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Abstract
Background and Objective  Inebilizumab is a humanized, affinity-optimized, afucosylated immunoglobulin (Ig)-G1κ mono-
clonal antibody that binds to CD19, resulting in effective depletion of peripheral B cells. It is being developed to treat various 
autoimmune diseases, including neuromyelitis optica spectrum disorders (NMOSD), systemic sclerosis (SSc), and relapsing 
multiple sclerosis (MS). 
Methods  Pharmacokinetic data from a pivotal study in adult subjects with NMOSD and two early-stage studies in subjects 
with SSc or relapsing MS were pooled and simultaneously analyzed using a population approach.
Results  Upon intravenous administration, the pharmacokinetics of inebilizumab were adequately described by a two-compart-
ment model with parallel first-order and time-dependent nonlinear elimination pathways. An asymptotic nonlinear elimina-
tion suggests that inebilizumab undergoes receptor (CD19)-mediated clearance. The estimated systemic clearance (CL) of 
the first-order elimination pathway (0.188 L/day) and the volume of distribution (Vd) (5.52 L) were typical for therapeutic 
immunoglobulins. The elimination half-life was approximately 18 days. The maximum velocity (Vmax) of the nonlinear 
elimination pathway decreased with time, presumably due to the depletion of B cells upon inebilizumab administration. As 
for other therapeutic monoclonal antibodies, the CL and Vd of inebilizumab increased with body weight.
Conclusions  The presence of antidrug antibodies, status of hepatic or renal function, and use of small-molecule drugs 
commonly used by subjects with NMOSD had no clinically relevant impact on the pharmacokinetics of inebilizumab. The 
nonlinear elimination pathway at the 300 mg therapeutic dose level is not considered clinically relevant.
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Key Points 

Inebilizumab is a humanized, immunoglobulin G1κ 
monoclonal antibody that binds to CD19, resulting in 
effective depletion of peripheral B cells.

The pharmacokinetics of inebilizumab were adequately 
described by a two-compartment model with parallel 
first-order and time-dependent nonlinear elimination 
pathways.

Common covariates had no clinically relevant impact on 
the pharmacokinetics of inebilizumab.

1  Introduction

Neuromyelitis optica spectrum disorder (NMOSD) is a rare, 
chronic, autoimmune, inflammatory disorder of the central 
nervous system predominately characterized by attacks 
of optic neuritis and longitudinally extensive transverse 
myelitis. Once thought to be a variant of multiple sclerosis 
(MS), NMOSD is now recognized as a distinct disease [1]. 
An important feature of NMOSD is the presence of serum 
autoantibodies against aquaporin-4 (AQP4) [2]. Pathogenic 
AQP4-immunoglobulin G (IgG) can be produced by a 
subpopulation of CD19-positive (CD19+) CD20-negative 
(CD20−) B cells showing morphological and phenotypical 
properties of plasmablasts, which are selectively increased 
in the peripheral blood of patients with NMOSD [3].

Inebilizumab is a humanized, affinity-optimized, afu-
cosylated IgG1κ monoclonal antibody (mAb) that binds 
to the B-cell-specific surface antigen CD19, result-
ing in the depletion of B cells, including plasmablasts 
and some plasma cells. In a multicenter, double-blind, 
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randomized placebo-controlled pivotal phase II/III study 
(NCT02200770) in adult subjects with NMOSD, inebili-
zumab 300 mg administered on days 1 and 15 reduced the 
risk of an NMOSD attack (hazard ratio 0.272; p < 0.0001) 
[4].

Pharmacokinetic data of inebilizumab from this pivotal 
study in adult subjects with NMOSD and two early-stage 
studies in subjects with systemic sclerosis (SSc) and relaps-
ing-remitting MS were pooled and simultaneously analyzed 
using a population approach. The aims of this investigation 
were to characterize the pharmacokinetics of inebilizumab 
and to evaluate the potential effects of demographic/patho-
logical covariates and concomitant medication usage on the 
pharmacokinetic exposure.

2 � Methods

2.1 � Ethics Approval

All clinical study protocols and patient consent documents 
were reviewed by the local institutional review board (IRB), 
and written IRB approvals were obtained prior to each 
study’s initiation.

All clinical studies were conducted in accordance with 
the ethical principles described in the Declaration of Hel-
sinki, the International Conference on Harmonisation guid-
ance for good clinical practice, any applicable regulatory 
requirements, and any condition required by a regulatory 
authority and/or IRB.

2.2 � Study Population

Two phase I clinical studies were conducted: one in adult 
subjects with SSc (NCT00946699) and another in adult 
subjects with MS (NCT01585766). A pivotal phase II/
III study was conducted in adult subjects with NMOSD 
(NCT02200770).

2.3 � Dosing and Sampling Schedule

Adult subjects received either intravenous or subcutaneous 
inebilizumab. In phase I studies, inebilizumab 0.1–10 mg/
kg or 30–600 mg was administered by intravenous infu-
sion. Six subjects with MS received single subcutaneous 
doses of 60 or 300 mg. In the phase II/III study, adult sub-
jects with NMOSD received two intravenous infusions on 
days 1 and 15 of inebilizumab 300 mg or placebo. Table 1 
lists the study designs, number of patients, and pharma-
cokinetic sampling schedules.

