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Abstract

Background and Objective Sarilumab binds to the interleukin-6 receptor with high affinity, inhibiting cis and trans signaling
by interleukin-6. Sarilumab has demonstrated efficacy and safety in patients with rheumatoid arthritis. The objective of this
study was to develop a population-pharmacokinetic model using data from 1770 patients with rheumatoid arthritis across
phase I-III studies.

Methods Potential covariates were identified using a stepwise forward-addition and backward-deletion strategy, and the
final model was evaluated by visual predictive check and bootstrap methods.

Results Sarilumab pharmacokinetics is described by a two-compartment model with first-order absorption and parallel linear
and nonlinear Michaelis—Menten elimination. A subcutaneous dose of sarilumab 200 mg every 2 weeks resulted in more
pronounced saturation of the nonlinear clearance pathway over the dosing interval than 150 mg every 2 weeks. Steady-state
exposure (area under the plasma concentration—time curve from day O to day 14) increased twofold with dose escalation
from 150 to 200 mg every 2 weeks. Body weight, anti-drug antibody status, sarilumab drug product, sex, creatinine clear-
ance, albumin, and baseline C-reactive protein levels were identified as significant covariates according to the predefined
statistical significance criteria in stepwise covariate searches. The main intrinsic source of pharmacokinetic variability in
exposure was body weight. Compared with a typical 71-kg patient, the area under the plasma concentration—time curve from
day 0 to day 14 was 20-23% lower for an 83-kg patient and 20-25% higher for a 62-kg patient.

Conclusions These findings, combined with the safety and efficacy data, indicated limited clinical relevance of body-weight
effect on sarilumab exposure. No adjustment in sarilumab dose is required for body weight or any other demographics
assessed.

Key Points

Using data from 1770 patients with rheumatoid arthritis
treated with sarilumab in clinical trials, a population-
pharmacokinetic model was developed to describe the
pharmacokinetics of sarilumab and impact of patient
characteristics on pharmacokinetic variability
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1 Introduction

Interleukin-6 (IL-6) is a multifunctional cytokine that acts
as a critical signaling node in the complex pro-inflamma-
tory cytokine network [1], which underpins rheumatoid
arthritis (RA) [2]. In RA, IL-6 acts both locally, to pro-
mote joint inflammation and destruction, and systemically
in the circulation, to mediate systemic manifestations of
RA [2, 3].

Sarilumab is a recombinant, human, immunoglobulin
isotype G1 monoclonal antibody that binds to the alpha
subunit of membrane-bound and soluble IL-6 receptors
and inhibits IL-6 signaling through these receptors [4].
Inhibition of IL-6 signaling interrupts the cytokine-medi-
ated signaling cascade thought to be one of the underlying
causes of inflammation and joint destruction in RA [2,
3, 5]. Sarilumab is approved for the treatment of adult
patients with moderate-to-severe RA who show an inad-
equate response to other disease-modifying anti-rheumatic
drugs, and it can be used in combination with a conven-
tional disease-modifying anti-rheumatic drug or as mon-
otherapy [6, 7]. In clinical studies, the sarilumab safety
profile was consistent with IL-6 receptor blockade [8, 9].

Sarilumab exhibits nonlinear pharmacokinetics with
target-mediated clearance [6, 7, 10]. Sarilumab binds to
its biologic target; subsequent turnover of the sarilumab-
IL-6 receptor complex is saturable and results in nonlinear
pharmacokinetics [11]. Sarilumab is eliminated by parallel
linear and nonlinear pathways, where at higher concentra-
tions, the elimination is predominantly through the linear
nonsaturable proteolytic pathway, and at lower concen-
trations, nonlinear, saturable target-mediated elimination
predominates [7].

Pharmacokinetics for drugs with saturable clearance is
usually described by the Michaelis—Menten (M—M) equa-
tion. Where saturable clearance and/or the distribution pro-
cesses are controlled by a drug target, such as a receptor,
mechanistic target-mediated drug disposition models have
been applied [12]. The aim of this study was to develop a
population-pharmacokinetic (Pop-PK) model for sarilumab
in patients with RA and to identify covariates that are poten-
tial sources of variability in exposure using concentration
data combined from phase I, II, and III studies.

2 Methods
2.1 Participants and Design of Clinical Studies
Sarilumab concentration data from 1935 patients with

RA who participated in seven phase I studies, one phase
II study, and four phase III studies were included in the
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analysis (Table 1). Sarilumab was administered as a single
subcutaneous dose of 50-200 mg or as repeated subcutane-
ous doses of 50-200 mg once every week or every 2 weeks
(q2w). All available concentration—time data (12,567 con-
centration—time points) up to a predefined cut-off date
(October 31, 2014) were included in the analysis, and at
least 80% of patients were from two phase III open-label
studies (NCT02121210 and NCT02057250). Table 2 reports
baseline patient demographics. All clinical studies were per-
formed in accordance with the principles of the Declaration
of Helsinki and all applicable amendments by the World
Medical Assemblies and the International Conference on
Harmonisation Guidelines for Good Clinical Practice.
Details on patient-level data are provided in Appendix 1 of
the Electronic Supplementary Material (ESM).

