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Abstract
Background Sarilumab is a human monoclonal antibody blocking the interleukin-6 receptor alpha (IL-6Rɑ) approved for 
the treatment of moderately to severely active rheumatoid arthritis in adults with inadequate response or intolerance to other 
disease-modifying antirheumatic drugs.
Objective The aim of the current analysis was to describe sarilumab exposure–response relationships.
Methods Population pharmacokinetic/pharmacodynamic (PopPK/PD) models were developed describing the time course 
of the 28-joint disease activity score by C-reactive protein (DAS28-CRP) and absolute neutrophil count (ANC) using data 
from phase I–III studies (NCT01011959, NCT01061736, NCT01709578, NCT01768572) after subcutaneous sarilumab 
50–150 mg every week or 100–200 mg every 2 weeks.
Results The time course of DAS28-CRP and ANC after sarilumab administration was described by semi-mechanistic, 
indirect-response models. Drug effect was predicted to be numerically greater at median exposure for the 200 mg every 
2 weeks regimen versus the 150 mg every 2 weeks regimen, for both DAS28-CRP (50% vs. 47%) and ANC reduction from 
baseline (39% vs. 31%), with the latter showing less fluctuations within a dosing interval. Four covariates were retained in 
the final models: body weight, baseline rheumatoid factor status, anti-cyclic citrullinated peptide status, and concomitant 
methotrexate. There was no clinically meaningful influence of investigated covariates for either model.
Conclusion The PopPK/PD models showed numerically greater reductions in DAS28-CRP and ANC with sarilumab 200 mg 
every 2 weeks than with 150 mg every 2 weeks. There was no clinically meaningful influence of investigated covariates. 
These data contribute to the totality of evidence that supports a sarilumab subcutaneous starting dose of 200 mg every 
2 weeks, with a subsequent reduction to 150 mg every 2 weeks in the event of laboratory abnormalities such as neutropenia.

1 Introduction

Rheumatoid arthritis (RA) is a chronic systemic autoim-
mune disease that can lead to irreversible joint damage, 
and is estimated to affect approximately 20 million people 
worldwide [1]. Interleukin (IL)-6 is a key multifunctional 
cytokine involved in the pathogenesis of inflammation and 
joint damage in RA [2]. The actions of IL-6 are mediated 
through classical cell signaling initiated through the mem-
brane-bound IL-6 receptor alpha (IL-6Rɑ, the expression 
of which is limited to only a few cell types) and through 

trans-signaling, whereby IL-6 binds to the soluble IL-6Rɑ, 
which then forms a signaling complex with glycoprotein 130 
(gp130; which is expressed on most cell types). Inhibition of 
IL-6 signaling ameliorates the pathologic processes driven 
by persistently elevated IL-6 levels [2].

Sarilumab is a human immunoglobulin G1 (IgG1) mono-
clonal antibody that binds selectively to both membrane-
bound and soluble IL-6Rɑ forms, blocking binding to the 
IL-6Rɑ and IL-6-mediated signaling [3–7]. Sarilumab is 
approved for the treatment of moderately to severely active 
RA in adult patients with an inadequate response (IR) to 
other disease-modifying antirheumatic drugs (DMARDs), 
as monotherapy or in combination with a conventional syn-
thetic DMARD [8, 9]. The approval of sarilumab was based 
on phase III studies that showed sarilumab rapidly improves 
signs and symptoms of RA (measured using a variety of 
clinical endpoints, including 28-joint disease activity score 
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by C-reactive protein [DAS28-CRP]), improves physical 
functioning, inhibits irreversible joint destruction, and is 
well tolerated [3–5]. Empirical exposure–response modeling 
showed a consistent trend toward improvement in clinical 
outcomes for subcutaneous sarilumab 200 mg every 2 weeks 
compared with subcutaneous sarilumab 150  mg every 
2 weeks, including greater American College of Rheuma-
tology (ACR) responses, and improvements in DAS28-CRP, 
Clinical Disease Activity Index (CDAI), Health Assessment 
Questionnaire Disability Index (HAQ-DI), and modified 
Total Sharp Score (mTSS) [10, 11].

In animals, IL-6 administration causes rapid mobiliza-
tion of neutrophils from the marginated pool and release of 
neutrophils from the bone marrow into the blood circula-
tion [12]. Consistent with this, IL-6Rɑ blockade has been 
associated with a reversible decrease in absolute neutrophil 
count (ANC). Reduced ANC is a potential safety concern. 
Although phase III studies were not powered to compare 
safety endpoints, the frequency and magnitude of ANC 
reductions were numerically greater with 200 mg every 
2 weeks compared with the lower 150 mg every 2 weeks 

dose. However, clinical studies have shown that there is no 
relationship between the decrease in ANC observed dur-
ing treatment with subcutaneous sarilumab 150 or 200 mg 
every 2 weeks and the incidence of serious and non-serious 
infections [3–5, 13].

This paper reports the development of semi-mechanistic 
population pharmacokinetic/pharmacodynamic (PopPK/
PD) models that describe the relationship between drug 
concentration and change in DAS28-CRP (efficacy param-
eter) and ANC (safety parameter) over time following sari-
lumab administration in patients with RA, and identifies 
covariate factors influencing PK/PD relationships. This 
work was undertaken to corroborate the lack of need for 
dose adjustment based on patient demographics or base-
line disease characteristics for adult patients with RA, and 
to add to the overall evidence to support sarilumab dose 
recommendations.