2.4 � Bioanalysis

Serum concentrations of inebilizumab were determined 
using a validated colorimetric sandwich enzyme-linked 
immunosorbent assay. The quantitative range of the assay 
was 100.05 ng/mL (lower limit of quantitation [LLOQ]) 
to 4105.26 ng/mL in neat serum. Values below the LLOQ 
were reported as below the assay lower limit of quantita-
tion (BLQ) values.

2.5 � Pharmacokinetic Data Analysis

2.5.1 � Data Handling and Exclusions

The pharmacokinetic and demographic covariate data 
from each study were formatted into derived population 
analysis datasets using validated SAS (version 9.3, SAS 
Institute, Cary, NC, USA) [5]. Pharmacokinetic data 
from subjects receiving placebo were excluded from the 
analysis. In addition, pharmacokinetic observations for 
which the serum concentration values were missing were 
excluded. Any quantifiable concentration values before 
the first dosing were ignored. Serum inebilizumab con-
centrations recorded as BLQ were retained in the data-
set but excluded from data analysis if the BLQ observa-
tions represented < 10% of the overall data [6]. Outliers 
based on the population pharmacokinetic model analysis 
(a posteriori outliers) were evaluated using conditional 
weighted residuals and individual weighted residuals dur-
ing the population pharmacokinetic model development 
[7].

2.5.2 � Data Analysis Plan

A pharmacometric data analysis plan was executed prior 
to the conduct of the modeling according to regulatory 
guidance from the US FDA [25] and the European Medi-
cines Agency [26]. The population pharmacokinetic 
analysis proceeded in stages: (1) an exploratory analy-
sis to identify potential outliers and to select the struc-
ture model, (2) development of a base pharmacokinetic 
model, (3) covariate analysis, and (4) evaluation of the 
final model via goodness-of-fit plots and visual predic-
tive check (VPC).

2.5.3 � Modeling Methodology

Population model development and simulation were 
performed using nonlinear mixed-effects modeling 
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(NONMEM; version 7.3; ICON Development Solutions, 
Hanover, MD, USA) [7]. The planned method of esti-
mating parameters was the first-order conditional esti-
mation with interaction. The package Xpose 4.4.0 [8] 
and the toolbox Perl-speaks-NONMEM (PsN) version 
3.4.2 [9] were used for diagnostic plotting, VPC, and 
bootstrapping.

Model development was mainly based on the following 
criteria: (1) convergence and successful minimization of 
NONMEM objective function value (OFV), (2) standard 
goodness-of-fit plots, (3) OFV reductions in hierarchi-
cal models, (4) reductions in interindividual and residual 
variability or improved parameter estimate precision, (5) 
acceptable shrinkage in estimated parameters, and (6) a 
condition number less than 1000 (ratio of the largest to 
smallest eigenvalue of correlation matrix of estimate).

2.5.4 � Population Pharmacokinetic Model

A two-compartment model with first-order elimination from 
the central compartment was initially utilized to describe 
the pharmacokinetics of inebilizumab following intrave-
nous administration. The model was parameterized using 
systemic clearance (CL), central distribution volume (Vc), 
intercompartmental clearance (Q), and peripheral distribu-
tion volume (Vp) (Fig. 1). A CD19 target-mediated elimina-
tion pathway and potential time-dependency of CL or the 
asymptotic nonlinear elimination were subsequently evalu-
ated during the base model development.

Interindividual variabilities (IIV) were assumed to be log-
normally distributed, where θi is the value of a parameter θ 
for the ith individual, θTV represents the central tendency 
estimate or typical value of pharmacokinetic parameter θ in 
the population, and ηθ, i is the subject-specific random effect 
explaining the difference between the ith individual and the 
population; ηθ, i is assumed to be normally distributed with 
a mean of zero and a variance of ωθ

2(i.e., ��,i ∼ N
(

0,�2
P

)

).

Residual unexplained variability is explained by a com-
bined proportional and additive error model:

where C(t)ij is the observed and Ĉ(t)ij is the model-predicted 
serum concentration for sample j of individual i, and �pij and 
�aij are assumed normally distributed proportional and addi-
tive residual random errors with mean of zero and estimated 
variance of �2

1
 and �2

2
 , respectively.

2.5.5 � Covariate Analysis

The final model was developed by incorporating the effect 
of relevant covariates on key structural model parameters of 
the base model. The covariate selection was based on clini-
cal judgment, mechanistic plausibility, and prior knowledge.

