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Abstract
Anti- neutrophil cytoplasmic antibody- associated vasculitides granulomatosis 
with polyangiitis (GPA) and microscopic polyangiitis (MPA) are rare, potentially 
organ-  and life- threatening autoimmune conditions affecting adult and pediatric 
patients. An open- label phase II study was conducted to determine safe and ef-
fective dosing regimens of rituximab in pediatric patients with GPA/MPA. To 
determine the selection of an appropriate dose regimen in children for induction 
and maintenance, a population pharmacokinetic approach was used (nonlinear 
mixed- effect modeling), combining pediatric data with data from adults with 
GPA/MPA. The time course of B- cell depletion was assessed in both populations. 
The exposure- effect relationship was assessed by logistic regression. Twenty- five 
pediatric patients (80% female patients; age range, 6– 17 years) were enrolled in 
the trial and received the induction regimen of intravenous rituximab 375 mg/m2 
weekly for 4 weeks, which resulted in a similar exposure to that of adults. Based 
on pharmacokinetic modeling, a maintenance dosing regimen of 250 mg/m2 ad-
ministered twice over 14 days followed by 250 mg/m2 every 6 months is expected 
to result in similar rituximab exposure as that of adults receiving the approved 
maintenance dose of 500 mg administered twice over 14 days followed by 500 mg 
every 6 months. The time course of B- cell depletion was similar between the pedi-
atric and adult populations, supporting the similarities in response in both popu-
lations and allowing extrapolation to patients less than 6 years old. Using a partial 
extrapolation approach helped identify safe and effective dosing regimens of 
rituximab in pediatric patients with GPA/MPA and lead to regulatory approval.
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INTRODUCTION

Anti- neutrophil cytoplasmic antibody (ANCA)- associated 
vasculitides granulomatosis with polyangiitis (GPA) and 
microscopic polyangiitis (MPA) are rare, potentially or-
gan-  and life- threatening autoimmune conditions that af-
fect small blood vessels.1– 3 Left untreated, GPA and MPA 
can progress from a limited disease to multisystem in-
volvement and/or renal complications that confer a high 
risk of end- stage renal disease and death despite potent 
immunosuppressive therapy.1,2,4,5

The pathophysiology and natural history of GPA and 
MPA and their immunosuppressant treatments are sim-
ilar between the adult and childhood diseases. Pediatric 
patients with GPA or MPA often have clinical features, 
signs, and symptoms similar to those in adult patients,6 
although the relative frequencies of symptoms differ. 
Childhood- onset GPA is associated with a higher preva-
lence of renal disease and nasal deformities at presenta-
tion and a higher overall incidence of subglottic stenosis 
over time than GPA in adults.5– 8 Pediatric patients are 
also more likely to have multiple organ involvement and 
disease- related morbidity and mortality due to aggressive 
respiratory involvement or progressive renal failure.5,7,8

Across age groups, the pathogenesis of GPA and MPA 
involves defects in innate and adaptive immunity, dysreg-
ulation of B- cells and pathogenic production of ANCAs.6,9 
In support of a crucial role for B- cells, the number of ac-
tivated peripheral B- cells correlates with disease activity 

in GPA and MPA.10 B- cells contribute to disease patho-
genesis by acting as antigen- presenting cells through the 
production of various cytokines or participation of their 
progeny in the production of autoantibodies.10,11 The pro-
portions of B- cell subpopulations are similar in pediatric 
patients across age groups (18 months to 18 years).12

Conventional treatment for severe disease is remission 
induction with cyclophosphamide in combination with 
glucocorticoids (GCs), followed by maintenance with 
azathioprine or methotrexate.1,2,13,14 However, these treat-
ments are associated with frequent relapses and substan-
tial toxicity that can result in severe, permanent morbidity 
and fatal adverse events (AEs).2,4,5 Hence, there is a major 
unmet need for pediatric patients with GPA or MPA.