2  Methods

A sequential approach was used by first developing a PopPK 
model [14], followed by the development of a PopPK/PD 
model using individual sarilumab PK parameters derived 
from the PopPK model as the exposure input and the 
observed DAS28-CRP scores and ANC as clinical PD end-
points for efficacy and safety, respectively. PopPK param-
eters and individual estimates were computed assuming no 
effect of PD parameters on PK.

2.1  Patients

The previous PopPK model was developed based on PK 
data up to a predefined cut-off date from 1770 patients with 
RA who participated in phase I, II, and III studies [14]. For 
the current PopPK/PD analysis for DAS28-CRP, data up 
to the time of primary efficacy (disease activity) endpoint 
assessment (24 weeks) were pooled from 2082 patients 
(17,229 individual DAS28-CRP values) with RA enrolled 
in one phase II study (NCT01061736 Part A [MOBIL-
ITY]) and two phase III studies (NCT01061736 Part B 
[MOBILITY] and NCT01709578 [TARGET]) [Tables 1 
and 2]. DAS28-CRP data were not available for the phase 
I, single-dose studies. Data for the PopPK/PD analysis for 
ANC were pooled from 1672 patients with RA enrolled 
in one phase I study (NCT01011959), one phase II study 
(NCT01061736 Part A [MOBILITY]), and three phase III 
studies (NCT01061736 Part B [MOBILITY], NCT01709578 
[TARGET], and NCT01768572 [ASCERTAIN]) [Tables 1 
and 2]. All clinical studies were performed in accordance 
with the principles of the Declaration of Helsinki and all 
applicable amendments by the World Medical Assemblies 

Key Points 

Using data from phase I–III studies among patients with 
rheumatoid arthritis treated with sarilumab, popula-
tion pharmacokinetic/pharmacodynamic (PopPK/PD) 
models were developed to describe the time course of 
the 28-joint disease activity score by C-reactive protein 
(DAS28-CRP) and absolute neutrophil count (ANC).

The time course of both DAS28-CRP and ANC after 
sarilumab administration was described by semi-mecha-
nistic, indirect-response models.

The PopPK/PD models showed numerically greater 
reductions in DAS28-CRP and ANC with sarilumab 
200 mg every 2 weeks than with 150 mg every 2 weeks. 
These data contribute to the totality of evidence that sup-
port a sarilumab subcutaneous starting dose of 200 mg 
every 2 weeks, with a subsequent reduction to 150 mg 
every 2 weeks in the event of laboratory abnormalities 
(such as neutropenia).

Four covariates were retained in the final models: body 
weight, baseline rheumatoid factor status, anti-cyclic 
citrullinated peptide status, and concomitant methotrex-
ate. None of these covariates had a clinically meaningful 
influence on the time course of DAS28-CRP or ANC 
during sarilumab treatment, indicating dose adjustments 
are not required for these patient demographics or dis-
ease characteristics.
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and the International Conference of Harmonisation Guide-
lines for Good Clinical Practice.

Patients treated with sarilumab for whom PK data were 
not available were excluded from the PopPK/PD analy-
sis. Patients from NCT01709578 were not included in the 
PopPK model building as data from this study were not 
available by the predefined cut-off date for PopPK model 
building [14]. Therefore, the individual PK parameters for 
these patients were computed using an empirical Bayesian 
estimation approach (or maximum a posteriori).

2.2  Clinical Endpoints

The DAS28-CRP is a compositive score based on tender 
and swollen joints, serum levels of CRP, and the patient 
global health assessment, and was calculated at baseline and  
weeks 2 and 4, and then every 4 weeks across the three stud-
ies. ANC was derived as the sum of absolute counts of bands 
and absolute segmented neutrophils by multiplying the per-
centage of bands and segmented neutrophils by the total 
leukocyte count, and recorded at baseline, weeks 2, 4, 6, 8, 
10, and 12, and then every 4 weeks across the five studies.

Table 1  Clinical studies included in the PopPK/PD analyses

ANC absolute neutrophil count, DAS28-CRP 28-joint disease activity score by C-reactive protein, IR inadequate response, MTX methotrexate, 
PopPK/PD population pharmacokinetic/pharmacodynamic, qw weekly, q2w every 2  weeks, RA rheumatoid arthritis, SC subcutaneous, TNF 
tumor necrosis factor
a For placebo treatment, background RA therapy was administered; for active treatments, sarilumab was administered on top of background RA 
therapy
b Number of patients in the final data set
c Study included a tocilizumab treatment arm; these data were not included in the current analysis

Clinical study identifier Treatment doses and  regimensa Population Number of patients included in the PK/
PD  analysesb

PopPK/PD analysis for DAS28-CRP
NCT01061736 Part A (phase II) Placebo

Sarilumab 100 or 150 mg SC qw
Sarilumab 100, 150, or 200 mg, SC 

q2w
12-week treatment duration

RA patients with MTX-IR 254 (approximately 50 patients per arm)

NCT01061736 Part B (phase III) Placebo
Sarilumab 150 or 200 mg, SC q2w
52-week treatment duration

RA patients with MTX-IR 1284 (approximately 350 patients/arm)

NCT01709578 (phase III) Placebo
Sarilumab 150 or 200 mg, SC q2w
24-week treatment duration

RA patients with TNF-IR 544 (approximately 174 patients per 
arm)