2.2 Bioanalysis

Concentrations of functional sarilumab in serum (i.e.,
sarilumab with one or two sites available for target bind-
ing), representing the pharmacologically active form of
the drug, were measured using a validated enzyme-linked
immunosorbent assay with a lower limit of quantification
(LLOQ) of 0.294 mg/L (NCT01055899, NCT01026519,
NCT01011959, NCTO01328522, NCTO01850680,
and NCT01061736) or 0.313 mg/L (NCT02097524,
NCT02017639, NCT01768572, NCT02057250, and
NCT02121210) [13]. Immunogenicity was assessed using
an electrochemiluminescence-based bridging assay. Neutral-
izing antibodies (NAbs) were assessed in phase III study
samples that were positive for anti-drug antibodies (ADAs)
using a validated competitive ligand-binding assay.

2.3 Data Handling

Patients who received placebo only were excluded from the
analysis. For sarilumab-treated patients, complete patient
data or specific serum concentration data could be excluded
for any of the following: predose sarilumab concentration
greater than LLOQ before treatment initiation; date or time
of blood sample missing; concentration below LLOQ; obvi-
ous inconsistencies between sampling and dosing informa-
tion; and outliers. Outliers and missing data were handled
as described in Appendix 1 of the ESM.

2.4 Population-Pharmacokinetic Analysis

The Pop-PK analysis was performed using NONMEM 7.2.0
(ICON plc, Dublin, Ireland) software on a Linux cluster of
multiprocessor computers. Parameter estimations were per-
formed using the first-order conditional estimation method
with the interaction option.
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Table 1 Details of studies included in the analysis

Study Dose and regimen Number of patients (N =2275) Sampling approach Number of patients
in Pop-PK analysis
(N=1938)
NCT01055899 (phase I) Placebo, sarilumab 50-, 100-, 12 Dense sampling: 12
or 200-mg SC single dose ~ 13 samples/patient
(4 patients/cohort)
NCT01026519 (phase I) Placebo, sarilumab 50-, 100-, 24 Dense sampling: 24
or 200-mg SC single dose ~9 samples/patient
(8 patients/cohort)
NCT01011959 (phase I) Placebo, sarilumab 50 mg qw, 47 Sparse sampling: 47
100 mg qw, 100 mg q2w, 150 mg ~ 10 samples/patient
qw, 150 mg 2w, and 200 mg
q2w SC for 5 weeks
(7-8 patients/cohort)
NCTO01328522 (phase I) Sarilumab 200-mg SC single dose 32 Dense sampling: 32

NCTO01850680 (phase I)

NCT02097524 (phase I)

NCT02017639 (phase I)

NCTO01061736 Part A (phase II)

NCT01061736 Part B (phase IIT)

NCT01768572 (phase III)

NCT02057250 (phase IIT)

NCT02121210 (phase IIT)

Placebo, sarilumab 50-, 100-,
and 200-mg SC single dose
(8 patients/arm)

Sarilumab 150- and 200-mg SC
single dose (25 patients/arm)
Tocilizumab 4- and 8-mg/kg IV

single dose (25 patients/arm)*

Sarilumab 200-mg SC single dose

plus simvastatin 40-mg single
oral dose (14 patients)*

Placebo, sarilumab 100 mg SC qw,
150 mg SC qw, 100 mg SC q2w,

150 mg SC g2w, and 200 mg
SC q2w (= 50 patients/arm),
12 weeks’ treatment duration

Placebo, sarilumab 150 mg SC
q2w, 200 mg SC q2w (~350
patients/arm), 52 weeks’ treat-
ment duration

Sarilumab 150 and 200 mg SC
q2w (= 50 patients/arm)

Tocilizumab starting at 4 mg/kg IV
g4w and followed by an increase

to 8 mg/kg if needed based on

clinical response (= 100 patients),

24 weeks’ treatment duration

Sarilumab 150 mg and 200 mg SC

q2w with auto-injector, 150 mg
and 200 mg SC q2w with pre-

filled syringe (= 50 patients/arm),

12 weeks’ treatment duration

Sarilumab 150 mg and 200 mg
SC q2w (60 patients/arm for
drug-treated group), 24 weeks’
treatment duration

18 (Japanese patients)

52

254 (MTX-IR)

1369 (MTX-IR)"

100 (TNE-IR)

217 (DMARD-IR)

131 (DMARD-IR monotherapy)

~ 10 samples/patient

Dense sampling:
~ 13 samples/patient

Dense sampling:
~ 17 samples/patient

Sparse sampling:
~ 6 samples/patient

Sparse sampling:
~5 samples/patient

Sparse sampling:
~ 6 samples/patient

Sparse sampling:
~5 samples/patient

Dense sampling:
~ 11 samples/patient

Sparse sampling:
~ 3 samples/patient

18 (Japanese patients)

252

1106

98

217

107

Studies NCT02097524, NCT01768572, NCT02017639, NCT02057250, and NCT02121210 were ongoing when the analysis was started; there-
fore, only pharmacokinetic data before the cut-off date (October 31, 2014) were included in the analysis