The relationship between a continuous covariate and a 
pharmacokinetic parameter was modeled using power func-
tions (Eq. 3) with the covariate normalized to the population 
median for the dataset. The categorical covariates were mod-
eled using fractional change functions (Eq. 4):

In Eq. (3), θ1 represents the typical value of a pharma-
cokinetic parameter (P) for the median individual (median 
covariate) and θ2 represents the coefficient for particular 
covariate effect. In Eq. (4), θ1 represents the typical value 
of a pharmacokinetic parameter (P) for the individuals with 
the most common realization of Factor (Factor = 0) in the 
analysis dataset, and θ2 represents the fractional change from 

(1)�i = �TV ⋅ e�,i

(2)C(t)ij = Ĉ(t)ij ⋅
(

1 + 𝜀pij
)

+ 𝜀aij

(3)P = �1 ⋅

(

Covariate

Median Covariate

)�2

(4)P = �1 ⋅
(

1 + �2 ⋅ Factor
)

Fig. 1   Pharmacokinetic model of intravenously administered inebi-
lizumab. CL clearance, Kdec first-order rate constant describing the 
decrease of Vmax over time, Km concentration to achieve half of Vmax, 

Q intercompartmental clearance, Vc volume of distribution in the 
central compartment, Vmax maximum velocity of Michaelis–Menten 
equation, Vp volume of distribution in the peripheral compartment
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θ1 in pharmacokinetic parameter P for an individual with the 
least common realization of Factor (Factor = 1).

Statistical tests of covariate–parameter relationships were 
assessed with the likelihood-ratio test by forward inclusion, 
followed by backward elimination. Only covariate effects 
with strong effect (p < 0.001; ΔOFV > 10.83 with 1 degree 
of freedom [df]) on inebilizumab pharmacokinetics were 
retained in the final model.

2.5.6 � Finalization of Population Pharmacokinetic Model

The goodness-of-fit plots were assessed to evaluate the per-
formance of the final pharmacokinetic model. Diagnostic 
plots were generated to evaluate the adequacy of the overall 
goodness-of-fit and stated model assumptions. The uncer-
tainty of parameter estimates of the final model were also 
evaluated by bootstrapping in addition to the standard errors 
estimated from NONMEM. The median and 95% confidence 
intervals (CIs) of bootstrapping estimates for the inebili-
zumab pharmacokinetic parameters were compared with 
the final model pharmacokinetic parameter estimates for the 
robustness of the final pharmacokinetic model. The predic-
tive performance of the developed final model was evaluated 
using the VPC method.

3 � Results

3.1 � Data Summary

A total of 1848 pharmacokinetic observations were available 
from 219 inebilizumab-treated subjects. Six subjects with 
MS who received a single subcutaneous administration of 
inebilizumab were initially excluded from the population 
pharmacokinetic analysis because of the small sample size 
and lack of clinical relevance. The population pharmacoki-
netic dataset of intravenously administered inebilizumab 
contained 1626 quantifiable pharmacokinetic samples from 
213 subjects. Among these, nine quantifiable concentrations 
were excluded from the population analysis (eight obser-
vations from eight subjects with NMOSD were associated 
with the open-label extension period of the study; one con-
centration in a subject with NMOSD was 28-fold higher 
than previous observation, without any corresponding dos-
ing record). Table 2 presents the descriptive statistics of the 
baseline categorical and continuous variables, and Table 3 
summarizes the pathological covariates for subjects with 
NMOSD in the pivotal phase II/III study.

3.2 � Structure Pharmacokinetic Model Development

Table 4 presents key steps in the development of the inebi-
lizumab population pharmacokinetic model. Body weight 
was included as a covariate in the structural model for all 
pharmacokinetic parameters of the linear two-compartment 
model, because body weight has been proven to be a sig-
nificant covariate on pharmacokinetic parameters for the 
majority of IgG-based mAbs [10]. Inclusion of a nonlinear 
elimination pathway, parameterized using an asymptotic 
Michaelis–Menten equation, significantly improved the 
overall fit of the data (model 2, ∆OFV = − 124).

The saturable elimination pathway suggests that ine-
bilizumab undergoes receptor (CD19)-mediated clear-
ance. Because the total target amount (CD19) in subjects 
is expected to reduce after treatment of inebilizumab, the 
target-mediated drug clearance may decrease over time, 
resulting in time-varying pharmacokinetics. Indeed, an 
empirical time function to account for the reduction of the 
maximum velocity (Vmax) of the nonlinear elimination path-
way (CLNL) with time lowered the OFV by 23.9 (model 3, 
Table 4). Figure 1 shows the pharmacokinetic model struc-
ture of inebilizumab.

The differential equation system describing the pharma-
cokinetic model is as follows:

where Ac and Ap are the free drug amounts in the central 
and peripheral compartments, respectively, TDVM repre-
sents the time-dependent maximum capacity of the satura-
ble clearance, and Kdec represents a first-order rate constant, 
describing the decrease of Vmax over time.