PopPK/PD analysis for ANC
NCT01011959 (phase I) Placebo

Sarilumab 50, 100, or 150 mg SC qw
Sarilumab 100, 150, or 200 mg SC 

q2w
5-week treatment duration

RA patients 42 (7–8 patients/cohort)

NCT01061736 Part A (phase II) Sarilumab 100 or 150 mg SC qw
Sarilumab 100, 150, or 200 mg, SC 

q2w
52-week treatment duration

RA patients with MTX-IR 203 (approximately 50 patients/arm)

NCT01061736 Part B (phase III) Placebo
Sarilumab 150 or 200 mg, SC q2w
24-week treatment duration

RA patients with MTX-IR 968 (approximately 350 patients/arm)

NCT01709578 (phase III) Placebo
Sarilumab 100, 150, or 200 mg, SC 

q2w
24-week treatment duration

RA patients with TNF-IR 364 (approximately 174 patients/arm)

NCT01768572 (phase III)c Sarilumab 150 or 200 mg, SC q2w
24-week treatment duration

RA patients with TNF-IR 95 (sarilumab, approximately 50 
patients/arm; tocilizumab, approxi-
mately 100 patients)
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2.3  Bioanalysis

Concentrations of functional sarilumab in serum (i.e. sari-
lumab with one or two sites available for target binding, rep-
resenting the pharmacologically active form), were measured 
using a validated immunoassay with a lower limit of quanti-
fication of 0.294 mg/L [14]. Immunogenicity was assessed 
using a validated, titer-based, bridging immunoassay. Sam-
ples that were positive in the antidrug antibody (ADA) assay 
(sensitivity based on the mouse monoclonal positive control 
was approximately 63.5–116.3 ng/mL) were assessed for 
neutralizing antibodies (NAbs) using a validated competitive 
ligand binding assay (sensitivity based on the monoclonal 
positive control antibody, and the rabbit polyclonal antibody 
was approximately 150 and 257 ng/mL, respectively).

2.4  Model Building

Indirect-response models were used to describe the time 
course of DAS28-CRP and ANC during treatment with 
sarilumab administered as subcutaneous doses of 50, 100, 
or 150 mg every week, or 100, 150, or 200 mg every 2 weeks 
using data pooled across studies, as shown in Table 1.

For the PopPK/PD analysis for both DAS28-CRP and 
ANC, the structural model was chosen on the basis of the 
examination of the objective function value (OFV), the 
inspection of conditional weighted residuals (CWRES) and 
individual weighted residuals (IWRES), the inspection of 
prediction and individual prediction versus observed plots, 
and visual inspection of the fits. Based on graphical evalu-
ation (histograms and/or quantile–quantile plots of param-
eters), interindividual variability was modeled using a con-
stant coefficient of variation or proportional error model (i.e. 
log-normal distribution). In modeling residual variability, 
errors between the observed and predicted PD (DAS28-CRP 
or ANC) values, ε, obtained using the individual’s model 
predicted PD parameters, were assumed to arise from a sym-
metric distribution with a mean of zero and a variance of 
σ2. Visual inspection of the distribution of CWRES versus 
population-predicted PD values and program output were 
used to assist in determining the structure of the residual 
variability model. The interindividual variability was evalu-
ated for each model parameter.

The time course of DAS28-CRP following administration 
of subcutaneous sarilumab was best described by an indi-
rect-response model linking sarilumab concentrations with 

Table 2  Demographic 
characteristics of the patients 
included in the final dataset 
for the development of the 
DAS28-CRP and ANC PopPK/
PD models

ACCP anti-cyclic citrullinated peptide, ANC absolute neutrophil count, CRP C-reactive protein, DAS28-
CRP 28-joint disease activity score by C-reactive protein, HAQ Health Assessment Questionnaire, IL-6 
interleukin-6, IR inadequate responders, MTX methotrexate, PHYVAS Physician’s Global Assessment of 
Disease Activity, PopPK/PD population pharmacokinetic/pharmacodynamic, SD, standard deviation, TNF, 
tumor necrosis factor
a DAS28-CRP model n = 1537, ANC model n = 1213; baseline IL-6 data were not available in study 
NCT01709578
b DAS28-CRP model n = 2081
c DAS28-CRP model n = 2047, ANC model n = 1603
d ANC model n = 1535

Covariate or characteristic PopPK/PD analysis for 
DAS28-CRP
Final data set (n = 2082)

PopPK/PD analysis for ANC
Final data set (n = 1672)

Patient population MTX-IR/TNF-IR [n (%)] 544 (26.1)/1538 (73.9) 459 (27.5)/1213 (72.6)
Mean (SD) age, years 51.6 (12.0) 51.7 (12.1)
Mean (SD) body weight, kg 74.6 (18.8) 74.1 (18.7)
Mean baseline DAS28-CRP – 6.03 (0.903)
Mean (SD) baseline IL-6, pg/mLa 41.8 (67.2) 41.1 (64.5)
Mean (SD) baseline CRP, mg/L 24.1 (25.1) 23.8 (25.6)
Mean (SD) baseline PHYVAS 64.6 (16.8) –
Mean (SD) baseline HAQ score 1.68 (0.640) –
Female [n (%)] 1709 (82.1) 1374 (82.2)
Caucasian [n (%)] 1741 (83.6) 1418 (84.8)
Smoker [n (%)]b 278 (13.4) 238 (14.2)
MTX [n (%)] 2058 (98.8) 1634 (97.7)
Baseline ACCP positive [n (%)]c 337 (16.5) 263 (16.4)
Prior biologic treatment [n (%)]d 824 (39.6) 591 (38.5|)
Prior corticosteroid treatment [n (%)] 1346 (64.6) 1067 (63.8)
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DAS28-CRP via an inhibitory effect on the DAS28-CRP 
production rate (kin). The DAS28-CRP PopPK/PD model 
(Fig. 1) was parameterized with a first-order rate constant for 
the loss of response (Kout), a maximum drug-induced effect 
(Emax), and a sarilumab concentration at 50% of maximum 
drug inhibitory effect  (IC50). The background treatment 
effect of concomitant DMARD therapies was included as a 
parameter in the model, termed PLB and expressed in sari-
lumab concentration units of mg/L.