Rituximab (Rituxan, South San Francisco, CA/
MabThera, Basel, Switzerland) is an anti- CD20 monoclo-
nal antibody that induces rapid and sustained depletion of 
CD20+ B- lymphocytes, thereby suppressing autoantibody 
production.15– 19 Rituximab was first approved for remis-
sion induction in adult patients with GPA or MPA and 
subsequently approved for remission maintenance.15,16 
The induction dose approved by the US Food and Drug 
Administration (FDA) and the European Medicines 
Agency (EMA) for adult patients with active GPA or MPA 
is, in combination with GCs, an intravenous (i.v.) infusion 
of rituximab 375 mg/m2 once weekly for 4 weeks, based on 
the results of the RAVE trial.20 The follow- up dose in adults 
who achieve disease control with induction treatment was 
based on the results of the MAINRITSAN trial,21 which 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Rituximab was first approved for remission induction in adult patients with 
granulomatosis with polyangiitis (GPA) and microscopic polyangiitis (MPA) and 
subsequently approved for remission maintenance. The approval of rituximab for 
pediatric patients was based on the PePRS trial, which used the same induction 
regimen as adults, whereas the follow- up treatment and dosing regimen was left 
to the physician's discretion.
WHAT QUESTION DID THIS STUDY ADDRESS?
This open- label phase II study was conducted to determine dosing regimens of 
rituximab in pediatric patients with GPA/MPA.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Modeling and simulations were used to confirm the dosing regimen used for in-
duction in patients greater than 6 years old, extrapolate to younger patients aged 
≥2 to < 6 years and suggest a dosing regimen for follow- up maintenance treat-
ment in pediatric patients aged ≥2 to <18 years.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
The work presented here was instrumental in supporting the first approval of 
rituximab in pediatric patients with GPA/MPA and demonstrates the utility of 
model- informed drug development to complement limited clinical trial data.



2174 |   JAMOIS et al.

used, in combination with GCs, 2 i.v. infusions of ritux-
imab 500 mg 2 weeks apart, followed by an i.v. infusion of 
rituximab 500 mg every 6 months per clinical evaluation.15

The approval of rituximab for pediatric patients in the 
United States and European Union was based on the PePRS 
trial22 of pediatric patients (≥2 years old) with GPA or 
MPA,15,16 which used an induction dose of 375 mg/m2 body 
surface area (BSA) once weekly for 4 weeks; in the United 
States, a follow- up dose of two 250 mg/m2 i.v.  infusions sepa-
rated by 2 weeks, followed by a 250 mg/m2 i.v. infusion every 
6 months thereafter based on clinical evaluation, was also 
approved. When the PePRS trial began, the adult induction 
regimen was approved, but no follow- up treatment data 
or approved maintenance regimen in adults was available. 
Therefore, the PePRS trial used the same induction regimen 
as in adults, whereas the follow- up treatment and dosing reg-
imen was left to the physician's discretion, based on factors 
like disease  activity and response to induction treatment.

Drug development for pediatric patients can be chal-
lenging due to differences in drug response and metabolism 
between children and adults. Clinical trial design must also 
contend with ethical issues when conducting research in a 
vulnerable population. These challenges are compounded 
in orphan diseases like GPA and MPA, which have very 
low incidences in both adults and children.5 Extrapolation 
from adult data to support findings of effectiveness, safety, 
and appropriate dosing regimen in pediatric patients can 
alleviate some of these issues; however, extrapolation is 
only justified when the following criteria are met: simi-
lar pharmacokinetic (PK) characteristics among patients 
(i.e., matching exposure), similar pathogenesis and disease 
progression, similar mechanism of action, similar efficacy, 
and similar exposure– response relationships.23

To provide dosing recommendations for rituximab 
in pediatric patients with GPA or MPA, a population PK 
modeling approach was used to characterize the PK of 
rituximab in both adult and pediatric populations with 
GPA or MPA. Rituximab exposure following the PePRS 
induction regimen was simulated in pediatric patients 
(≥2 years old) with a population PK model and compared 
with predicted exposure in adults with GPA or MPA. PK 
simulations were used to extrapolate the dosing regimen 
for induction and maintenance therapy for patients aged 
greater than or equal to 2 to less than 6 years in accordance 
with the FDA and EMA guidelines.24,25

METHODS

Patient population and study design

Data from the adult RAVE trial20 and the pediatric PePRS 
trial22 were combined. In RAVE, 197 ANCA- positive 