A similar model was previously developed to describe 
the time-dependent reduction in clearance of rituximab 
over time, presumably due to the shrinkage of the CD20 
antigen pool during the treatment period [11]. In this 
model, there is a time-dependent nonlinear clearance 
(CLNL) in addition to the first-order clearance CL (Eq. 9):

(5)Conc =
Ac

Vc

(6)

dAc

dt
= −Ac ⋅

CL

Vc

− Ac ⋅
Q

Vc

+ Ap ⋅
Q

Vp

−
TDVM ⋅ Conc

Km + Conc

(7)
dAp

dt
= Ac ⋅

Q

Vc

− Ap ⋅
Q

Vp

(8)TDVM = VMAX ⋅ e−Kdec⋅time

(9)CLNL = CLNL0 ⋅ e
−KD⋅time
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where CLNL0 represents the initial nonlinear clearance 
at time 0, and KD is an empirical decaying rate constant 
of CLNL with time. With the two additional pharmacoki-
netic parameters, CLNL and KD, the OFV was reduced by 
8.6 (model 4, Table 4), much less than the time-dependent 
Michaelis–Menten clearance approach (models 2 and 3, 
Table 4).

3.3 � Covariate Analysis

As body weight typically influences the clearance and 
volume of distribution of therapeutic mAbs, the effect of 
body weight was incorporated in the inebilizumab base 
pharmacokinetic model (model 3, Table 4). A correla-
tion matrix plot of candidate covariates with respect to the 

Table 2   Descriptive statistics 
of baseline categorical and 
continuous covariates

Data are presented as mean ± standard deviation or n (%) unless otherwise indicated
BMI body mass index, CD20 CD20-negative B cells, SD standard deviation

Study CP200
(N = 24)

Study 1102
(N = 15)

Study 1155
(N = 174)

Total
(N = 213)

Sex
 Male 7 (29.2) 6 (40) 15 (8.6) 28 (13.1)
 Female 17 (70.8) 9 (60) 159 (91.4) 185 (86.9)

Race
 White 20 (83.3) 13 (86.7) 92 (52.9) 125 (58.7)
 Black 3 (12.5) 1 (6.7) 15 (8.6) 19 (8.9)
 Asian 0 0 39 (22.4) 39 (18.3)
 American Indian or 

Alaskan
0 0 14 (8) 14 (6.6)

 Other 1 (4.2) 1 (6.7) 14 (8) 16 (7.5)
Antidrug antibody
 Positive 4 (16.7) 0 17 (9.8) 21 (9.9)
 Negative 20 (83.3) 15 (100) 157 (90.2) 192 (90.1)

Age (year)
 Mean ± SD 48.1 ± 8.91 44.2 ± 9.86 43.0 ± 11.6 43.7 ± 11.3
 Median (range) 48.5 (31.0–64.0) 44.0 (28.0–60.0) 43.0 (18.0–73.0) 44.0 (18.0–73.0)

Weight (kg)
 Mean ± SD 73.6 ± 17.7 78.3 ± 21.9 68.3 ± 17.4 69.6 ± 17.9
 Median (range) 73.2 (41.1–114) 72.0 (54.0–122) 65.0 (38.0–148) 66.2 (38.0–148)

BMI (kg/m2)
 Mean ± SD 26.3 ± 5.91 26.7 ± 5.90 25.2 ± 5.50 25.4 ± 5.57
 Median (range) 26.8 (15.7–37.9) 26.0 (19.8–38.6) 24.5 (15.6–52.8) 24.7 (15.6–52.8)

Total bilirubin (μmol/L)
 Mean ± SD 4.56 ± 2.35 9.13 ± 3.78 8.20 ± 5.23 7.86 ± 5.03

Median (range) 4.28 (1.71–12.0) 8.00 (4.00–17.0) 7.00 (3.00–40.0) 7.00 (1.71–40.0)
Alkaline phosphatase (U/L)
 Mean ± SD 74.1 ± 20.6 79.7 ± 28.8 67.0 ± 25.5 68.7 ± 25.4
 Median (range) 73.5 (36.0–118) 90.0 (33.0–129) 63.0 (26.0–188) 66.0 (26.0–188)

Aspartate transaminase (U/L)
 Mean ± SD 22.1 ± 8.37 20.5 ± 6.74 22.4 ± 18.9 22.3 ± 17.4
 Median (range) 21.0 (9.00–53.0) 21.0 (12.0–33.0) 19.0 (7.00–164) 19.0 (7.00–164)

Creatinine clearance (mL/min)
 Mean ± SD 129 ± 55.1 126 ± 47.4 119 ± 39.7 121 ± 42.2
 Median (range) 122 (51.5–282) 108 (84.1–245) 110 (50.9–247) 110 (50.9–282)

Estimated glomerular filtration rate (mL/min/1.73 m2)
 Mean ± SD 113 ± 50.7 96.1 ± 19.6 103 ± 26.5 103 ± 29.9
 Median (range) 107 (42.8–292) 93.1 (67.6–128) 97.0 (56.9–226) 96.6 (42.8–292)

CD20 (cells/µL)
 Mean ± SD 161 ± 143 187 ± 66.6 205 ± 129 198 ± 128
 Median (range) 108 (22.0–624) 182 (93.4–319) 183 (6.28–676) 174 (6.28–676)
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interindividual variability (η) of structure parameters of the 
base model was used for covariate screening. Study effect on 
estimation of Vmax was the only candidate that had a moder-
ate correlation (r = 0.5) [12]. Subsequent likelihood-ratio 
tests revealed that the Vmax of the clinical study in subjects 
with SSc was much greater than that of studies in subjects 
with MS and NMOSD (model 5, ∆OFV = − 50.7). Each 
study enrolled subjects with different types of disease, con-
founding the interpretation of the study effect on Vmax.