The time course for ANC following subcutaneous adminis-
tration of sarilumab was best described by an indirect-response 
model linking sarilumab concentrations with the ANC via 
stimulation of the elimination rate of neutrophils, i.e. disap-
pearance from the bloodstream. The structure of the model 
was informed by the observation that IL-6R inhibition leads 
to neutrophil margination without loss of neutrophil function 
[19]. The ANC PopPK/PD model was parameterized with 
Kout, Emax, a sarilumab concentration for 50% of the maximum 
drug-induced effect  (EC50), and a Hill coefficient (γ) (Fig. 1).

After the structural model selection, covariates 
were evaluated using a stepwise forward-addition and 

backward-deletion approach. Covariates providing a signifi-
cant change (p < 0.001) in the OFV when introduced into the 
model were retained. A backward deletion was performed to 
assess the covariate–parameter relationship. Only covariates 
associated with a significant change in the OFV (p < 0.001) 
were retained in the final PopPK/PD models. The following 
covariates of interest were evaluated: demographics (sex, 
age, race, body weight, smoking status); biomarker (baseline 
CRP, baseline IL-6); disease status (baseline rheumatoid fac-
tor [RF], baseline anti-cyclic citrullinated peptide [ACCP] 
status, baseline DAS28-CRP, baseline HAQ-DI); medication 
(prior corticosteroid treatment, prior biologic treatment, con-
comitant methotrexate); patient population (methotrexate-
IR/DMARD-IR, tumor necrosis factor [TNF] therapy-IR); 
and ADA and NAb status (both positive or negative).

2.5  Data Handling

If any covariates were missing, the patient data were 
deleted from the analysis for categorical covariates and the 
missing value was computed from the population median 

Fig. 1  DAS28-CRP and ANC PopPK/PD model structure. ANC 
absolute neutrophil count, C concentration, CL clearance, DAS28-
CRP 28-joint disease activity score by C-reactive protein, γ Hill 
coefficient for sigmoidicity, EC50 concentration at 50% of Emax, Emax 
maximum drug effect, Imax maximum drug effect, IC50 concentra-
tion at 50% of Imax, Ka first-order absorption rate constant, Kin zero-

order production rate, Km Michaelis–Menten constant, Kout first-order 
degradation rate, PopPK/PD population pharmacokinetic/pharma-
codynamic, Q intercompartmental clearance, SC subcutaneous, Vm 
maximum rate. DAS28-CRP model: Eff(C) = Emax × (C + placebo)γ/
(IC50

γ + (C + placebo)γ). ANC model: Eff(C) = Emax × Cγ/(EC50
γ + Cγ)
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for continuous covariates. If a strong correlation existed 
between any other covariates, a linear regression could be 
used to calculate the covariate value. As all covariates were 
tested at baseline, there was no need to carry observations 
forward or back for missing values.

For any covariate data that were completely unavailable 
for any individual study, or any categorical covariate that 
was < 10% of the total included patients, a post hoc approach 
was employed that used descriptive statistics of the indi-
vidual model parameters by covariate category and plot of 
individual values of model parameters versus covariates 
(box plots for categorical covariates and scatter plots for 
continuous covariates). Since baseline IL-6 data were not 
available in the NCT01709578 and NCT01768572 studies, 
and NAb data were not available in phase I and II studies, 
a post hoc approach was used for these covariates. It was 
assumed that the distributions of other covariates across the 
different levels within that covariate were approximately 
balanced.

2.6  Model Evaluation

The final PopPK/PD models were verified by evaluation of 
goodness-of-fit plots, visual predictive check (VPC), and 
bootstrap analyses. Bootstrap analyses were conducted for 
DAS28-CRP and ANC using 1000 bootstrap sets drawn 
with replacement (resampling) from the original datasets 
for the respective analysis. For each of the 1000 bootstrap 
sets, the population PD parameters were estimated and the 
corresponding mean, median, standard deviation (SD), and 
2.5th/97.5th percentiles were calculated. To validate each 
PopPK/PD model, the mean parameter estimates obtained 
in the final model of the original dataset were compared 
with median parameters from bootstraps. Analyses were 
performed using  NONMEM® version 7.2 (ICON plc, Dub-
lin, Ireland) running on a Linux cluster of multiprocessor 
computers. All runs were performed using the first-order 
conditional estimate method with interaction option.

3  Results

3.1  28‑Joint Disease Activity Score by C‑Reactive 
Protein (DAS28‑CRP) Population 
Pharmacokinetic/Pharmacodynamic (PopPK/
PD) Model

The final PopPK/PD model parameter estimates translated 
into a 55.9% maximum decrease in DAS28-CRP score 
from baseline, with an  IC50 of 2.32 mg/L (Table 3), and 
included four covariates on baseline DAS28-CRP (baseline 

CRP level, baseline physician’s global assessment of disease 
activity, baseline HAQ-DI, and body weight), one covari-
ate on Emax (baseline CRP level), and one covariate on Kout 
(corticosteroid treatment at baseline).