adults with GPA or MPA were randomized to receive 
either rituximab (375 mg/m2 weekly for 4 weeks) or cy-
clophosphamide (2 mg/kg/day) with a primary end 
point of disease remission at month 6. Serum samples 
were collected in rituximab- treated patients for meas-
urement of rituximab concentrations, B- cell counts, and 
anti- drug antibodies (ADAs). For RAVE and PePRS, PK 
 measurements for rituximab levels were evaluated prior 
to the first and third doses, then on days 29 (month 1), 60 
(month 2), 120 (month 4), 180 (month 6), 270 (month 9), 
and 545 (month 18) from the first dose, and then every 
6 months during the follow- up period and at the end of 
the study. The PePRS trial22 was an international, multi-
center, open- label, uncontrolled phase IIa study to assess 
safety, PK, pharmacodynamics (PD), and exploratory ef-
ficacy outcomes in pediatric patients with GPA or MPA 
treated with rituximab. Plasma/serum samples were col-
lected for measurement of rituximab concentrations, B- 
cell counts, and ADAs. Patients aged greater than or equal 
to 2 to less than or equal to 18 years with newly diagnosed 
or relapsing GPA or MPA received four weekly i.v. infu-
sions of rituximab 375 mg/m2 BSA and a GC taper; after 
6 months, patients could receive further rituximab doses 
and/or other immunosuppressants per investigator dis-
cretion. The study was conducted in accordance with the 
principles of the Declaration of Helsinki. Ethics approvals 
for this study were obtained from the respective institu-
tional review boards/ethics committees.

Extrapolation strategy to support 
induction and maintenance labeling for 
pediatric patients (≥2 to 18 years old)

Population PK analysis

A two- compartment population PK model with lin-
ear elimination was developed in NONMEM (version 
7.3.0; ICON Development Solutions, Hanover, MD)26 
using data from 122 patients (97 adult patients [3 of 
whom were aged 16– 17 years] from the RAVE trial,20 
and 25 pediatric patients from the PePRS trial22 receiv-
ing greater than or equal to four weekly i.v. doses of 
rituximab 375 mg/m2).  The pediatric sample size was 
considered sufficient to provide a reasonable estimate 
of variability for the mean PK parameters based on the 
observed interpatient variability from RAVE, ensured a 
95% probability of observing at least one AE when the 
underlying incidence of that event is 11%, and allow for 
estimation of the percentage of patients in remission at 
6 months within 20% of the end point. The PK model 
developed in adult and pediatric patients was qualified 
for simulation purposes.
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Dosing recommendations for induction

Although GPA/MPA can occur in patients <6 years old, 
recruiting patients in this age group is challenging due 
to low prevalence, and none were enrolled in PePRS. 
Therefore, rituximab exposure following the PePRS in-
duction regimen in pediatric patients (≥2 years old) was 
simulated with a population PK model and compared 
with predicted exposure in adults with GPA or MPA. In 
the absence of clinical data, PK simulations were used 
to provide dosing recommendations in patients ≥2 to 
<6 years old to ensure comparable exposure in this age 
group with the recruited patients >6 to <18 years old and 
adult patients from the RAVE trial.

In adults, the induction regimen was simulated using 
the individual empirical Bayes estimates (i.e., post hoc 
ETA estimates in NONMEM) from 94 adult patients from 
the RAVE trial and their respective BSA values and as-
suming no ADAs. For children, a similar sample size of 
94 patients was simulated for each of the following BSA 
values: 0.5, 0.8, 1.2, and 1.8 m2, which correspond to the 
typical BSA of children aged 2, 6, 12, and 15 years, respec-
tively.27 The empirical Bayes estimates of those pediatric 
patients were simulated using the between- patient vari-
abilities of the population PK model. Residual variabil-
ity was not used for simulations. For each patient from 
PePRS, the primary exposure variable considered for PK 
bridging was the cumulative area under the curve (AUC) 
over 6 months (i.e., over the induction period). The AUC 
represents the integrated overall rituximab exposure after 
the four rituximab infusions in the 6- month remission 
induction phase and was used to assess similarity in ex-
posure between children and adults. Minimum rituximab 
serum concentration (Cmin) at 6 months and maximum 
rituximab serum concentration (Cmax) at the end of the 
second infusion were also computed.

Dosing recommendations for follow- up/
maintenance treatment in pediatric 
patients (≥2 to 18 years old)

In the PePRS trial, after the 6- month standardized rituxi-
mab induction regimen in all patients, various follow- up 
regimens were used, according to physician and local 
clinical practice. In adults, a positive risk– benefit ratio of 
rituximab in the maintenance setting was demonstrated 
in the MAINRITSAN trial,21 in which treatment with 
rituximab resulted in fewer relapses than azathioprine. 
Therefore, rituximab PK was simulated to ensure that the 
proposed maintenance dosing regimen for children aged 2 
to less than 18 years would provide similar exposure as for 
adults who received the adult maintenance regimen in the 