DMARD disease-modifying anti-rheumatic drug, /R inadequate response, /V intravenous, MTX methotrexate, Pop-PK population-pharmacoki-
netic, gw every week, g2w every 2 weeks, g4w every 4 weeks, SC subcutaneous, TNF anti-tumor necrosis factor

#Only data from sarilumab-treated patients were included in the analysis

"Data from sarilumab- and placebo-treated patients were included in the analysis

2.5 Base Model Development

Based on prior pharmacokinetic knowledge of sarilumab,
an M-M model was evaluated [14]. Population parameters

[fixed effects: maximum elimination rate (V,,), M-M con-
stant (K,,), apparent linear clearance (CLO/F), apparent vol-

ume of distribution for central compartment (V./F), appar-
ent intercompartment rate constant (Q/F); random effects:
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Table 2 Patient demographics and baseline disease characteristics

Table 2 (continued)

Patient characteristics

Overall population (N=1770)

Patient characteristics Overall population (N=1770)

Age (years)
Mean (SD)
Median (range)
Body weight (kg)
Mean (SD)
Median (range)
BMI
Mean (SD)
Median (range)
Albumin (g/L)
Mean (SD)
Median (range)
Serum creatinine (pmol/L)
Mean (SD)
Median (range)
CrCl (mL/min)?*
Mean (SD)
Median (range)
ALT (IU/L)
Mean (SD)
Median (range)
AST (IU/L)
Mean (SD)
Median (range)
Total bilirubin (umol/L)
Mean (SD)
Median (range)
Baseline CRP (mg/L)
Mean (SD)
Median (range)
Baseline DAS28-CRP
Mean (SD)
Median (range)
Sex, n (%)
Female
Male
Race, n (%)
White
Black
Asian
Other
ADA, n (%)
Negative
Positive
NAb, n (%)
Negative
Positive
Unknown
Methotrexate, n (%)
With

52(12)
53 (18-87)

73.9 (17.7)
71.0 (31.5-176.9)

28.0 (6.2)
27.3 (15.0-63.0)

38 (4)
38 (25-53)

66 (16)
62 (27-168)

109.4 (34.4)
104.8 (36.6-308.6)

20 (12)
17 (2-124)

20 (9)
19 (7-134)

7(3)
6 (0.07-24)

22.5 (25.6)
14.2 (0.07-218)

6.0 (0.9)
5.96 (3.4-8.46)

1466 (83)
304 (17)

1554 (88)
60 (3)
105 (6)
51 (3)

1452 (82)
318 (18)

1401 (79)
22 (1)
347 (20)

1619 (91)
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Without 151 (9)
Prior biologics, n (%)

With 383 (22)

Without 934 (53)

Unknown 453 (26)
Sarilumab drug product®, n (%)

DP1 71 (4)

DP2 346 (20)

DP3 1353 (76)

ADA anti-drug antibody, ALT alanine aminotransferase, AST aspartate
aminotransferase, BMI body mass index, CrCl creatinine clearance,
CRP C-reactive protein, DAS28-CRP 28-joint Disease Activity Score
with C-reactive protein, NAb neutralizing antibody, SD standard devi-
ation

*The proportion of patients with CrCl< 60, 60-90, and >90 mL/min
was 4, 27, and 69%, respectively

"The sarilumab drug product denoted DP1 was used in phase I stud-
ies only, DP2 was used in some phase I studies and the dose-ranging
phase II study, and DP3 was used in phase III studies and is the com-
mercially available product

inter-individual variability (1), and residual intra-individual
variability (e)] together with the individual estimates were
computed assuming no dependency existed between phar-
macokinetic parameters and covariates. Different combi-
nations of residual (proportional and combined error) and
structural models were tested, and the best structural model
was chosen based on examination of objective functional
value and visual inspection of goodness-of-fit (GOF) plots.
Models were fitted to the data using a log-transformed two-
sided approach. Sarilumab concentrations were log-trans-
formed in the final model.

2.6 Covariate Screening and Inclusion

The following covariates were evaluated: demographic char-
acteristics (age, sex, body weight, body mass index, and
race); renal function (serum creatinine and creatinine clear-
ance [CrCl]); liver function (aspartate aminotransferase, ala-
nine aminotransferase, albumin, and total bilirubin); baseline
C-reactive protein (CRP); baseline 28-joint Disease Activ-
ity Score with CRP (DAS28-CRP); prior and concomitant
treatments (methotrexate and biologics); ADAs; NAbs; and
sarilumab drug product (DP1, used in phase I studies; DP2,
used in some phase I studies and the dose-ranging phase II
study; and DP3, used in phase III studies and the commercial
product). Except baseline DAS28-CRP and baseline CRP, all
continuous covariates (age, body weight, body mass index,
and renal and liver function tests) were assessed as time-
varying covariates.
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As the individual laboratories defined their own upper
limit of normal (ULN), values of alanine aminotransferase,
aspartate aminotransferase, albumin, creatinine, and total
bilirubin were normalized to their respective ULN. ADAs
in the present analysis were categorized either as a time-
varying covariate (primary assessment in the covariate
model) or at the patient level (ADA positive or negative; as
a sensitivity analysis). Baseline DAS28-CRP, prior biologic
treatment, and NAbs were not available as covariates for all
studies, thus their effects on sarilumab exposure were tested
only by comparison of post hoc predicted pharmacokinetic
parameters; exposures were compared at different ranked
levels of the specific covariate (i.e., univariate analysis),
and other covariates across the ranks of this covariate were
not necessarily balanced. Relationships between individual
pharmacokinetic estimates and the above-mentioned covari-
ates were investigated by graphical inspection of posterior
individual estimates or inter-individual variability (ns) val-
ues vs. covariates using Xpose [15].