DAS28-CRP baseline values and Emax decreased with a 
decrease in baseline CRP. DAS28-CRP baseline values were 
6.6% lower in patients with a baseline CRP of 8.17 mg/L 
(25th percentile) and 7.5% higher in patients with a baseline 
CRP of 31.2 mg/L (75th percentile), compared with patients 
with a baseline CRP of 15.7 mg/L (median); Emax was 0.7% 
lower and 0.8% higher, respectively. DAS28-CRP baseline 
values also decreased with a decrease in baseline physicians 
global assessment score (1.1% lower with a score of 54 and 
0.9% higher with a score of 77, compared with a median 
score of 66), a decrease in baseline HAQ-DI score (3.9% 
lower with a score of 1.25 and 2.9% higher with a score of 
2.13, compared with a median score of 1.75), and a decrease 
in body weight (0.9% lower in those weighing 61 kg and 
0.8% higher in those weighing 84.3 kg, compared with a 
body weight of 72.8 kg). The Kout value was 26% higher 
in patients with prior corticosteroid treatment compared 
with those without (0.0333 vs. 0.0264 day−1), resulting in 
minimal DAS28-CRP changes (< 1%) at week 24. Thus, the 
effect of these covariates on the time course of DAS28-CRP 
was small and not clinically meaningful.

Sex, age, race, baseline RF, baseline ACCP status, prior 
treatment with biologics, concomitant methotrexate, or 
patient population (methotrexate or TNFα antagonist IRs) 
were not identified as significant covariates in the final 
PopPK/PD model. Additionally, (post hoc) baseline IL-6 
level, ADA status, and NAb status had no appreciable 
impact.

3.1.1  DAS28‑CRP PopPK/PD Model Predicted Versus 
Observed Evaluation

The goodness-of-fit, CWRES, and normalized prediction 
distribution error (NPDE) evaluation results (Fig. 2a–c) 
indicate that the final DAS28-CRP PopPK/PD model was 
consistent with the observed data, except for the cohort 
of patients initially randomized to placebo who subse-
quently received sarilumab 200 mg every 2 weeks. The 
VPC (Fig. 2d) and bootstrap analysis (Table 3) showed that 
simulated DAS28-CRP time profiles (2.5th, 50th, and 97.5th 
percentiles) fitted the observed data well.

The effect of sarilumab on DAS28-CRP was predicted to 
be 50.3% at the median trough concentration of the 200 mg 
every 2 weeks regimen and 46.5% at the median trough con-
centration of the 150 mg every 2 weeks regimen (Fig. 3). 
At week 24, the model-estimated mean (SD) DAS28-CRP 
was 3.19 (1.05), compared with an observed value of 3.24 
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(1.30) for sarilumab 150 mg every 2 weeks and 3.01 (1.02) 
versus 3.01 (1.25) for sarilumab 200 mg every 2 weeks, 
respectively. Compared with a 150 mg every 2 weeks dose, a 
greater proportion of patients at 200 mg every 2 weeks main-
tained sarilumab trough concentrations above that needed 
for half maximal effect for DAS28-CRP (82% vs. 54%).

3.2  Absolute Neutrophil Count (ANC) PopPK/PD 
Model

The final PopPK/PD model parameter estimates translated 
into a maximal decrease in circulating ANC from baseline 
of 60% and the lowest possible ANC level of 2.15 × 109/L, 
with an  IC50 of 10.3 mg/L (Table 4). The model included 
one covariate on baseline ANC (smoking status), one 
covariate on Emax (baseline corticosteroid treatment), and 

one covariate on Kout (body weight). The baseline ANC 
value was 15.1% higher in patients who were smokers than 
in patients who were non-smokers (6.19 vs. 5.38 × 109/L). 
The Emax value was 18.1% lower in patients with prior cor-
ticosteroid treatment than patients without prior corticos-
teroid treatment (1.23 vs. 1.50), translating into a 55% and 
60% maximal decrease of ANC in patients with and with-
out prior corticosteroid treatment, respectively. Addition-
ally, compared with patients with a body weight of 71 kg 
(median), the Kout value was 12.4% lower in patients with a 
body weight of 61.0 kg (25th percentile) and 15.7% higher 
in those with a body weight of 83.9 kg (75th percentile). 
However, this did not translate to a meaningful change in 
ANC (< 1%) at week 24. Thus, the effect of these covariates 
on the PD parameters was small, with none having a clini-
cally meaningful influence on ANC.

