I). For covariate investigations, random effects on
clearance and central volume indicated dependence on

Table Il Noncompartmental Analysis of Multiple Dose Pharmacokinetics on Days | and 22 After Weekly SC Administration of AMG 317 (Study B). tmax
Reported as Median (range). All Other Parameters Reported as Mean (SD). MMA—Subjects With Mild To Moderate Asthma

Dose Route Patient Status n Dose Day trnax Crnax or Co AUC g8 1 AUC, ¢g n/Dose AUC .10
(mg) (hr) (Lg/mL) (kghr/mL) (ughr/mL)/mg
75 SC bolus MMA 6 24 0.873 55.3 0.74
(2.0-72) (0.763) (49.2) (0.66)
6 22 48 1.60 126 |.68 3.93
(24-48) (1.24) (60.8) 0.8) (4.04)
150 SC bolus MMA 6 48 2.77 280 1.87
(24-72) (1.12) (92.8) 0.62)
6 22 36 5.66 667 4.45 2.64
(24-96) (0.753) (67.2) 0.4) (0.96)
300 SC bolus MMA 6 49 9.59 1050 3.50
(48-97) 4.31) (348.0) (1.16)
5 22 71 14.4 1810 6.03 |.87
(47-170) (6.59) (760) (2.5 (0.47)
600 SC bolus MMA 6 73 19.1 2130 3.55
(23-96) (6.88) (528) (0.88)
5 22 48 29 3810 6.35 [.75
(24-73) .1 (1'130) (1.9) (0.316)
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body weight. A stepwise forward selection method was used
that resulted in the addition of body weight effect on CL
and V; with reduction and increase in MOFV by 257 and
15 points, respectively, and age effect on k, with a
reduction in MOFV further by 100 points. This model
appeared to have adequately accounted for the dependen-
cies of the random effects on age and weight, judging from
the diagnostics. The effect of age on k, was significant and
moderately strong, with the exponent estimated as —0.7,
showing greater absorption in younger subjects. However,
effects of formulation and route of administration on
central volume were also evident. The final covariate
model included these two effects explicitly. Subjects
administered the 100 mg/mL formulation exhibited lower
central volume than the 30 mg/mL formulation.

No effect of sex on CL and V; was found, nor was the
race effect on the PK parameters discerned after including
effects of body weight. However, the number of subjects in
each of the non-white racial categories was small (Table I).
Replacement of body weight by the fat-free mass, lean body

Table IV Parameter Estimates from the Final Population PK Model

weight, body surface area, or ideal body weight was also
tested. The diagnostic plots indicated that these body-size
measures were not able to describe the increase of central
volume observed in the heavier patients.

The influence of anti-AMG 317 antibodies was investi-
gated graphically and by explicit inclusion in the model.
AMG 317 concentrations were slightly lower in subjects
with positive anti-AMG 317 antibodies. When antibody
status was evaluated as a covariate on various PK
parameters, it was significant for CL and R, from the
likelihood ratio test. The presence of anti-drug antibodies
was associated with a 16% increase in CL; for R,,,, the
magnitude of the effect was small at 6%, and the 90%
confidence interval from bootstrap shows non-significance
(Table IV).

The final population PK model included random effects
on CL, Vi, Q, k,, and R, with covariate effects of body
weight on CL and Vj, age on k,, formulation and route
effects on V; and antibody status effect on CL and R«
(Table IV).