MAINRITSAN trial.21 Using the population PK model de-
veloped in adults and pediatric patients, different follow-
 up doses (i.e., 2 i.v. infusions of rituximab 250, 275, and 
300 mg/m2 administered 2 weeks apart) were simulated 
in pediatric patients to determine which dose would best 
match the adult exposure.21

PK and PD sampling

In all clinical trials, rituximab concentrations in serum 
were determined using a validated enzyme- linked im-
munosorbent method with a lower limit of quantitation 
of 500 ng/ml. Serum ADAs were measured using a vali-
dated enzyme- linked immunosorbent method in which 
samples were first screened for ADAs; those that could be 
immunodepleted were considered ADA positive. Serum 
samples were provided to determine circulating CD19+ 
B- cell populations, which were analyzed by fluorescence- 
activated cell sorter analysis.

Safety, efficacy, PD, and exposure– response  
analysis

The cumulative AUC over 6 months was used to assess 
the relationships among rituximab exposure, efficacy, and 
safety, and compare those relationships between adult 
and pediatric patients. Efficacy was evaluated using the 
Pediatric Vasculitis Activity Score (PVAS) at/by month 6.28  
Logistic regression models assessed any correlation be-
tween the probability of being in PVAS remission by 
month 6 and rituximab exposure and any correlation be-
tween the probability of the occurrence of selected safety 
parameters of interest (i.e., serious AEs, AEs grade ≥3, 
infusion- related reactions, serious infections, and pro-
longed low IgG levels [hypogammaglobulinemia] in the 
remission- induction phase) and rituximab exposure in 
pediatric patients. The relationship between rituximab ex-
posure and B- cell depletion was also compared between 
adults and pediatric patients.

RESULTS

Patient population

PePRS enrolled 25 children from six countries; the median 
(range) age was 14 (range 6– 17 years), and 80% were fe-
male patients (Table 1).22 All patients completed the in-
duction regimen, and 24 patients completed ≥18 months 
of follow- up. A total of 204 rituximab concentrations from 
25 patients were included in the analysis. Ninety- seven 
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patients who received rituximab in RAVE20 were included 
in this population PK analysis; the median (range) age was 
55 (16– 92) years, and 54% were female patients (Table 1). 
A total of 487 concentrations from 97 patients were in-
cluded in the data set. In RAVE, 97% of patients received 
greater than or equal to three study drug infusions, and 
among patients who received rituximab, 85% completed 
6 months of treatment.

Matching PK exposure between adult and 
pediatric patients for induction

A linear two- compartment model was used to describe 
rituximab PK during induction in both adult and pedi-
atric patients. BSA and presence of ADAs were the only 
two covariates found to impact rituximab PK. Rituximab 
clearance (CL) and central volume of distribution were 
highly correlated with BSA. Because ADAs had no im-
pact on the safety and efficacy of rituximab, and there-
fore no impact on the recommended dosing regimen, 
this covariate was not included in the simulations pre-
sented.22 After the model was adjusted for BSA, no PK 
difference remained between pediatric and adult patients 
with GPA or MPA. The relationships among CL, AUC, 
and BSA in absence of ADAs have been described al-
ready (Figure S1). The final model parameter estimates 
are shown in Table  S1. Visual predictive check plots 
(Figure S2) confirmed that the model was able to describe 
both adult and pediatric data. The model provided a good 
description of the observed data and was suitable for 
simulations; therefore, rituximab exposure following the 
induction regimen from PePRS was predicted in pediatric 
patients (≥2 to 15 years old) and compared with predicted 
exposure in adults with GPA or MPA (Figure 1). Based on 
these simulations, AUC is expected to be similar in pa-
tients aged greater than or equal to 2 to less than 6 years 
compared with those greater than or equal to 6 years. 

There was a trend towards lower Cmin in patients greater 
than or equal to 2 and less than or equal to 10 years of 
age compared with adults, whereas Cmax was similar in 
all age groups (Figure 1).