A covariate regression model was constructed using a
forward-addition and backward-deletion method. During
forward selection, covariates were added individually to
the model; those providing statistically significant changes
(p<0.01, log likelihood ratio test) in the objective func-
tional value were retained. During backward deletion, only
covariates associated with significant changes in the objec-
tive functional value (p <0.001) were retained in the final
model. Model selection was also guided by visual inspection
of GOF plots and model performance. Statistically signifi-
cant covariates were assessed in terms of biologic plausibil-
ity and clinical implications.

2.7 Model Verification

The quality of the Pop-PK model was extensively evaluated
at base model and final model stages using standard GOF
criteria, as well as by the condition, number and estimation
of n and residual intra-individual variability shrinkage. The
final Pop-PK model was evaluated by visual predictive check
(VPC), and a bootstrap method was used to test robustness
of the model and accuracy of parameter estimates. A VPC
was conducted according to Monte Carlo simulation to
generate > 200 replicates that reflected the demographics
of patients included in the Pop-PK analysis. Observations
below the LLOQ (BQL) were retained in the final dataset.

One thousand bootstrap sets were resampled on patient
identification with replacement. For each bootstrap set, the
Pop-PK parameters were re-estimated and summarized by
mean, median, and 2.5th and 97.5th percentiles. Model sta-
bility was evaluated by computation of the percentage of
successful runs.

2.8 Visualization of Covariate Effects

The impact of a covariate on steady-state exposure over a
range of values in the current patient dataset was assessed
using a simulation approach, where all covariates were kept
the same (except for the one being assessed) to deduce true
covariate effects. For continuous covariates, the exposures
for the 25th and 75th percentiles of the covariate were
compared to exposure for the median value. For categori-
cal covariates, exposure for one category of the covariate
was compared to another category. The impact of ADA on
sarilumab was assessed in patients who were ADA nega-
tive before initiation of sarilumab treatment. The impact of
each covariate on sarilumab was graphically compared to the
typical patient by incorporating the parameter’s uncertainty
(derived from a bootstrap of the final model).

3 Results
3.1 Patient Characteristics

Sarilumab serum concentration data were obtained from
1935 adult patients (12,567 concentration—time points). The
initial dataset for the Pop-PK analysis consisted of sarilumab
data from 1770 patients (7676 concentration—time points)
after excluding outliers (0.1%) and the placebo (6.1%), pre-
dose BQL (12.0%), pre-dose >LLOQ (0.1%), and post-dose
BQL (19.7%) samples. The final data set was constructed
following exclusion of outlier concentrations. Overall, data
for 16 sarilumab concentrations, consistently associated with
large conditional weighted residuals (>4) in different base
models, were identified as outliers and excluded from the
initial dataset. The final model was re-run to ensure that
removal of outliers did not bias the final model parameter
estimates. Baseline patient demographics in the final dataset
are shown in Table 2.

3.2 Base Model

The base model used for covariate screening was a two-com-
partment model with first-order absorption from the depot to
the central compartment with parallel linear and nonlinear
(i.e., M—M) elimination from the central compartment and
with  in CLO/F, V/F, absorption rate constant (K,), and V,,
(Fig. 1). Values for base-model estimated Pop-PK parameters
V.., M-M constant, V/F, CLO/F, K,, apparent intercompart-
ment rate constant, and apparent volume of distribution for
the peripheral compartment are shown in Table 3. The final
model used log-transformed sarilumab concentrations and an
additive residual error model for residual (intra-individual)
variability ().
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Fig. 1 Scheme of the base model. C sarilumab concentration, CLO
apparent clearance, K, absorption rate constant from depot, K,,
Michaelis-Menten constant, Q apparent distribution, SC subcutane-
ous, V, apparent volume of central compartment, V,, maximum elimi-
nation rate, V,, apparent volume of peripheral compartment

3.3 Covariate Model

The distributions of and correlations between continuous
baseline covariate values in the final dataset, as well as major
co-linearity (correlation coefficient > 0.5), are shown in
Fig. 1 of the ESM. Covariates included in the forward inclu-
sion steps were: body weight, albumin, ADA, DP2, sex, and
CrCl on CLO/F; body weight, albumin, CrCl, and baseline
CRP on V,; DP2 on K,; and body weight on V/F. Of these,
albumin and CrCl on CLO/F and body weight on V_/F were
not statistically significant in the backward elimination step
and were therefore eliminated.