Model Term Parameter Estimate 90% Confidence Intervals
CL = 8ci - (WT/80)*” - [I + (Bcias — 1) - ABS] - exp(rcr) Bc (mL/hn) 350 (34.6, 36.9)
Bci aps I.16 (1.01, 1.26)
SD(Ncy) 0.40 (0.37, 0.43)
V| =6y - (WT/80) - By rorm - By pout' V) - exp(nvi) Bvi L 1.78 (1.70, 1.80)
Bvi Form 0.54 (0.34, 0.77)
Bvirout 2.03 (1.83,2.22)
SB(nvi) 0.28 (0.25, 0.29)
V2=, B2 (L) 5.03 (4.89, 5.34)
Q=6gexp(Na) 86 (mL/n) 27.4 (26.1, 28.7)
SB(ne) 0.44 (0.44, 0.53)
Kss = Bycss Biss (ng/mL) 51.7 (48.3, 52.7)
Kine = Bicint Bkint (1/h1) 0.167 (0.164, 0.172)
Rimax = Brmax * [| + (Brmaxass — 1) - ABS] - exp(MRrmax) Brrnax (Ng/mL) 304 (302, 322)
0 Rmaxaps 1.06 (0.99, 1.15)y
SD(Nrmas) 0.24 (0.20, 0.24)
Ka = Bk - (AGE/40)™ % - exp(na) Bk (1/h1) 0.0077 (0.007, 0.0078)
0 kance 072 (-0.83, -0.59)
SD(Nka) 0.38 (0.32, 0.40)
Fl =6 O, 0.243 (0.234, 0.250)
Y = F.exp (, /9% + epe.exp(ngsv).g.) SD(B,.) 0.18 (0.17, 0.19)
SD(B.) (ng/mL) 36.4 (33.9, 38.3)
SB(Nesv) 0.407 (0.375, 0.444)

* Not significant

WT and AGE are continuous variables of patients’ baseline body weight and age, respectively.

ROUT is an indicator variable with values of O and | to denote intravenous and subcutaneous routes of administration, respectively. FORM is an indicator
variable for formulation strength, with values of 0 (30 mg/mL), I (100 mg/mL), 2 (100 mg/mL diluted to 30 mg/mL). ABS, an indicator variable for anti-

AMG 317 antibody status, is | for positive incidence and O otherwise.

ae: additive error; pe: proportional error; BSV: between subject variability; €, ~N(O, 1)

@ Springer



2538

Kakkar et al.

Basic goodness-of-fit plots of the final model (Fig. 3)
demonstrated that the weighted residuals are evenly
distributed around the line of identity, and there is no
obvious systematic bias in residuals with time or concen-
tration. The random effects were close to being normally
distributed and were not correlated. Compared with the
base model, the final model has a lower MOFV by
approximately 350 points, and the post hoc estimates of PK
parameters showed lower correlations with covariates.
Shrinkage of the random effects for the final model was
moderate at 40-65%, indicating that the data were overall
not too sparse to estimate individual PK parameters. The
coeflicient of variation as approximated by the standard
deviation of the proportional error (0pz) in the error model
was 18%, and the standard deviation of the additive error
(045 was 36.4 ng/mL.

Model Validation and Simulations
Validation by data splitting was conducted by fitting the

covariate model to concentration data from three of the
four studies (N=102). Predictions for subjects in the

excluded study (D, N=193) then were generated from
model parameters derived from the other three studies. The
model was found to be in reasonably good agreement with
the observed data except for some bias at higher concen-
trations (Supplementary Material, Figure S1). The PK
parameter estimates were later compared with those of the
final model based on all data. The absolute percent
differences for most of the fixed-effect parameters were less
than 5% (except for Vy and K absolute percent differ-
ences were 10% and 11%, respectively).

The final PK parameters from modeling all 294 subjects
and the empirical 90% confidence interval from 500
bootstrap replicates are included in Table IV. For each of
the PK parameters, the empirical cumulative distribution
function was not distinguishable between the first 400 runs
and the final 500 runs, which shows the adequacy of 500 as
the bootstrap sample size.

Exposure-Response Modeling

The dose-response relationship for Phase 2 study 1s illustrated
in Fig. 4a for weekly SC doses. The median observed

Fig. 3 Final Model Goodness-of-

Fit Plots (top left) observed AMG

317 concentrations (ng/mL) vs 120000 -
individual predicted concentra- i
tions; (top right) observed AMG o 100008
317 concentrations (ng/mL) vs. ';E; 80000
population predicted concentra- £

tions. The solid grey lines are lines T 60000
of unity and the red solid and c

dotted lines are lines of trend and 2 40000 -
linear regression, respectively; 6

(bottom left) weighted residuals vs 20000
population predicted concentra-

tions; (bottom right) weighted 9
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Fig. 4 (a) IgE response at AMG 317 doses of 75, 150 and 300 mg (percent change from baseline versus time after start of treatment). Observed data
from the Phase 2 study (Study D) are shown in blue, solid red lines are the trend lines provided by the lowess smoother function. (b) IgE response (ratio
of Igk and IgE at baseline) as a continuous function of AMG 317 exposure (cumulative AUC to time T, CAUCT).