The correlation of antidrug antibody (ADA) status with 
CL was weak (r = 0.2; Table 5 and Fig. 2). In fact, the 
inclusion of the effect of time-varying ADA status on CL 
slightly increased the OFV (model 6, ∆OFV = 0.466). None 
of the liver function or liver damage markers (total bilirubin, 
alkaline phosphatase [ALP], or aspartate aminotransferase 

[AST]) showed any correlation with inebilizumab CL. There 
was no correlation between creatinine clearance or estimated 
glomerular filtration rate and the CL of inebilizumab. Most 
frequently used concomitant medications, baseline patho-
physiological covariates (AQP4-IgG serostatus, Expanded 
Disability Status Scale score, number of prior NMOSD 
attacks, disease duration), age, sex, and race had no signifi-
cant effect on inebilizumab CL.

The correlation among IIVs in the final covariate model 
was examined graphically using matrix plots. Both CL and 
Vmax contributed to the elimination of inebilizumab. Inclu-
sion of covariance of IIV between CL and Vmax using the 
$BLOCK option of NONMEM did not improve data fitting 

Table 3   Summary of baseline pathological covariates in subjects with 
NMOSD

NMOSD neuromyelitis optica spectrum disorders

Baseline variables Groups Counts

Aquaporin-4-antibody Seronegative 13
Seropositive 161

Expanded Disability Status Scale < 5 129
≥ 5 45

Number of prior NMOSD attacks < 2 25
≥2 149

Disease duration before diagnosis < 5 years 144
≥ 5 years 30

Table 4   Summary of models 
with data from intravenous 
administration

ADAT time-varying antidrug antibody, CL systemic clearance, CLNL time-dependent nonlinear clearance, 
MS minimization successful in NONMEM output, NA not applicable, OFV objective function value, PK 
pharmacokinetic, SSc systemic sclerosis, Vc volume of distribution in the central compartment, Vp volume 
of distribution in the peripheral compartment Vmax maximum velocity, $COV covariance step (NONMEM)

Model Ref. model Description OFV ∆OFV MS $COV

Linear PK model
 1 NA Two-compartmental model with first-order elimi-

nation from central compartment
7145.165 – Y Y

 1a 1 Allometric exponents fixed to default values (0.75 
for CL and one for Vc and Vp)

7257.539 112.3 Y Y

Michaelis–Menten model
 2 1 Inclusion of a nonlinear pathway (Vmax, Km) 7021.446 − 123.7 Y Y

Kdec on Vmax

 3 2 Time-dependent Vmax (decreasing with time) 6997.523 − 23.9 Y N
CL and CLNL(t)
 4 1 Rituximab model (CL and time-dependent CLNL) 7136.615 − 8.6 Y N

Covariate analysis
 5 3 SSc Study on Vmax 6946.843 − 50.7 Y Y
 6 5 ADAT effect on CL 6947.309 0.466 Y Y

Correlation model
 7 5 BLOCK (CL, Vmax) 6946.794 − 0.049 Y Y

Table 5   Summary statistics of inebilizumab clearance (mL/day) by 
antidrug antibody status

All summary statistics are rounded to three significant figures
ADA antidrug antibodies, ADA NEG ADA-negative subject with titer 
<50, ADA POS ADA-positive subject with titer ≥50, SD standard 
deviation

Summary statistics ADA status

ADA POS ADA NEG ADA combined

Sample size 158 16 174
Mean ± SD 195 ± 58.9 235 ± 58.5 199 ± 59.8
Geometric mean 187 228 191
Median 185 211 190
Minimum; maximum 91; 425 166; 359 91; 425
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(model 7, ∆OFV = −  0.049), although the correlation 
between CL and Vmax decreased from 0.399 to 0.184.

Table 6 summarizes the estimated structure and variance 
parameters of the final pharmacokinetic model (model 5). 
The estimated clearance of the first-order elimination path-
way (188 mL/day) was close to the clearance of nonspecific 
endogenous IgG, and the volume of distribution of central 
compartment (2.95 L) approached the plasma volume. The 
estimated Km, corresponding to half of the Vmax of the satu-
rable nonlinear elimination pathway, was 5.89 µg/mL.

The relative standard errors (RSEs) of the key phar-
macokinetic parameters were all less than 10% except Km 
(25.5%). The study-dependent Vmax (higher Vmax of study in 
subjects with SSc) was also precisely estimated with < 20% 
RSE. On the other hand, to describe the time-dependent 
change in Vmax, the first-order rate constant Kdec was esti-
mated with a relatively high uncertainty of 55% RSE.

The precision of the final intravenous pharmacokinetic 
model was also evaluated by bootstrapping the pharmacoki-
netic dataset 1000 times. The distributions of the parameter 
estimates (Fig. 3) showed that the parameter point esti-
mates from the observed data were similar to those from the 
bootstrapped data. The 95% CI of each parameter estimate 
obtained from bootstrapping is also presented in the model 
evaluation in Table 5.