Mechanism of action, exposure– response 
relationships, efficacy, and safety

In adults in the RAVE trial, rapid and prolonged periph-
eral CD19+ B- cell depletion to below levels of quantifica-
tion across the entire exposure range in all patients was 
observed after the first rituximab infusion.20 In PePRS, 
peripheral B- cells were depleted to below the lower labo-
ratory limit of quantification of 20 cells/μl in all patients 
by week 1 after the first rituximab infusion, regardless of 
age.22 B- cell depletion was sustained until at least month 
6, and in most cases, throughout the duration of follow-
 up (≥12 months after remission induction and ≤4.5 years 
until the clinical close out; data not shown). At month 
18, CD19+ B- cell levels had increased but remained 
below baseline levels (mean, 160.10/μl; median, 58/μl). 
Younger patients (≥6 to <12 years old; n = 6) had baseline 
CD19+ B- cell counts in the same range as patients aged 
greater than or equal to 12 to less than or equal to 17 years 
(n = 19), and their B- cell counts were depleted below the 
lower laboratory limit of quantification after rituximab 
treatment. The magnitude of B- cell depletion and the start 
time of repletion was comparable between adults and 
pediatric patients. Because no age- related effect was ob-
served in the study population, B- cell depletion in patients 
greater than or equal to 2 to less than or equal to 6 years 
of age is expected to be similar to that in older patients,12 
supporting a similar PD effect across all ages. In the induc-
tion phase, the time course of B- cell depletion was similar 
between pediatric and adult patients (Figure 2).

As in adults with GPA or MPA, no association was 
found between variability in exposure generated by four 

T A B L E  1  Summary of baseline characteristics in pediatric and adult patients with GPA/MPA who received rituximab in PePRS or 
RAVE

Pediatric patients in PePRS22   
(N = 25) Adults in RAVE20 (N = 97a) Total (N = 122)

Age, median (range), years 14 (6– 17) 55 (16– 92) 50 (6– 92)

Sex, n (%)

Male 5 (20) 45 (46) 50 (41)

Female 20 (80) 52 (54) 72 (59)

Weight, median (range), kg 50.9 (23.0– 80.8) 80.5 (47.3– 128.0) 73.9 (23.0– 128.0)

BSA, median (range), m2 1.45 (0.9– 1.9) 1.9 (1.4– 2.5) 1.84 (0.9– 2.5)

B- cell count, median (range), 106 cells/L 603 (197– 2170) 221 (10– 2320) 273 (10– 2320)

Abbreviations: BSA, body surface area; GPA, granulomatosis with polyangiitis; MPA, microscopic polyangiitis.
aThree of 97 patients were aged 16 and 17 years.
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weekly infusions of 375 mg/m2 and clinical response at 
the end of induction in pediatric patients, suggesting that 
the induction regimen resulted in exposure at the plateau 
of the exposure– response relationship. Additionally, no 

association between rituximab exposure and efficacy was 
observed (Figure 3a).

No association between drug exposure and the selected 
safety parameters of interest was identified (Figure 3b– e). 

F I G U R E  1  Predicted (a) Cmax, (b) Cmin, and (c) AUC in pediatric patients (≥2 to 15 years old) and adults with GPA and MPA in the 
induction setting. Results are presented as median (range). AUC, area under the curve; BSA, body surface area; Cmax, maximum serum 
concentration; Cmin, minimum serum concentration; GPA, granulomatosis with polyangiitis; MPA, microscopic polyangiitis.
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Overall, the safety profile of rituximab in pediatric pa-
tients was similar to the known safety profile of rituximab 
in adults with GPA/MPA, despite the prolonged durations 
of B- cell depletion through month 18 and during the peri-
ods of repeat rituximab treatments.

Matching PK exposure between adult and 
pediatric patients for maintenance

Simulations showed that a follow- up dose of rituximab 
250 mg/m2 in pediatric patients was the most similar to 

F I G U R E  2  Observed CD19 B- cell levels over time in adult and pediatric patients in the induction setting. (a) For the two studies 
superimposed. (b) For the two studies superimposed (zoomed). Red lines: B- cell counts over time for pediatric patients; Black lines: B- cell 
counts over time for adult patients. B- cell counts equal to zero were assigned a value of 0.05 on the semi- log scale plots. (c) Distributions 
of B- cell count at 180 days by study (zoom through data). (d) Distributions of B- cell count at baseline and at 180 days by exposure category 
for the two studies combined. The B- cell counts are plotted versus an exposure category using a box and whisker plot. Median values of 
the B- cells are designated by black lines in the center of the boxes. Boxes indicate IQR. Whiskers represent 1.5*IQR. Outliers are marked 
outside of the whiskers by circles. Exposure categories were defined by the values of AUC180. Low and high exposure categories included 61 
patients each with AUC180 less or equal (greater) than the median of AUC180 values in patients of the combined set of RAVE and PePRS 
(equal to 10,201 μg*day/ml). One patient with a B- cell count greater than 400 106/L was excluded for better figure visibility. AUC, area under 
the curve; IQR, interquartile range.
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the approved adult follow- up dose of 500 mg. Comparison 
of the predicted PK parameters (AUC, Cmin, and Cmax) 
following two i.v. infusions administered 2 weeks apart 
of rituximab 250 mg/m2 in children with BSA of 0.5, 
0.8, 1.2, and 1.8 m2 and rituximab 500 mg in adults is 
shown in Figure  4 and Figure  S3. Predicted rituximab 
concentration– time profiles in pediatric patients follow-
ing two i.v. infusions of rituximab 250 mg/m2 adminis-
tered 2 weeks apart were compared with predicted PK 
profiles in adults following the rituximab regimen in 
the MAINRITSAN trial (rituximab 500 mg i.v. adminis-
tered 2 weeks apart21; Figure 1). The simulated PK time 
courses were summarized using median concentration– 
time profiles and 5th and 95th percentiles (90% prediction 
interval).

