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Abstract

Acquired thrombotic thrombocytopenic purpura (aTTP) is a rare and life-threatening autoimmune thrombotic microangiopathy. Caplacizumab,
evaluated in phase II and III studies in adults, shortens the time to platelet count response and reduces aTTP exacerbations, has a favorable safety
profile, and can potentially reduce refractoriness and mortality associated with aTTP. Since no children with aTTP were enrolled in these clinical
trials, caplacizumab has been initially approved for use only in adult patients with aTTP (10 mg). Pediatric dosing recommendations were developed
using model-based simulations.A semimechanistic pharmacokinetic/pharmacodynamic population model has been developed describing the interaction
between caplacizumab and vonWillebrand factor antigen (vWF:Ag) following intravenous and subcutaneous administration of caplacizumab in different
adult populations, at various dose levels, using nonlinear mixed-effects modeling. Based on the allometrically scaled pharmacokinetic/pharmacodynamic
model, different dosing regimens were simulated in 8000 children (aged 2-18 years). Simulated caplacizumab exposures and vWF:Ag levels across
different age categories were compared to an adult reference group. A simulated daily dose of 5 mg in children weighing <40 kg and of 10 mg in
children weighing ≥40 kg resulted in similar exposures and vWF:Ag suppression across age and weight groups. Despite the lack of pediatric clinical
data, the results of this modeling and simulation analysis constituted the basis for the European extension of indication for caplacizumab (10 mg) to
adolescents aged >12 years and with a body weight ≥40 kg. This represents a rare case in which regulatory authorities have deemed a modeling and
simulation study robust enough to approve a variation of indication.
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Acquired thrombotic thrombocytopenic purpura
(aTTP) is an acute, immune-mediated hematologic
disorder with a mortality rate of up to 90%, if left
untreated. Patients with aTTP produce autoantibodies
that inhibit the von Willebrand factor (vWF)
cleaving enzyme ADAMTS-13 (a disintegrin and
metalloproteinase with a thrombospondin type 1
motif, member 13). As a result, hyperadhesive,
ultra-large multimers of vWF (UL-vWF) released
from the endothelium are not cleaved appropriately,
leading to spontaneous platelet aggregation. The
consumption of platelets in these microthrombi results
in thrombocytopenia, the main clinical hallmark of
aTTP, microangiopathic hemolytic anemia, and may
lead to ischemia and end-organ damage.1

The annual incidence of aTTP is ≈6 cases per 1
million people in the United Kingdom2 and 3 to 11
cases per 1 million people in the United States.3,4 The
condition is more common in women than in men
(2:1),1 and while it can occur at any age, it is more
frequent in people aged 20 to 50 years. In children (aged
<18 years) the incidence of aTTP is about 3% of that in

adults.3 Demographic and clinical features of children
with aTTP are similar to those of adults with aTTP,
and the pathophysiology of the disease is similar across
ages.3

Until the recent approval of caplacizumab (Cablivi,
Sanofi Genzyme), the mainstay of therapy for aTTP
has been plasma exchange (PE) and immunosuppres-
sive therapies.5 PE is aimed at removing UL-vWF and
autoantibodies directed against ADAMTS13, as well as
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at restoring ADAMTS-13 activity. Immunosuppressive
therapies, typically with corticosteroids and rituximab,
are used to inhibit the formation of autoantibodies
involved in the aTTP disease process. Despite this
historical treatment, the disease still presented several
challenges: about 40% of patients experienced a de-
crease of ADAMTS-13 activity after remission, poten-
tially translating into relapsing episodes of aTTP6–9; up
to 50% of patients suffered from disease exacerbations
shortly after stopping PE10; finally, mortality rate was
still up to 20% in spite of treatment, with most deaths
occurring within 30 days of diagnosis.9,11 Besides, up
to 46% of treated patients did not respond to PE
and corticosteroids, thus requiring additional therapy.5

Altogether, these considerations indicated the need for
a therapy that could rapidly inhibit the formation
of microvascular thrombi (thus reducing the risk of
organ damage) and maintain the platelet-protective
effect until the underlying autoimmune activity has
been resolved. To this aim, caplacizumab has recently
been developed.

Caplacizumab is a humanized, bivalent, anti-vWF
Nanobody with a size of ≈28 kilodaltons. Capla-
cizumab binds to the A1 domain of vWF and specif-
ically interferes with the interaction of vWF with
platelets. The drug can interact with vWF in both its
active and inactive forms, thereby preventing vWF-
mediated platelet aggregation. The levels of circulat-
ing vWF antigen (vWF:Ag), measured in peripheral
blood, are higher in patients with aTTP than in healthy
subjects.4 Upon treatment with caplacizumab, a tran-
sient reduction of vWF:Ag can be detected in the circu-
lation, and this reduction is considered a good indicator
of the attainment of the desired pharmacological effect.
Additionally, vWF:Ag is considered a good biomarker
to characterize the exposure-response relationship of
caplacizumab.4,12

Caplacizumab has been approved in Europe
(September 2018),13 the United States (February
2019),14 and several other countries, for use in
the treatment of adult patients with aTTP, in
combination with PE and immunosuppression.
Marketing authorization was based on 2 multicenter
randomized placebo-controlled trials.15–17 Besides
the results of these clinical studies, both applications
for marketing authorizations included modeling and
simulation studies to support the selected dosing
regimen.18,19 The model-based analysis was informed
by pooled data from 7 phase I to III studies of
caplacizumab in different adult populations (healthy
volunteers, patients undergoing percutaneous coronary
intervention [PCI], and patients with aTTP) with a
wide range of intravenous (IV) and subcutaneous
(SC) doses. A model was developed to describe
the interplay between caplacizumab and its target
vWF:Ag. The model’s appropriateness and value

in justifying the proposed dosing of caplacizumab
was acknowledged in the assessment reports by
both the European Medicines Agency (EMA)18 and
the US Food and Drug Administration (FDA).19

Among other aspects, the modeling was used to
support the lack of need for weight-based dose
adjustments in the relevant adult body weight
range.