Figure 4 shows the standard goodness-of-fit plots of the 
final intravenous pharmacokinetic model (model 5). The 
plots of random effects (ETA) versus nominal doses were 
used to assess whether the nonlinear pharmacokinetics were 
sufficiently addressed by the pharmacokinetic model. The 
ETA distributions were reasonably well distributed around 
zero value regardless of the nominal doses, suggesting that 
the nonlinearity in the pharmacokinetics was adequately 

captured by the final Michaelis–Menten model. The diag-
nostic plots of weighted residuals (Fig. 5) also supported 
that the proportional residual error model in the final phar-
macokinetic model was sufficient in the description of the 
pharmacokinetic data.

In addition, the final intravenous pharmacokinetic 
model (model 5) was evaluated using prediction-corrected 
VPC [13]. The final pharmacokinetic model was used to 
simulate the 1000 replicated VPC datasets. Figure 6 shows 
the performance of the final intravenous pharmacokinetic 
model in subjects with NMOSD. The 95 percentile inter-
vals across replicates were compared with correspond-
ing summary statistics derived from observed data. The 
model predicted distribution overlap with the observed 
concentration well, indicating that the final intravenous 
pharmacokinetic model characterized the observed phar-
macokinetics adequately. Figure 7 presents the VPC plots 
of all subjects, including those with SSc and MS.

3.4 � Pharmacokinetics of Subcutaneously 
Administered Inebilizumab

The pharmacokinetics of subcutaneously administered 
inebilizumab have not been evaluated in subjects with 
NMOSD. Among 219 subjects in the population pharma-
cokinetic dataset, only six subjects with MS received a 
single subcutaneous injection of inebilizumab (three sub-
jects each at 60 and 300 mg). Upon completion of the final 
intravenous pharmacokinetic model, the initially excluded 
pharmacokinetic data from these six subjects with MS 
were combined with the intravenous pharmacokinetic 
data and modeled for characterization of the absorption 

Fig. 2   Boxplot of inebilizumab 
clearance (mL/d) by ADA 
status. ADA antidrug antibody, 
ADA NEG ADA-negative sub-
ject with titer <50, ADA POS 
ADA-positive subject with titer 
≥50, N sample size
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of subcutaneously administered inebilizumab. The esti-
mated absorption half-life was 4.1 days, and the estimated 
absolute bioavailability was 81%. However, because of 
the small sample size, further information is required for 
proper evaluation of the absorption of inebilizumab from 
a subcutaneous injection site.

4 � Discussion

Inebilizumab is a humanized, afucosylated IgG1κ mAb 
against the B-cell-specific surface antigen CD19. The 
removal of fucose from the Fc region results in approxi-
mately tenfold increased affinity for the activating Fc gamma 
receptor IIIA and significantly enhances natural killer cell-
mediated depletion of B cells via antibody-dependent cel-
lular toxicity and antibody-dependent cellular phagocytosis 
mechanisms [14, 15]. In adults with SSc, MS, or NMOSD, 
treatment with inebilizumab effectively depleted peripheral 
B cells by > 99%. In subjects with NMOSD who received 
intravenous inebilizumab 300 mg on day 1 and day 15 dur-
ing the 28-week randomized controlled period, the risk of 
NMOSD attack was significantly lower than in those receiv-
ing placebo [4]. Inebilizumab treatment also led to signifi-
cant reductions of Expanded Disability Status Scale (EDSS) 
worsening from baseline, cumulative total active magnetic 
resonance imaging lesions, and number of NMOSD-related 
in-patient hospitalizations. [4]

The pharmacokinetics of inebilizumab were evaluated in 
two phase I studies in subjects with SSc or MS and a pivotal 

phase II/III study in subjects with NMOSD. The weight-
based (mg/kg) dosing method was used in the first-in-human 
study in subjects with SSc, whereas fixed doses (milligrams) 
were administered to subjects with MS and NMOSD. Except 
the six subjects with MS who received a single subcutaneous 
administration, all other 213 subjects in these three studies 
received inebilizumab via intravenous infusion(s). To fully 
characterize the pharmacokinetic properties of inebilizumab 
and to assess the clinical relevance of demographic/patho-
logical covariate effects, pharmacokinetic data from these 
clinical studies were pooled for a population meta-analysis.