Table 3  Parameter estimates for the DAS28-CRP PopPK/PD model

BASE baseline, BLCRP baseline C-reactive protein, BLHAQ baseline Health Assessment Questionnaire, BLPHYVAS baseline Physician’s Global 
Assessment of Disease Activity, CI confidence interval, DAS28-CRP 28-joint disease activity score by C-reactive protein, DMARD disease-
modifying antirheumatic drug, Emax maximum drug-induced effect, γ hill coefficient for sigmoidicity, IC50 concentration of 50% of Emax, Kout 
first-order rate constant, Log(Emax) log-transformed maximum drug effect, NA not applicable, PLB placebo/background treatment effect of con-
comitant DMARDs in sarilumab concentration units, PopPK/PD population pharmacokinetic/pharmacodynamic, PRICORT prior corticosteroid 
treatment, %RSE relative standard error (100%*SE/estimate), SE standard error

Parameter Final model population mean Bootstrap estimate

Estimate %RSE 95% CI Median (95% CI)

BASE 6.06 0.32 6.03–6.10 6.07 (6.03–6.10)
Log (Emax) 0.237 19.8 0.143–0.331 0.246 (0.157–0.384)
IC50, mg/L 2.32 17.6 1.51–3.14 2.41 (1.74–3.29)
Kout,  day−1 0.0264 4.61 0.0239–0.0289 0.0264 (0.0233–0.0301)
γ 1 (fixed) NA NA
PLB, mg/L 0.991 19.1 0.612–1.37 1.03 (0.737–1.40)
BLCRP on BASE 0.0564 4.49 0.0513–0.0614 0.0563 (0.0514–0.0614)
BLPHYVAS on BASE 0.105 6.41 0.0913–0.118 0.105 (0.0834–0.127)
BLHAQ on BASE 0.0779 5.15 0.0689–0.0859 0.0778 (0.0695–0.0858)
Weight on BASE 0.0522 20.2 0.0311–0.0733 0.0512 (0.0305–0.0738)
BLCRP on Log(Emax) 0.333 34.5 0.103–0.562 0.321 (0.154–0.535)
PRICORT on Kout 1.26 5.50 1.12–1.40 1.27 (1.10–1.48)

Final model interindividual variability (%) Bootstrap interindividual 
variability (%)

Estimate %RSE Shrinkage (%) 8.03 (7.48–8.54)

BASE 8.05 6.86 31.3 70.8 (63.5–93.5)
Log (Emax) 71.2 8.26 40.5 157 (44.2–183)
IC50, mg/L 158 13.4 42.3 84.2 (78.1–92.3)
Kout,  day−1 84.2 6.11 31.9 107 (49.4–161)
PLB, mg/L 105 38.1 75.8 107 (49.4–161)

Residual variability

Additive term, mg/L 0.647 0.70 11.0 0.646 (0.632–0.662)
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Sex, age, race, baseline RF, baseline ACCP status, base-
line DAS28-CRP, prior treatment with biologics, concomi-
tant methotrexate treatment, or patient population (meth-
otrexate or TNFα antagonist IRs) were not identified as 
significant covariates in the final PopPK/PD model. Addi-
tionally, (post hoc) baseline IL-6 level, ADA status, and 
NAb status had no appreciable impact.

3.2.1  ANC PopPK/PD Model Predicted Versus Observed 
Evaluation

The goodness-of-fit, CWRES, and NPDE evaluation results 
(Fig. 4a–c) indicate that the final ANC PopPK/PD model 
was consistent with the observed data, except for the cohort 
of patients initially randomized to placebo who subsequently 
received sarilumab 200 mg every 2 weeks. The results of the 
VPC (Fig. 4d) and bootstrap analysis (Table 4) showed that 
simulated ANC time profiles(2.5th, 50th, and 97.5th per-
centiles) track observed trends very well, especially for the 
150 mg every 2 weeks and 200 mg every 2 weeks regimens 
and represent a good qualification of the PopPK/PD model 
developed in the present analysis.

Within a dose interval, ANC decreased to the nadir and 
recovered toward baseline in a dose- and concentration-
dependent manner, with higher fluctuations for the 150 mg 
every 2 weeks dose regimen than for the 200 mg every 
2 weeks regimen (Fig. 5). Compared with a 150 mg every 
2 weeks dose, a greater proportion of patients at 200 mg 
every 2 weeks maintained sarilumab trough concentrations 
above that needed for half maximal effect for ANC reduction 
(60% vs. 28%). The reduction in the ANC from baseline was 
predicted to be slightly higher at the median trough con-
centration of 200 mg every 2 weeks (39%) than the median 
trough concentration of 150 mg every 2 weeks (31%) at 
steady state. At week 24, the model-estimated mean (SD) 
ANC was 4.10 (1.94), compared with an observed value 
of 4.24 (2.31) for sarilumab 150 mg every 2 weeks and 
3.68 (1.83) versus 3.79 (2.19) for sarilumab 200 mg every 
2 weeks, respectively.

4  Discussion

The time course observed in patients for DAS28-CRP 
and ANC following sarilumab subcutaneous administra-
tion was well described, with indirect-response population 
PopPK/PD models linking concentrations of sarilumab with 
DAS28-CRP via an inhibitory effect on the ‘production rate’ 
of DAS28-CRP (Kin), or with ANC via stimulation of the 
‘elimination rate’ of neutrophils (Kout). The DAS28-CRP 
model is consistent with the mode of action of sarilumab in 

terms of inhibition of disease progression (Kin). Similarly, 
the ANC model is consistent with the postulated ‘margina-
tion’ of functioning neutrophils from the circulation, the cen-
tral compartment (Kout) [15, 16]. For DAS28-CRP, the final 
model included four covariates on baseline DAS28-CRP 
(baseline CRP level, baseline physician’s global assessment 
of disease activity, baseline HAQ-DI, and body weight), one 
covariate on Emax (baseline CRP level), and one covariate 
on Kout (corticosteroid treatment at baseline). The final ANC 
PopPK/PD model included one covariate of baseline ANC 
(smoking status), one covariate of Emax (baseline cortico- 
steroid treatment), and one covariate of Kout (body weight). 
None of the identified covariates had a clinically meaningful 
influence on the time course of DAS28-CRP or ANC dur-
ing sarilumab treatment, indicating dose adjustments are not 
required for these patient characteristics. These observations 
are consistent with the PopPK analysis described previously 
[14], where none of the covariates evaluated, including body 
weight, had any clinically meaningful effect on the PK of 
sarilumab.