A BSA- adjusted dosing regimen of rituximab 250 mg/m2  
administered to children is expected to result in com-
parable exposure (AUC over 6 months) to adults treated 
with the approved follow- up rituximab dosing regimen 
in GPA or MPA. The predicted Cmax in children is lower 
than in adults, whereas Cmin slightly increases with in-
creasing BSA. For the maintenance phase, 375 mg/m2 
infusions were given: eight patients had an infusion 

every 6– 12 months (cycle range: 1– 5), eight patients had 
weekly infusions for 4 weeks (range: 1– 6), one patient 
had weekly infusions for 2 weeks, and eight patients had 
no further rituximab treatment; all of these regimens 
were well- tolerated. The proportion of patients achiev-
ing PVAS remission during the maintenance phase 
increased in those who received repeated doses of ritux-
imab (Table 2).

DISCUSSION

To provide dosing recommendations for induction and 
maintenance in pediatric patients with GPA or MPA, 
data were leveraged from adult and pediatric patients 
treated with rituximab. Modeling and simulations were 
used to confirm the dosing regimen used for induc-
tion in patients greater than 6 years old, extrapolate to 
younger patients aged greater than or equal to 2 to less 
than 6 years, and suggest a dosing regimen for follow-
 up maintenance treatment in pediatric patients aged 
greater than or equal to 2 to less than 18 years. The 
rituximab PK, exposure- safety, and exposure- efficacy 

F I G U R E  3  Probability of (a) remission by month 6, (b) AE greater than or equal to 3, (c) SAE, (d) infusion- related reaction, and (e) 
hypogammaglobulinemia versus rituximab exposure over 6 months. AE, adverse event, AUC, area under the curve; SAE, serious adverse event.
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analyses were comparable between adult and pediatric 
patients with GPA or MPA who participated in RAVE 
and PePRS, respectively.

Rituximab's PK has been described previously in 
patients with non- Hodgkin's lymphoma by a linear 
two- compartment model with rituximab elimination 

composed of a time- independent nonspecific catabolic 
antibody clearance, and a time- dependent clearance as-
sociated with target- mediated drug elimination, which 
decreases exponentially over time.29 In the present anal-
ysis, rituximab dosing and sample collection did not 
allow capturing the nonlinear clearance, and the PK of 
rituximab was well- described using a two- compartment 
linear clearance only. Results of the population PK anal-
ysis showed a strong relationship (exponent  =  0.952) 
between rituximab CL and BSA, with similar exposure 
(AUC over 6 months) in children and adolescents from 
PePRS compared with adults from RAVE across the en-
tire range of BSA, following four weekly i.v. infusions of 
rituximab 375 mg/m2. In this analysis, the primary expo-
sure variable considered for PK bridging was the AUC. 
Results from PePRS showed no association between 
variability in rituximab exposure and selected safety 
or efficacy end points, suggesting that the dosing regi-
men results in exposure at the plateau of the exposure– 
response relationship.22

Whereas no patients aged less than 6 years were en-
rolled in PePRS, based on the model, exposure in pediatric 
patients aged less than 6 years is predicted to be similar 
to that of older pediatric patients. The results of the work 
presented here are supported by the following evidence:

1. IgG levels are low in children aged <1 year due to 
low synthesis (immature immune system at birth) and 

F I G U R E  4  Comparison of predicted (a) Cmax, (b) Cmin, 
and (c) AUC following two i.v. infusions administered 2 weeks 
apart of 250 mg/m2 rituximab in pediatric patients with BSA of 
0.5, 0.8, 1.2, and 1.8 m2 and 500 mg rituximab in adult patients 
(maintenance regimen). AUC, area under the curve; BSA, body 
surface area; Cmax, maximum serum concentration; Cmin, minimum 
serum concentration; GPA, granulomatosis with polyangiitis; IV, 
intravenous; MPA, microscopic polyangiitis. *Results are presented 
as median (range).