decrease from baseline at month 4 (2688 h) was 7%, 14%,
and 34% for doses of 75, 150 and 300 mg, respectively.
The median baseline IgE levels in patients from all
studies were higher than in healthy subjects by 2.9-fold,
and the difference was significant (p-value<0.0002). The
final population PK model was used to generate post hoc
estimates of AMG 317 exposure metrics for each patient
as described in the methods. The best model relating

exposure to IgE response was a linear model in logarith-
mic scale that included baseline IgE (IgE() and CAUCT as
the treatment effect Eq. 1. Random effects included
between-subject variability (BSV) in the intercept and
the slope for IgEy (n) and residual variability (g).
Diagnostic plots (Supplementary Material, Figure S2)
indicated adequate model fit with no apparent bias and

no random-effect and error heteroskedasticity that would
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call for concern. The treatment effect was highly signifi-
cant (p-value<0.0001).

log(IgE) = 0.894 + 1, + (0.984 + 7,) - log(IgE)
—0.068 - log(CAUCT) + ¢, (1)

where (N, n9) are jointly normal with mean 0, variances
(0.40,0.014) and correlation -0.98, and €~N(0,0.0429).

A plot of CAUCT wersus IgE/IgE""®* is shown in
Fig. 4b, where IgE/IgE""®*, close to the proportion to the
baseline, can be thought of as baseline-corrected IgE.

DISCUSSION

Traditional therapy for asthma consists of inhaled cortico-
steroids and beta-2 agonists, with more severe disease or
disease flares treated with systemic corticosteroids. More
recently, the humanized monoclonal antibody omalizumab
was approved as an option for treatment of moderate to severe
asthma in patients whose disease is inadequately controlled
with corticosteroids (19). Omalizumab forms complexes with
IgE and interrupts the allergic cascade triggered by free IgE.
The fully human monoclonal antibody AMG 317 targets
another point of intervention in the pathogenesis of asthma
through blockade of the IL-4Ra, a common receptor for
IL-4 and IL-13. These cytokines play a critical role in a
Th2-mediated inflammatory response to allergens, including
immunoglobulin class switching from IgG to IgE, activation of
mast cells, recruitment of eosinophils and neutrophils, and
airway hyper-responsiveness (1). Therapeutics targeted
against IL-4, IL-13 or IL-4Ra represent a possible novel
mechanism of action for asthma treatments. Other biologics
besides AMG 317 that are targeted to this pathway and
under development are pitrakinra, a dual IL.-4 and IL-13
antagonist (20), and CAT-354, a human monoclonal
antibody that binds and neutralizes I1-13 (21).

By means of population PK analysis of early phase clinical
trials of AMG 317, we have conducted a comprehensive
modeling evaluation of intensive and sparse PK data obtained
in healthy volunteers and asthma patients (N=295) from both
IV and SC routes of administration. SC bioavailability was
24.3%, and absorption was slow with an absorption half-life of
3.8 days. Absorption rate decreased with age. It was 62%
higher for a 20-year-old than for a 40-year-old subject. This is
the first example known to us of a covariate effect of age on
absorption rate of monoclonal antibodies. This finding raises
the possibility of a decrease in lymphatic flow with age, as
absorption of antibodies from the subcutaneous space into
systemic circulation occurs largely by lymphatic absorption (22).

The population PK model yielded an estimate of linear
clearance for an 80 kg, 40-year-old subject of 35.0 mL/hr
(90% confidence interval: (34.6, 36.9) mL/hr) following IV

@ Springer

injection and 144 mL/hr following SC injection. The only
approved human IgG, is panitumumab, which has an IV
clearance of 11.4 mL/hr (15). CAT-354, like AMG317, is
intended for IV injection to treat asthma. A human IgGy, it
has a clearance of ~8 mL/hr (21). Omalizumab, the only
approved MAb for asthma, is a humanized IgG, targeted
to IgE (1). It has a SC clearance of 13.2 mL/hr (24). Hence,
AMG 317 is relatively rapidly cleared in comparison to
other fully human monoclonal antibodies of the same
isotype or for the same indication. On the other hand,
AMG 317 SC clearance is more than 100-fold lower than
that of pitrakinra, a 15-kDa biologic that is targeted to the
same pathway as AMG-317 (20).