Simulated time profiles validated the predictive ability of 
the PopPK/PD models. For DAS28-CRP, there was a slight 
underprediction at the later time points (> 24 weeks) for 
the sarilumab treatment groups. For the placebo group, the 
simulated values generally underpredicted the observed val-
ues (except for values derived from patients in the placebo 
group who rescued with open-label sarilumab 200 mg every 
2 weeks from week 12 onwards in the case of lack of efficacy 
[per protocol], which were overpredicted).

Efficacy results from phase III clinical studies favored 
a 200 mg every 2 weeks dosing regimen over the 150 mg 
every 2 weeks regimen [3–5]. In TARGET (patients with 
moderately to severely active RA who had an IR or intoler-
ance to anti-TNF therapy), the mean change from baseline in 
DAS28-CRP score at week 24 was − 2.4 (standard error 0.11) 
for patients treated with sarilumab 150 mg and − 2.8 (0.11) 
for those treated with sarilumab 200 mg every 2 weeks. The 
proportion of patients achieving DAS28-CRP responses 

Fig. 2  DAS28-CRP PopPK/PD model. a Goodness-of-fit analysis; 
b normalized prediction distribution error; c conditional weighted 
residuals; d visual predictive check. CWRES conditional weighted 
residuals, DAS28-CRP 28-joint disease activity score by C-reactive 
protein, NPDE normalized prediction distribution error, PopPK/PD 
population pharmacokinetic/pharmacodynamic, qw every week, q2w 
every 2 weeks. In a, dashed blue line indicates y = x, solid blue line 
indicates y = 0, solid red line indicates tendency. In d, solid red line 
represents the median of observations; solid dashed lines represent 
the 2.5th and 97.5th percentiles of observations; and pink and gray 
areas represent the confidence intervals of the median and  5th and 
95th percentiles of predictions. Placebo + 200  mg q2w defines the 
cohort of patients initially randomized to placebo who subsequently 
received sarilumab 200 mg q2w

▸
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Fig. 3  DAS28-CRP time 
profiles (observed vs. model-
predicted). DAS28-CRP 
28-joint disease activity score 
by C-reactive protein, P5 5th 
percentile, P95 95th percentile, 
q2w every 2 weeks
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Table 4  Parameter estimates for the ANC PopPK/PD model

ANC absolute neutrophil count, BASE baseline ANC, CI confidence interval, EC50 concentration at 50% of Emax, Emax maximum drug-induced 
effect, γ Hill coefficient for sigmoidicity, Kout first-order rate constant for loss of ANC rate, PopPK/PD population pharmacokinetic/pharmacody-
namic, PRICORT prior corticosteroid treatment, %RSE relative standard error (100%*SE/estimate), SE standard error
a Covariates included in the final PopK/PD model as a power function
b Expressed relative to a median weight of 71 kg

Parameter Population mean Bootstrap estimate

Estimate %RSE 95% CI Median (95% CI)

BASE 5.38 1.05 5.27–5.50 5.37 (5.26–5.51)
Emax 1.50 4.62 1.36–1.64 1.44 (1.26–1.72)
EC50, mg/L 10.3 6.16 9.00–11.5 10.3 (7.53–14.1)
Kout,  day−1 2.17 35.3 0.638–3.71 211 (1.67–2.88)
Γ 0.862 4.55 0.783–0.940 0.840 (0.747–0.961)
Smoking on  BASEa 1.15 2.64 1.09–1.21 1.16 (1.10–1.21)
Weightb on Kout

a 0.875 12.2 0.662–1.09 0.866 (0.219–0.964)
PRICORT on Emax

a 0.819 4.63 0.743–0.895 0.850 (0.755–0.948)

Interindividual variability (%) Bootstrap interin-
dividual variability 
(%)

Estimate %RSE Shrinkage (%) Median (95% CI)

BASE 32.1 4.61 12.9 32.1 (30.5–33.5)
Emax 61.9 6.83 30.6 61.2 (54.9–67.9)
EC50, mg/L 36.9 28.0 74.0 39.5 (21.1–51.0)
Kout,  day−1 227 43.7 79.3 232 (198–279)
Γ 80.4 8.89 42.3 83.2 (63.8–101)

Residual variability

Proportional term (%) 28.2 0.8 7.14 28.3 (27.6–28.9)
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of < 2.6 and ≤ 3.2 at week 24 was 24.9% and 32.6%, respec-
tively, in the sarilumab 150 mg every 2 weeks group, and 
28.8% and 40.2%, respectively, in the 200 mg every 2 weeks 
group [3]. Similarly, in MOBILITY, conducted in metho-
trexate-IR patients with moderate to severe RA, the propor-
tion of patients achieving DAS28-CRP responses of < 2.6 
and ≤ 3.2 at week 24 was 27.8% and 39.8%, respectively, 
in the sarilumab 150 mg every 2 weeks group, and 34.1% 
and 49.1% in the 200 mg every 2 weeks group [4]. In the 
latter study, the proportion of patients without radiographic 
progression of structural joint damage, which is irreversible, 
at week 24 was higher among those patients treated with 
sarilumab 200 mg every 2 weeks (56.6%) than among those 
patients treated with 150 mg every 2 weeks (46.3%) [3–5]. 
Consistent with these clinical observations, the PopPK/PD 
model showed a numerically greater reduction in DAS28-
CRP at the median trough concentration for the 200 versus 
150 mg every 2 weeks regimens.