T A B L E  2  PVAS remission at key time points (after month 6 
and to months 12 and 18) for patients in PePRS re- treated or non– 
re- treated with rituximab after the 6- month remission induction 
phase, safety- evaluable patients

Rituximab (N = 25)

Re- treateda 
(n = 14)

Non– re- treateda 
(n = 11)

Month 6

n (%) 8 (57.1) 5 (45.5)

95% CI 28.9, 82.3 16.7, 76.6

Month 12

n (%) 11 (78.6) 7 (63.6)

95% CI 49.2, 95.3 30.8, 89.1

Month 18

n (%) 10 (71.4) 8 (72.7)

95% CI 41.9, 91.6 39.0, 94.0

Abbreviations: CI, confidence interval; PVAS, Pediatric Vasculitis Activity 
Score.
aRe- treated refers to patients who received rituximab between months 6 and 
18. Non– re- treated refers to patients who did not receive rituximab between 
months 6 and 18. Three of the 11 non– re- treated patients received rituximab 
after month 18 and eight did not.
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decline of maternal IgG levels after birth.30 Endogenous 
IgG concentrations increase from childhood to adult-
hood; the increase primarily reflects an increase in 
production, rather than a decrease in IgG CL.31 A 
prior study found that IgG concentrations decrease in 
infants within the first 3 months of age but increase 
to 85% of adult levels by ages 3– 5 years.32 The data 
suggest that IgG concentrations are slightly increased 
from age 2– 5 years compared with older children and 
adults. Because the modest increase in IgG is due 
to an increase in IgG synthesis, the rituximab dose 
required in patients aged greater than or equal to 2 
to less than 6 years is expected to be the same as in 
those aged greater than or equal to 6 years.

2. The neonatal Fc receptor (FcRn) protects IgG, both 
endogenous and therapeutic (i.e., monoclonal antibod-
ies), from degradation.33 As FcRn is present in fetuses, 
infants, children, and adults, rituximab's half- life is 
expected to be as long in patients aged greater than or 
equal to 2 to less than 6 years as in older children.34,35 A 
competition for recycling via FcRn exists between en-
dogenous IgG and monoclonal antibodies36; therefore, 
assuming constant FcRn expression and functionality, 
lower IgG levels in children (≥6 months to <3 years) 
could reduce rituximab CL and increase its exposure.

3. As children age, physiologic processes mature and can 
affect the disposition of monoclonal antibodies37,38; 
however, these maturation processes are not expected 
to affect the PK of rituximab in patients greater than or 
equal to 6 years of age. Furthermore, rituximab PK data 
in patients receiving rituximab in the oncology setting 
demonstrated similar exposure in patients greater than 
1 to less than 6 years old compared with older patients.39

A PK extrapolation strategy was used to confirm rit-
uximab dosing for induction and determine maintenance 
dosing for pediatric patients with GPA or MPA (accepted 
by the FDA) and for patients less than 6 years (accepted by 
the FDA and European Commission). This was the first 
regulatory approval of rituximab for any indication in pe-
diatric patients. The approved induction dose for pediatric 
patients with GPA or MPA is, in combination with GCs, 
rituximab 375 mg/m2 once weekly for 4 weeks.15,16 The fol-
low- up dosing approved by the FDA in pediatric patients 
with GPA or MPA who have achieved disease control with 
induction treatment is, in combination with GCs, two i.v. 
infusions of rituximab 250 mg/m2 separated by 2 weeks 
followed by an i.v. infusion of rituximab 250 mg/m2 every 
6 months thereafter based on clinical evaluation.15 Due to 
heterogeneity in repeat dosing and regimens used after in-
duction of remission in PePRS, the determination of the 
optimal maintenance regimen was based on matching 
exposure between pediatric patients and adults receiving 

rituximab in MAINRITSAN.21,22 The proposed dosing reg-
imen uses a lower dose than the most intensive regimen 
(375 mg/m2/week for 4 weeks every 6 months for ≤6 cy-
cles), which was well- tolerated by patients in PePRS.22 In 
PePRS, the proportion of patients achieving PVAS remis-
sion increased after repeated doses of rituximab (Table 2), 
supporting the use of additional rituximab therapy in the 
maintenance setting, for those who require it.