3.4 Final Population Model

The final Pop-PK model parameters are shown in Table 3.
Equations for the final model were as follows, in which
parameters of fixed effect are denoted as 6, and 5 refers to
inter-individual random effects that were parameterized
using an exponential variance model:

crCl 7 913

Vo= - (WYL (ALBR)™ AT
m =l 71 0.78 100

BLCRP \%ss

(W) exp(n),

Km = 02,
VC
F = 03 : exp(’13)3
CLO WT %
=0 (Fr) 09 019" - (01 exp(ny)
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Table 3 Population-pharmacokinetic parameter estimates

Parameter Estimate RSE (%) Shrinkage (%)
Fixed effects
V,, (mg/day) 8.06 1.96 N/A
K., (mg/L) 0.939 4.38 N/A
VJ/F (L) 2.08 3.20 N/A
CLO/F (L/day) 0.260 5.36 N/A
K, (day) 0.136 2.53 N/A
Q/F (L/day) 0.156 3.87 N/A
V,/F (L) 5.23 5.98 N/A
WT effect on CLO/F 0.885 12.0 N/A
WT effect on V,, 0.516 9.45 N/A
ALBR effect on V,, -0.844 5.49 N/A
CrCl effecton V,,, 0.212 9.59 N/A
DP2 effect on K, 0.663 4.38 N/A
ADA effect on CLO/F 1.43 3.05 N/A
DP2 effect on CLO/F 1.30 448 N/A
Sex effect on CLO/F 0.846 4.74 N/A
BLCRP effect on V,, 0.0299 23.0 N/A
Inter-individual variability (CV %)
Vi 324 6.07 29.8
CLO/F* 553 6.21 42.8
VJ/F? 37.3 16.7 64.2
K 32.1 9.52 49.6
Block V_-CLO/F® -0.566 10.8 N/A
Residual variability (CV%)
o 0.395 0.811 N/A

ADA anti-drug antibody, ALBR albumin normalized to upper limit of
normal, BLCRP baseline C-reactive protein, CLO/F apparent linear
clearance from central compartment, CrCl body-surface-area-normal-
ized creatinine clearance, DP2 sarilumab drug product, K, absorption
rate constant, K, Michaelis-Menten constant, N/A not applicable,
Q/F apparent inter-compartmental clearance, RSE (%) percentage of
relative standard error (100X standard error/estimate), V /F apparent
volume of central compartment, V,, maximum elimination rate, V]/F
apparent peripheral volume of distribution, WT body weight

“Inter-individual variability is expressed as % coefficient of variation
(CV%)

PEstimate of covariance between two variances is expressed as a cor-
relation coefficient

“Variance of residual error is based on the log-transformed dependent
variable (i.e., sarilumab concentration)

K, =0s- (914)DP2 - exp(ny)

=

= 96’

Yo o
F "

where ADA is the anti-drug antibody, ALBR is albumin nor-
malized to the ULN, BLCRP is baseline C-reactive protein,
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BSA is body surface area, CrCl is BSA-normalized creati-
nine clearance, DP2 is sarilumab drug product 2, and WT
is body weight; detailed descriptions of all abbreviations
are given in Table 3. The typical patient was female with
a body weight of 71 kg, with serum albumin of 38 g/L (or
albumin of 0.78 g/L normalized to ULN), CrCl of 100 mL/
min, baseline CRP of 14.2 mg/L, ADA negative, and drug
product administered (DP1 or DP3).

The basic GOF plots (Fig. 2) indicate that the final model
was consistent with observed data, and no systematic bias
was evident. No apparent bias was observed across differ-
ent studies (data not shown). Remaining trends of random
effects (ns) related to covariate factors were also explored
(data not shown), with no obvious trends observed.

The VPC plots for the final model are presented for the
pharmacokinetic profiles after single (Fig. 3a) or repeated
(Fig. 3b) doses. The majority of observed sarilumab con-
centrations fell within the 95% confidence intervals of the
predicted concentrations, suggesting that the model accu-
rately captured the variability in observed data. The VPC
suggested that the model slightly over-predicted the low
concentrations, possibly owing to exclusion of BQL data
during model fitting.

The model’s performance for predicting BQL data was
also assessed by VPC. The fraction of BQL data within one
time bin after simulation was computed taking the LLOQ
as 0.3 mg/L; this was then compared against the fraction
of BQL data in the observed data in that specific time bin.
Using this approach, the predicted fraction of BQL data was
lower than the observed (e.g., the fraction of BQL data after
3 and 12 months’ repeated sarilumab 200-mg q2w treat-
ment was approximately 10%, but the predicted fraction was
slightly above 5%). When a doubling of the LLOQ (i.e.,
0.6 mg/L) was used as the threshold to categorize BQL data
in the simulated data, the fraction of predicted BQL data
was in good agreement with the observed value, suggesting
that the over-prediction of low concentrations was minimal.
Analysis of the model’s performance using normalized pre-
diction distribution errors provided similar conclusions to
those derived from the VPC and bootstrap analyses (data
not shown).