Prior analysis of data from phase I studies using the 
noncompartmental method indicated more than dose-pro-
portional increases in pharmacokinetic exposure. When 
the drug concentration greatly exceeds the target level and 
binding affinity, the Michaelis–Menten approach reasonably 
describes the asymptotic, target-mediated drug clearance 
typically observed for mAbs against cell-membrane-asso-
ciated receptors [16]. Inebilizumab is an affinity-optimized 
IgG that binds to and depletes CD19-expressing B cells. 
During population pharmacokinetic model development, 
the inclusion of a nonlinear elimination pathway (Michae-
lis–Menten parameterization) significantly improved the 
overall fit of the data (model 2, ∆OFV = − 123.7 with 2 df). 
Furthermore, as B cells greatly depleted upon inebilizumab 
administration, an empirical first-order decay function was 
added to the Vmax of the nonlinear elimination pathway 
to account for the shrinking target antigen pool (model 3, 
∆OFV = − 23.9 with 2 df). A similar approach of having 
a time-dependent clearance for the nonlinear elimination 

Table 6   Parameter estimates 
of the final intravenous 
pharmacokinetic model of 
inebilizumab in adult subjects

CL clearance, CV coefficient of variation, IIV interindividual variability, Kdec first-order rate constant for 
decrease in Vmax, Km concentration corresponding to half of Vmax, NA not applicable, Q inter‑compartmen-
tal clearance RSE relative standard error, Vc volume of distribution in the central compartment, Vmax maxi-
mum velocity of the saturable clearance process, Vp volume of distribution in the peripheral compartment
a Natural exponent

Parameter Estimate RSE (%) Bootstrap
95% range

IIV (CV%) RSE (%) Bootstrap
95% range

CL (mL/day) 188 2.2 175–199 27 25 23–30
 Weight on CLa 0.57 15.8 0.38–0.78

Vc (mL) 2950 1.4 2860–3030 17 30 11–21
 Weight on Vc

a 0.39 22.4 0.21–0.55
Q (mL/day) 363 6.0 326–408
 Weight on Qa 0.84 21.1 0.34–1.28

Vp (mL) 2570 2.8 2420–2720 16 45 10–21
 Weight on Vp

a 0.40 27.9 0.20–0.61
Vmax (µg/day) 832 5.3 539–1400 30 61 0.3–40
 Study CP200 on Vmax (%) 210 19.5 116–328

Kdec (/day) 0.00294 55.1 0.0000294–0.00498
Km (µg/mL) 5.89 25.5 3.51–11.1
Residual variability
 Proportional error (%CV) 21.8 4.6 19.6–23.7
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pathway was previously used to describe the pharmacoki-
netics of rituximab, a chimeric IgG against CD20, in sub-
jects with chronic lymphocytic leukemia [17] or diffuse 
large B-cell lymphoma [11]. This approach was evaluated 
for inebilizumab (model 4) but was inferior to the Michae-
lis–Menten approach with time-dependent Vmax (model 3).

As for other therapeutic antibodies [20–24], body weight 
influences the clearance and distribution of inebilizumab. 
The effects of body weight were incorporated in the model 
during base model development. Although the default allo-
metric exponents of body weight on clearance and volume 
terms are 0.75 and 1, respectively, fixing the exponents to 
such default values substantially increased OFV (model 1a, 
Table 4). Except body weight, the only covariate influencing 
the pharmacokinetics of inebilizumab were study CP200 on 
Vmax. The estimate of Vmax in subjects with SSc was 2.1-
fold higher than in subjects with MS or NMOSD (model 5, 
∆OFV = − 50.7 with 1 df), even though the baseline B-cell 
count in subjects with SSc was somewhat lower than in those 
with MS or NMOSD (Table 2). Furthermore, no correlation 

was found for baseline B-cell count and Vmax (r < 0.01). 
Each study enrolled subjects with different types of diseases, 
which confounds the interpretation of the effect on Vmax. 
Nevertheless, at the therapeutic dose level, when the non-
linear target-mediated elimination pathway is saturated, the 
difference in Vmax is not expected to be clinically relevant.

Inebilizumab is primarily eliminated through the reticu-
loendothelial system by the widely expressed proteolytic 
enzyme. In the final pharmacokinetic model (model 5, 
Table 4), the estimated typical CL for a 66-kg adult was 
188 mL/day. Distribution of mAbs is usually restricted to 
extracellular fluid. The estimated Vc and Vp for inebilizumab 
was 2.95 L and 2.57 L, respectively, typical for therapeutic 
IgG. At the therapeutic dose level, when the nonlinear path-
way is saturated, the elimination half-life of inebilizumab is 
approximately 18 days.

The estimated Vmax and Km of the nonlinear elimination 
pathway were 832 µg/day (MS and NMOSD) and 5.89 µg/
mL, respectively, corresponding to a maximum nonlinear 
clearance of 141 mL/day when inebilizumab concentration 

Fig. 3   Distributions of parameter estimates via bootstrapping (model 
5). The red line indicates the original estimates from model 5, the 
vertical black line indicates the median of 1000 bootstrapped sam-
ples. The values of SIGMA.1.1 and VMAXSTUDY1102 were not 
estimated. The effect of study 1102 on Vmax was evaluated by pooling 
with the pharmacokinetic data from study 1155. Kdec was estimated 
by division with 1000 (e.g., the value of 3 in the Kdec plot corre-

sponds to estimated Kdec of 0.003 1/day). CL clearance, IIV interin-
dividual variability, Kdec first-order rate constant for decrease in Vmax, 
Km concentration to achieve half of Vmax, prop.err proportional error, 
Q intercompartmental clearance, Vc volume of distribution in the cen-
tral compartment, Vmax maximum velocity of the saturable clearance 
process Vp volume of distribution in the peripheral compartment, WT 
body weight
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is much lower than Km. Likely associated with the depletion 
of B cells, including plasmablasts and some plasma cells 
upon inebilizumab administration, Vmax decreases with time, 
with an estimated half-life of 236 days. At the end of the 

28-week randomized controlled period, Vmax in subjects with 
NMOSD decreased to 56% of the original value.