As B- cell subpopulations are similar across pediatric 
age groups,12 the PD of rituximab was expected to be simi-
lar in children less than 6 years old. No obvious differences 
in B- cell depletion or the onset of repletion were found 
between adult patients in RAVE20 and pediatric patients 
in PePRS22 receiving rituximab for GPA or MPA. B- cell 
depletion profiles in pediatric patients were as expected 
per the mechanism of action of rituximab and as observed 
for other autoimmune indications for which rituximab is 
approved in adults.15,16 Return of peripheral B- cells was 
not a prerequisite for repeat maintenance treatment with 
rituximab, and most patients received repeat rituximab 
treatment at investigators' discretion while maintaining 
peripheral B- cell depletion.

No new or unexpected safety findings were observed 
during the overall study period, and no new safety con-
cerns were observed in patients who were re- treated with 
rituximab after the remission induction phase compared 
with the non– re- treated patients. The safety profile over 
the duration of observation in the PePRS pediatric study, 
from baseline to 4.5 years, was expected and consistent 
with the known experience in adult patients with GPA 
or MPA and with the other approved autoimmune indi-
cations,15,16,20,40 despite the prolonged durations of B- cell 
depletion observed through month 18 and during the pe-
riods of repeat rituximab treatments. Given the lack of 
obvious differences around rituximab- associated B- cell 
depletion and mechanism of action in pediatric versus 
adult patients, extrapolation of safety data from adults to 
children in the maintenance setting is appropriate to sup-
port the safe use of rituximab for maintenance treatment 
in pediatric patients as observed in PePRS. The similarity 
of the rituximab safety profile that is expected between 
patients aged 2– 5 years and those greater than or equal to 
6 years further supports the use of rituximab in patients 
aged greater than or equal to 2 to less than 18 years.

This analysis has some limitations. Because GPA and 
MPA are orphan diseases, the trial sample size was neces-
sarily small and this was an open- label trial without a con-
current control arm; however, the results from this study 
provide key information for the pediatric population. In 
this study, the median age of 14 years (range: 6– 17 years) 
was similar to published reports.41,42 Given the extreme 
rarity of GPA and MPA in the younger pediatric (≥2 to 
<6 years old) population, no patients less than 6 years 
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old were enrolled in this study. In addition, the PKs of 
mAbs in smaller children has not been fully elucidated. 
Differences in extracellular fluid could influence the vol-
ume of distribution, and variability in B- cell counts could 
have an impact on CL.38,43 However, these effects cannot 
be confirmed with existing PK models for pediatric pop-
ulations, which show that compartmental volumes scale 
proportionally with body weight and fit the data well over 
a broad age range.37 Moreover, these properties do not di-
rectly impact CL and are expected to have limited impact 
on AUC, and therefore on rituximab exposure during the 
induction phase. Although no phase III data in pediat-
ric patients were available for the maintenance regimen, 
and no standard maintenance regimen was available at 
the time, the approved maintenance pediatric regimen is 
based on extrapolation from phase III data in adults with 
GPA/MPA. Considering that pediatric GPA/MPA is an or-
phan disease, this type of extrapolation enables treatment 
of patients with a dosing regimen, which is expected to 
have the same efficacy/safety profile as in adults.

CONCLUSION

A BSA- adjusted induction regimen of four weekly i.v. in-
fusions of rituximab 375 mg/m2, identical to the dosing 
regimen in adults, is recommended in children greater 
than 2 years old with GPA or MPA in the United States 
and Europe and is supported by similar PK characteris-
tics and matching rituximab exposure between adult and 
pediatric patients (≥6 to <18 years). The PK extrapolation 
approach provided guidance for the recommended rituxi-
mab maintenance dosing regimen after induction therapy 
in pediatric patients aged greater than or equal to 2 years: 
a follow- up dosing regimen consisting of two 250- mg/m2 
i.v. infusions separated by 2 weeks, followed by a 250- mg/
m2 i.v. infusion every 6 months, is approved in the United 
States. The full extrapolation strategy, applied from the 
established PK/PD, efficacy, and safety data in adults, 
avoided the need to conduct a dedicated randomized 
trial for evaluation of maintenance therapy in a pediatric 
population. This is especially important when consider-
ing pediatric development in rare conditions, such as GPA 
and MPA. The work presented here was instrumental in 
supporting the first approval of rituximab in pediatric 
patients with GPA/MPA and demonstrates the utility of 
model- informed drug development to complement lim-
ited clinical trial data, especially in rare pediatric diseases.
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