3.5 Impact of Covariates on Sarilumab Exposure

Body weight, ADA status, drug product, albumin, sex, CrCl,
and baseline CRP were identified as significant covari-
ates influencing sarilumab pharmacokinetics. The impact
of covariates on steady-state sarilumab exposure over the
range of 25th—75th percentiles of covariates vs. the median
(or ‘with’ vs. ‘without’ one specific categorical covariate)
is described below and shown in Fig. 4 and Table 1 of the
ESM.
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Fig.2 Basic goodness-of-fit plot with locally weighted scatterplot
smoothing (LOWESS) [red lines] for the final model; solid black
lines represent the line of unity. iWRES| individual weighted residu-
als in linear scale (a) and log scale (b)

The main source of intrinsic pharmacokinetic vari-
ability in sarilumab exposure in serum was body weight.
Compared with a typical 71-kg (median) patient receiving
sarilumab 150 or 200 mg 2w, respectively, the area under
the plasma concentration—time curve over the 14-day dos-
ing interval (AUC,,_,,4) for an 83-kg patient was 23% and
20% lower, while for a 62-kg patient it was 25% and 20%
higher. Sarilumab exposure was also lower in male patients
than in female patients by 12% and 14% (AUC,,_,,4) With the
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Fig.3 Final model visual pre-
dictive check after a single dose
of sarilumab 150 or 200 mg

>

150 mg single dose

200 mg single dose

o
and multiple doses of sarilumab 60 — o L
150 or 200 mg every 2 weeks o ©

(q2w) in linear scale (a, b) and
log scale (¢, d). In these figures,
solid and dashed red lines con-
nect the median and bounds
(i.e., 2.5th and 97.5th percen-
tiles) of observed concentrations
at each time point. Red and blue
rectangles represent the median
and bounds, respectively, of
predicted concentrations at each

Sarilumab serum concentration
(mg/L)

Sarilumab serum concentration
(mg/L)

time point. For each simulated
dataset (out of a large number
of simulated datasets, e.g., 500),
the percentiles (i.e., the median
and 2.5th and 97.5th percen-

W

Time after the first dose (day)

150 mg q2w

Time after the first dose (day)

200 mg q2w
| | | | | |

tiles) of simulated concentra-
tions for each time point were
computed, then the percentiles
obtained from 500 simulated
datasets were pooled, and 95%
confidence intervals for each
percentile were computed and
represented as rectangles

Sarilumab serum concentration
(mg/L)

150 — ~

Sarilumab serum concentration
(mg/L)

0 100 200

Time after the first dose (day)

150 mg single dose

o

T
300 400 0 100 200 300 400
Time after the first dose (day)

200 mg single dose

Sarilumab serum concentration
(mg/L)

Time after the first dose (day)

150-mg q2w and 200-mg q2w doses, respectively. Sarilumab
exposure decreased as the serum albumin level decreased
over the analysis range of 25-53 g/L. (median 38 g/L). With
a decrease in the albumin level from 38 g/L to 34.8 g/L, the
decrease in AUC,_;,4 was 15% for sarilumab 150 mg q2w
and 9% for sarilumab 200 mg q2w; with an increase in the
albumin level from 38 g/L to 40.2 g/L, the increase in AUC
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0-144 Was 8% and 5% with 150 mg q2w and 200 mg q2w,
respectively. Sarilumab AUC,,_, 4 increased with a decline in
CrCl; a decrease in CrCl from 100 mL/min to 83.0 mL/min
increased AUC,,_;,4 by 8% at 150 mg q2w and 4% at 200 mg
g2w. In contrast, an increase in CrCl from 100 mL/min to
120 mL/min resulted in a decrease in AUC,,_;44 of 7% and
5% at 150 mg q2w and 200 mg q2w, respectively. Sarilumab
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Fig.3 (continued)
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exposure increased with a decline in baseline CRP. When
CRP decreased from the baseline value of 14.2 mg/L
(median) to 6.63 mg/L or increased from 14.2 mg/L to
28.3 mg/L, the change in AUC,,_;44 Was < 5% for either drug
dose. Sarilumab exposure was lower by <22% for the DP2
drug product compared with the other drug products, but this
is of no relevance, as DP2 was neither used in the pivotal
phase III studies nor is it the commercial formulation.

When sarilumab exposure was evaluated with respect
to patient ADA status, exposure was lower in ADA-pos-
itive patients than in ADA-negative patients by 24% and
28% (AUC,_,44) at 150-mg q2w and 200-mg q2w dosages,
respectively (Fig. 5). Additionally, sarilumab exposure in
NAb-positive patients was lower than in NAb-negative
patients based on post hoc graphical inspection of pre-
dicted exposure data (Fig. 2 of the ESM). Post hoc graphi-
cal inspection of sarilumab exposure after repeated dosing
showed baseline DAS28-CRP and prior use of biologics for
RA treatment had no appreciable impact on sarilumab phar-
macokinetics (Fig. 5).

3.6 Pharmacokinetics of Sarilumab

Parameters for model-estimated individual sarilumab
steady-state exposure after repeated dosing of sarilumab
150 mg g2w and 200 mg q2w in the two pivotal phase III
studies are shown in Table 4. The simulated time course
of population mean sarilumab serum concentrations over
48 weeks following 150- and 200-mg q2w dosing sug-
gested steady-state exposure was reached at 14—16 weeks
with a two- to threefold accumulation. Steady-state expo-
sure (AUC,_,,4) increased twofold with a 1.3-fold increase
in dose (150-200 mg g2w) [6]. Sarilumab serum concentra-
tions after the last steady-state dose were measurable up to
a median time of 28 and 43 days for 150 mg and 200 mg
q2w, respectively.