Although the CL of inebilizumab in ADA-positive sub-
jects appeared higher than that in ADA-negative subjects, 

Fig. 4   Standard goodness-of-fit 
plots of final intravenous phar-
macokinetic model. “Obser-
vations” are inebilizumab 
concentrations. “Population pre-
dictions” are the concentrations 
predicted for individual’s obser-
vations based on typical (popu-
lation) values of the pharma-
cokinetic parameters, whereas 
“individual predictions” are the 
concentrations predicted for 
individual’s observations based 
on individual values of phar-
macokinetic parameters. All 
the concentrations are in µg/mL 
unit. The circles are the pairs of 
observations and predictions or 
weighted residuals. The solid 
red lines are loess smoothing 
lines. |iWRES| absolute indi-
vidual weighted residuals

Fig. 5   Diagnostic plots of 
weighted residuals (model 5). 
All concentrations are in μg/
mL unit. The circles represent 
weighted residuals of individual 
observations. The solid red lines 
indicate loess smoothing lines. 
iWRES individual weighted 
residual
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population analysis showed no statistically significant effect 
of the presence of ADA on CL. Since mAbs are not primar-
ily cleared via the hepatic pathway, change in hepatic func-
tion is not expected to influence inebilizumab CL. None of 
the liver function or liver damage markers (total bilirubin, 
ALP, AST) showed any correlation with CL. Given the large 
molecular weight and hydrodynamic size of an mAb, inebili-
zumab is not expected to be filtered through the glomerulus. 
There was no correlation between creatinine clearance or 
estimated glomerular filtration rate and CL of inebilizumab. 
Further assessments demonstrated similar CL of inebili-
zumab in subjects with both normal and impaired hepatic 
or renal function. Similarly, inebilizumab pharmacokinet-
ics were not influenced by the baseline pathophysiological 
covariates AQP4-IgG serostatus, EDSS, number of prior 
NMOSD attacks, or disease duration. Furthermore, age, 
sex, and race had no significant effect on inebilizumab CL.

Cytochrome P450 enzymes, efflux pumps, and protein-
binding mechanisms are not involved in the clearance of 
inebilizumab, a humanized IgG1κ mAb. The potential risk 
of pharmacokinetic interactions between inebilizumab and 
other drugs is low. Based on the population pharmacoki-
netic analysis, small-molecule drugs commonly used by 
subjects with NMOSD (paracetamol, diphenhydramine, 

prednisolone, and methylprednisolone) had no effect on 
inebilizumab pharmacokinetics. However, as with other 
B-cell-depleting drugs (rituximab [18], ocrelizumab [19]), 
concomitant usage of inebilizumab and other immunosup-
pressant drugs may result in an increased risk of infection.

Given the orphan disease indication, inebilizumab was 
evaluated in one pivotal study, in which only one dose level 
(300 mg) was tested. The population pharmacokinetic mod-
eling relied on the pooled data from early studies in subjects 
with SSc or MS. Furthermore, the small sample size (n = 6) 
of subjects with MS receiving subcutaneous administration 
of inebilizumab meant we could not reliably estimate the 
absolute subcutaneous bioavailability.

5 � Conclusion

Pharmacokinetic data of inebilizumab from early-stage stud-
ies in patients with SSc or MS and a phase II/III study in 
adult subjects with NMOSD were pooled and analyzed using 
a population approach. Inebilizumab pharmacokinetics were 
described by a two-compartment model with parallel first-
order and asymptotic nonlinear elimination pathways. The 

Fig. 6   Prediction-corrected 
visual predictive check plot 
(linear and log scale, model 5). 
The blue circles represent the 
observed concentration. The 
solid and dashed lines represent 
the median and 2.5th and 97.5th 
percentiles of the observations. 
The shaded red and blue areas 
represent the 95% confidence 
interval of the median and 2.5th 
and 97.5th percentiles predicted 
by the model, respectively

Fig. 7   Visual predictive check 
plot of NMOSD study (linear 
and log scales, model 5). The 
blue circles represent the 
observed concentration. The 
solid and dashed lines represent 
the median and 2.5th and 97.5th 
percentiles of the observations. 
The shaded red and blue areas 
represent the 95% confidence 
interval of the median and 2.5th 
and 97.5th percentiles predicted 
by the model, respectively
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Vmax of the target-mediated elimination pathway decreased 
with time, likely because of the depletion of B cells upon 
inebilizumab administration. The estimated disposition 
parameter values of inebilizumab were typical for a human 
IgG. The presence of ADA, age, sex, race, hepatic and renal 
function markers, baseline CD20+ B-cell count, baseline 
NMOSD-related pathological variables, and commonly 
used small-molecule drugs had no impact on inebilizumab 
pharmacokinetics.
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