Clinical studies have also shown that sarilumab is associ-
ated with a decrease in ANC, which is reversible and man-
ageable by dose adjustment [3–5]. Consistent with this, the 
ANC time course was described by an indirect-response 
model with a rapid decrease within 1–2 weeks of initiating 
subcutaneous sarilumab (200 and 150 mg every 2 weeks), 
with ANC levels stabilizing after 4 weeks of treatment. This 
PopPK/PD analysis showed that the 150 mg every 2 weeks 
regimen would result in a marginally smaller reduction in 
ANC and a more rapid return toward baseline compared with 
the 200 mg every 2 weeks regimen. The observed effect on 
Kout for sarilumab can be explained by margination of neu-
trophils from the vascular circulation to the vascular wall or 
other tissue [17]. A reversible decrease in ANC has also been 
reported for another IL-6 receptor blocker, tocilizumab, indi-
cating that this phenomenon is a consequence of inhibition 
of IL-6 signaling [15, 16]. A previous analysis has indicated 
that the pharmacological effect on ANC levels for both sub-
cutaneous sarilumab and intravenous tocilizumab is imme-
diate and relatively short-lasting after a single dose with an 
apparent saturation of effect and pharmacological tolerance 
[13]. The apparent saturation of effect is evidenced by the 
temporal PopPK/PD relationship for ANC versus sarilumab 
concentrations, with ANC values returning toward baseline 
even as sarilumab concentrations continued to increase. 
After a single 200 mg dose of subcutaneous sarilumab, a 
return to baseline in ANC was achieved at around 2 weeks 
postdose. A return toward baseline ANC was also noted for 
intravenous tocilizumab, with baseline levels achieved at 
around 1 month following a single intravenous dose. How-
ever, regardless of the decrease in ANC, no relationship 
between decrease in ANC and infection, including serious 
infection, has been identified in clinical trials for sarilumab, 
indicating that neutrophils remain available and function-
ing in case of an infection and can ‘demarginate’ [3–5, 13]. 

Further support that marginated neutrophils remain viable in 
case of infection is provided by previous studies, which have 
shown that neutrophils retain their functional capacity (such 
as respiratory burst or chemotaxis) under IL-6Rɑ blockade 
with tocilizumab [18, 19].

In clinical trials, ADAs were reported for 5.7% of patients 
treated with sarilumab 150 mg every 2 weeks, 4.0% of those 
treated with sarilumab 200 mg every 2 weeks, and 1.9% of 
those who received placebo [8, 9]; NAbs were reported for 
1.6%, 1.0%, and 0.2% of patients, respectively [8, 9]. No 
correlation was observed between ADA development and 
either loss of efficacy or the emergence of adverse reactions.

The prescribing guidance for subcutaneous sarilumab in 
the EU and the US is 200 mg every 2 weeks, with adjustment 
to 150 mg every 2 weeks for the management of neutropenia 
(as well as thrombocytopenia and liver enzyme elevations) 
[8, 9], due to the favorable benefit/risk profile for this regimen 
based on the results of the phase III clinical trials and subse-
quent long-term follow-up [3, 4, 8, 9, 13]. The current PopPK/
PD analysis contributes to the totality of evidence that sup-
ports this starting dose, with a numerically greater DAS28-
CRP reduction (and better potential to prevent irreversible 
joint damage) predicted at the median exposure of 200 mg 
every 2 weeks compared with 150 mg every 2 weeks. This 
analysis also supports the dose reduction scheme in the event 
of laboratory abnormalities (such as neutropenia, which is 
reversible) due to greater ANC reduction at a median exposure 
of 200 mg every 2 weeks rather than 150 mg every 2 weeks.

5  Conclusions

The PopPK/PD model presented here for DAS28-CRP 
and ANC, in combination with previously reported expo-
sure–response analysis conducted using data from phase III 
studies, is consistent with a subcutaneous sarilumab 200 mg 
every 2 weeks dosing regimen, with a decrease to 150 mg 
every 2 weeks in the event of laboratory abnormalities such 
as neutropenia. Four covariates were retained in the final 
models: body weight, baseline RF status, ACCP status, and 
concomitant methotrexate. There was no clinically mean-
ingful influence of investigated covariates for either model, 

Fig. 4  ANC PopPK/PD model. a Goodness-of-fit; b normalized pre-
diction distribution error; c conditional weighted residuals; and d 
visual predictive check. ANC absolute neutrophil count, CWRES con-
ditional weighted residuals, NPDE normalized prediction distribution 
error, PopPK/PD population pharmacokinetic/pharmacodynamic, qw 
every week, q2w every 2 weeks. In a, dashed blue lines indicate y = x, 
solid blue line indicates y = 0, solid red line indicates tendency. In 
d, solid red line represents the median of observations; solid dashed 
lines represent the 2.5th and 97.5th percentiles of observations; and 
pink and gray areas represent the confidence intervals of the median 
and 5th and 95th percentiles of predictions

▸
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indicating dose adjustments are not required for these patient 
characteristics.
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