300 400 0 100 200 300 400

Time after the first dose (day)

Over the dosing interval at the therapeutic doses inves-
tigated, target-mediated clearance represented a large por-
tion of total clearance (Fig. 6). Compared with sarilumab
150 mg q2w, the 200-mg q2w dose resulted in more pro-
nounced saturation of the nonlinear clearance pathway
over the dosing interval. The absolute bioavailability of a
sarilumab subcutaneous injection was estimated to be 80%
using the final dataset including the limited intravenous
pharmacokinetic data (four patients who received sarilumab
0.6 mg/kg intravenously; two patients who received sari-
lumab 2.0 mg/kg intravenously).

4 Discussion

The pharmacokinetics of sarilumab in patients with RA was
adequately described by a two-compartment model with
first-order absorption and parallel linear and nonlinear M—-M
elimination. This analysis showed that the pharmacokinetics
of sarilumab can be accurately predicted using this model,
allowing characterization of sarilumab pharmacokinetics in
the target population of patients with RA, and prediction of
individual exposure of sarilumab in serum.

Of the two parallel clearance pathways (nonlinear, tar-
get-mediated pathway and nonspecific, linear pathways),
target-mediated clearance represents a large portion of total
clearance in the range of serum concentrations achieved over
the dosing interval at therapeutic sarilumab doses. Nota-
bly, there is more pronounced saturation of the nonlinear
clearance pathway over the dosing interval at 200 mg q2w
than at 150 mg q2w, consistent with sarilumab exposure in
serum increasing in a greater than dose-proportional man-
ner from 150 to 200 mg g2w. As steady-state exposure of
sarilumab increased twofold from 150 to 200 mg q2w dos-
ing, it is important to understand that a 1.3-fold reduction
in sarilumab dose from 200 to 150 mg 2w in patients with
RA actually reduces sarilumab exposure in serum by half.
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Fig.4 Impact of covariates on
sarilumab steady-state exposure
for (a) sarilumab 150 mg every
2 weeks (q2w) and (b) sari-
lumab 200 mg q2w displayed
as ratio (open circle) with

90% confidence interval (short
horizontal line) relative to a
typical patient. AUC area under
the plasma concentration—time
curve, BSA body surface area,
C,,.x Maximum serum concen-
tration, C,,,,; Serum concen-
tration observed before drug
administration during repeated
dose administration

Sex: male

Drug product: DP2

BSA normalized creatinine clearance: 120.33 mL/min
BSA normalized creatinine clearance: 83.01 mL/min
Body weight: 83 kg

Body weight: 62 kg

Baseline C-reactive protein: 28.28 mg/L

Baseline C-reactive protein: 6.63 mg/L

Anti-drug antibody: positive

Albumin: 40.18 g/L

Albumin: 34.79 g/L

Sex: male

Drug product: DP2

BSA normalized creatinine clearance: 120.33 mL/min
BSA normalized creatinine clearance: 83.01 mL/min
Body weight: 83 kg

Body weight: 62 kg

Baseline C-reactive protein: 28.28 mg/L

Baseline C-reactive protein: 6.63 mg/L

Anti-drug antibody: positive

Albumin: 40.18 g/L

Albumin: 34.79 g/L

This model enabled the identification of covariates that
explained part of the inter-individual variability of sari-
lumab. Of these, body weight was the main source of intrin-
sic pharmacokinetic variability of sarilumab. In the Pop-PK
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analysis across patients with RA weighing 32-177 kg, body
weight significantly influenced CLO/F and V,, resulting in
increased exposure of sarilumab in serum with decreased
body weight. The impact of body weight on sarilumab
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Fig.5 Box plot of sarilumab area under the plasma concentration—
time curve from day O to day 14 (AUC,,_,y) in patients with rheuma-
toid arthritis in phase III studies by covariates of general interest. The

Table 4 Model-estimated sarilumab steady-state exposure

Parameter, mean+ SD Sarilumab Sarilumab
150 mg q2w 200 mg q2w
AUC,_,44 (day-mg/L) 202+120 3954207
mmgh (mg/L) 6.35+7.54 16.5+14.1
Cax (mg/L) 20.0+9.20 35.6+15.2

Estimates were based on NCT01061736 Part B and NCT01709578
phase III studies

LLOQ: 0.294 or 0.313 mg/L
AUC,_;,4, area under the curve from time O to 14 days, C,,,, maxi-

mum concentration, C,,,,,, minimum concentration at steady state

after repeated dosing, LLOQ lower limit of quantification, g2w every
2 weeks, SD standard deviation

clearance was translated into an impact on sarilumab steady-
state exposure. The greater effect of body weight on sari-
lumab steady-state exposure at 150 mg q2w vs. 200 mg q2w
is consistent with the impact of body weight on nonlinear
clearance, which is predominant at lower concentrations, in
addition to the impact on linear clearance. Notably, the effect
of body weight was more prominent on minimum concen-
tration at steady state after repeated dosing than on AUC
0-144 and maximum concentration; this is owing to nonlinear
pharmacokinetics exhibited by sarilumab and greater effects
of covariates at lower drug concentrations.