The central and peripheral volumes of distribution of
AMG 317 are 1.78 and 5.03 L, respectively, for a total volume
of 6.81 L, comparable to the volumes reported for other IV-
administered human or humanized monoclonal antibodies.
For example, panitumumab, golimumab and trastuzumab
have total volumes of distribution of 6.54, 6.75, and 7.74 L,
respectively (12,15,23). However, they is larger than the
4.0 L volume of distribution of IV-administered CAT-354
(21). The total volume divided by SC bioavailability of AMG
317 (6.81 L/0.243=28 L) is considerably higher than
3.63 L, which 1s the total volume divided by bioavailability
of omalizumab (24). On the other hand, AMG 317 has a
much lower V/F than that of pitrakinra at 67.5 L (20). This
is expected because pitrakinra has a molecular mass of only
15 kD and, as such, is less hindered in its movement in the
interstitial space (25) compared to AMG 317, which as an
IgGy has a molecular mass of 150 kD. An allometric model
for linear clearance and central volume with fixed exponents
of 0.75 for clearance and 1.0 for volume (26,27) adequately
described the dependence on body weight. K was 51.7 ng/
mL (90% confidence interval: (48.3, 52.7 ng/mL), about
twice the value of the AMG 317 dissociation constant (Kp=
1.8x 107" M or 27 ng/mlL).

Previously published population PK models of monoclonal
antibodies model data from only one route of administration,
either IV or SC (e.g (12,13,15,23,24,28)). From models of IV
data, it 1s evident that monoclonal antibody pharmacokinet-
ics follows a biphasic distribution, but it is often difficult to
discern this from only SC data. Our modeling analysis
included simultaneous fit of both IV and SC data across a
large range of doses. An unexpected covariate that was
identified was route of administration on central volume, the
volume being about twice as high for the IV route compared
to the SC route, even after accounting for bioavailability.
We do not have a physiological explanation for such a
finding, but a similar type of route dependency, with a
higher predicted central volume from IV dosing was found
when simultaneously fitting IV and oral PK data on a small
molecular weight drug, cilobradine (29). A model with
formulation effect on bioavailability (rather than on the
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central volume) was tested. While this model is more
biologically plausible than the model with formulation effect
on the central volume, it was not able to account for the
observed formulation differences. This finding indicates that
the same SC dose (but different formulation strength) of
monoclonal antibody administered does not yield the same
pharmacokinetic profile.

The population PK model allowed estimation of
individual drug exposure for subjects in the Phase 2 trial
for whom only sparse PK samples were obtained. The
estimates could then be examined against measures of
individual pharmacological response. Other biomarkers
such as sputum eosinophil counts, exhaled nitric oxide,
lung function tests, and corticosteroid usage were explor-
atory endpoints in one or more studies, but the only
biomarker collected across all four studies was total serum
IgE. Hence, other biomarkers relevant to the Th2 pathway
were not explored. IgE was used as a biomarker because it
is a known effector molecule in the Th2 pathway, its
production is increased when IL-4Ra is activated, and
crosslinked IgE has a direct role in mast cell degranulation
(30). Total serum IgE was obtained at baseline and at
approximate monthly intervals. A decrease in IgE levels
relative to baseline was observed following chronic weekly
injection of AMG 317. The intensity of the response
increased with both dose and duration of dosing. By
utilizing the population PK model to generate post hoc
estimates of exposure, data from all the trials could be
condensed into a single exposure-response relationship. A
significant treatment effect on the change in IgE levels was
observed when the IgE response was modeled with
CAUCT as the dependent variable. Sustained SCG AMG
317 dosing over several months appears to be necessary for
a relatively modest IgE response. Omalizumab has activity
limited to sequestering IgE and produces reduction in free
IgE levels to the range of 10-20 IU/mL, much lower than
levels attained with AMG 317 (geometric mean IgE at
16 weeks was 128 IU/mL for the 300 mg SC dose).

In conclusion, a comprehensive population PK modeling
analysis was conducted on IV and SC data obtained from four
early phase trials of AMG 317 to evaluate its pharmacokinet-
ics in healthy volunteers and patients with mild to severe
asthma. The model revealed several variables that contribute
to inter-individual variation and illustrated that a quantitative
exposure-response relationship exists between cumulative
exposure and changes in IgE levels.
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