The effect of body weight on sarilumab pharmacoki-
netics is consistent with clinical efficacy findings, which
showed a trend for lower American College of Rheumatol-
ogy 20% improvement criteria response rates for sarilumab
vs. placebo at 150 mg q2w in patients weighing > 100 kg

number above each box plot represents the number of patients in the
corresponding group. ADA anti-drug antibody, coadmin, coadminis-
tration, g2w every 2 weeks
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Fig.6 Concentration-dependent total clearance, linear clearance, and
nonlinear clearance of sarilumab in patients with rheumatoid arthri-

tis. C,,,,, maximum serum concentration, C,,,,,, serum concentration

observed before drug administration during repeated dose administra-
tion, g2w every 2 weeks

vs. those weighing 60 to < 100 kg [14]. Subgroup analyses
for treatment-emergent adverse events, infections, serious
adverse events, and treatment-emergent adverse events
leading to discontinuation showed no consistent trend with
increasing weight or body mass index. While absolute neu-
trophil count < 1.0 G/L was observed more frequently in
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patients weighing < 60 kg than in heavier patients, this
was not associated with increased serious infections [14].
Therefore, despite the influence of body weight on sari-
lumab pharmacokinetics, no dose adjustment is recom-
mended based on body weight [6]. The recommended dose
of sarilumab is 200 mg q2w; dose reduction to 150 mg q2w is
recommended for the management of neutropenia, throm-
bocytopenia, and liver enzyme elevations [6, 7].

Other statistically significant covariates included ADA
status, drug product, albumin, sex, CrCl, and baseline CRP.
Except for drug product and ADA status, the magnitude
of impact of most of these covariates was approximately
within + 10% change and less than the effect of body weight
(Table 1 of the ESM). For example, sarilumab exposure
decreased with increased baseline CRP; however, at both
sarilumab doses, a change from median baseline CRP
(14.2 mg/L) to 6.63 mg/L (25th percentile) or 28.3 mg/L
(75th percentile) resulted in < 5% change in AUC,, ;44. The
impact of the drug product (lower sarilumab exposure for
DP2 vs. DP1 and DP3) is not relevant as only DP3 is mar-
keted. ADA status influenced CLO/F, with a resultant trend
toward higher apparent clearance of sarilumab and lower
exposure in the presence of ADAs. ADA status was included
in the final model as a time-varying covariate; however, the
assumption that the ADA was positive from treatment initia-
tion for the simulations that assessed the effect of the ADA
on sarilumab exposure in serum may have overestimated
the magnitude of this covariate’s impact. This may repre-
sent the worst-case scenario of ADA effect. Thus, none of
the statistically significant covariates identified in the model
are clinically meaningful and hence, no dose adjustment is
required for these patients’ characteristics.

Age, race, concomitant methotrexate, total bilirubin, cre-
atinine clearance, aspartate aminotransferase, and alanine
aminotransferase did not have a statistically significant effect
on the pharmacokinetics of sarilumab in the final model. The
lack of effect on laboratory parameters is also consistent with
the limited involvement of the kidneys and liver in monoclo-
nal antibody clearance. Furthermore, post hoc assessment of
sarilumab exposure in serum after repeated dosing showed
baseline DAS28-CRP and prior use of biologics had no
appreciable impact on sarilumab pharmacokinetics.

The recommended dosage of sarilumab is 200 mg q2w,
which can be reduced to 150 mg q2w to manage neutro-
penia, thrombocytopenia, and liver enzyme elevations [6, 7].
This recommendation is supported by the exposure—response
analyses conducted using data from phase III studies over
the dose range of 150-200 mg 2w and ensures a greater
likelihood of achieving a clinical response while being able
to manage the only dose-related safety endpoint of absolute
neutrophil count [16].
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5 Conclusion

The pharmacokinetics of sarilumab was described by a two-
compartment model with first-order absorption and parallel
linear and nonlinear (M-M) elimination, which allowed for
characterization of sarilumab pharmacokinetics in the target
patient population of patients with RA, and estimation of
exposure in individual patients. Compared with sarilumab
150 mg q2w, the 200-mg q2w dose resulted in more pro-
nounced saturation of the nonlinear clearance pathway over
the dosing interval and, hence, a greater than dose-propor-
tional increase in exposure over this dose range. Increas-
ing the sarilumab dose by one-third from 150 mg q2w to
200 mg q2w resulted in a twofold increase in AUC_j 4.
Body weight, ADA status, sarilumab drug product, albumin,
sex, CrCl, and baseline CRP, but not age, race, concomi-
tant treatments, or liver function tests, were identified as
significant covariates influencing sarilumab pharmacokinet-
ics. Evidence indicates that the impact of these covariates
on exposure does not translate into clinically meaningful
differences in efficacy or safety. Therefore, no adjustment
in the sarilumab dose is required for body weight or any
of the other patient characteristics assessed, including age,
sex, and race.
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