Caplacizumab had initially been approved only for
adults (≥18 years)18 since, due to the rarity of the
disease in children,3 no clinical data on pediatric pa-
tients were available (as attempts to enroll such patients
in the phase II and III studies [ALX0681-2.1/10, TI-
TAN, 2010-019375-30/NCT01151423 and ALX0681-
C301, HERCULES, 2015-001098-42/NCT02553317]
had proven unsuccessful). Therefore, in 2018 the EMA
agreed that clinical studies of caplacizumab in the
pediatric population are not feasible and thus deleted
this obligation from the pediatric investigation plan.21

Furthermore, the EMA requested the results of the
remaining pediatric investigation plan measure–a mod-
eling and simulation study (ALX-0681-MS-01) that
explored an appropriate dosing strategy in children to
be incorporated in the European label for Cablivi and to
expand the indication to include adolescents weighing
at least 40 kg.21 In Europe, this pediatric label extension
was approved in 2020.20 Adding to the current knowl-
edge on aTTP therapy for children, a few cases of pedi-
atric patients with aTTP effectively treated with capla-
cizumab have been reported in the literature so far.22–26

Altogether, these reports suggest that caplacizumab is
effective in the treatment of children and adolescents
with aTTP as well as in pediatric patients with relapsing
aTTP.24

This article presents the results of the pediatric
modeling and simulation study that allowed inclusion
of adolescents in the label for caplacizumab in Europe
without support of clinical trial data.20 The objective
of this modeling and simulation study was to establish
a suitable dosing regimen of caplacizumab in ado-
lescents and children aged >2 years. The basis for
this study was the pharmacokinetic/pharmacodynamic
(PK/PD) model previously developed for the same
drug in adults,12,18,19 using allometric scaling princi-
ples. To achieve this goal, the expected caplacizumab
and vWF:Ag concentrations in pediatric patients with
aTTP were initially simulated using a flat dosing regi-
men of 10mgSCdaily caplacizumab. These simulations
were then compared with those performed for a weight-
based dosing of 5 mg for children with body weight
<40 kg and 10 mg for children weighing at least
40 kg. Finally, suitability of the weight-based dosing
regimenwas confirmed by comparing the caplacizumab
exposures and vWF:Ag suppression levels simulated
in children with those observed in adult patients with
aTTP.27
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Methods
Simulations were performed to establish a suitable
dosing regimen in adolescents and children aged >2
years, and were based on the PK/PD model previously
developed in adults4,12 as well as on data from the liter-
ature for demographic factors in a pediatric population.

Adult Model

Data Used for the Development of the PK/PD Model in
Adults. Data from 7 studies (of which some included
substudies) was used to develop the PK/PD model
already described in adults4,12:

• Two phase I studies in healthy subjects and one phase
I study in patients with stable angina undergoing
PCI, conducted to characterize the pharmacokinet-
ics, pharmacodynamics, safety, and tolerability of
caplacizumab. In these studies, caplacizumab was
administered in single and multiple doses by IV
infusion (ALX-0081-01/06, 2006-006502-28; ALX-
0081-1.2/08a/08b/08c OLE, 2007-007263-24),28 or in
single and multiple doses by SC injection (ALX0681-
1.1/08 first and second part, 2008-006624-60).29

• One phase I study in healthy subjects to evaluate
the bioequivalence of a new reconstituted lyophilized
formulation with the liquid formulation of capla-
cizumab used in previous studies (ALX-0681-C102,
2014-001294-13/NCT02189733).30

• One phase II study (ALX-0081-2.1/09, 2009-012206-
39/NCT01020383)31 in high-risk patients undergoing
PCI, conducted to evaluate the safety, tolerability,
and efficacy of caplacizumab compared with that of
the glycoprotein IIb/IIIa inhibitor ReoPro.

• Two studies in patients with aTTP: 1 phase II
study (ALX0681-2.1/10, TITAN, 2010-019375-
30/NCT01151423)15 and 1 phase III study
(ALX0681-C301, HERCULES, 2015-001098-
42/NCT02553317),16 both performed to evaluate
the safety, tolerability, and efficacy of caplacizumab
as an adjunct to PE treatment.

Pooling data from these trials generated a study pop-
ulation of 541 subjects: 317 males and 224 females with
ages ranging from 18 to 85 years, body weight ranging
from 46.5 to 150 kg, and a creatinine clearance ranging
from 11.9 to 244 mL/min. Of the 541 subjects, 100 were
healthy volunteers, 225 patients with stable angina (PCI
group), and 216 patients with aTTP. The pooled data
generated a total of 3629 PK and 6295 PD observations
(vWF:Ag), which were used to inform the modeling.
Pooling of these observations was justified by in vitro
and in vivo data showing that caplacizumab interacts
similarly with normal multimers of vWF (observed in
healthy volunteers and patients undergoing PCI) and

with UL-vWF multimers (observed in patients with
aTTP). The large, pooled data set offered the best
possibility to characterize the caplacizumab-vWF:Ag
interaction and the associated covariates. At the same
time, during model development, differences among
the 3 subject groups, for example, disease progression,
baseline characteristics, and effects of standard of
care, were explored and characterized. When applying
the model for the simulations, only the characteristics
of patients with aTTP were considered (as specified
below).

Development of the PK/PD Model in Adults. The pop-
ulation PK/PD analysis was conducted by nonlin-
ear mixed-effects modeling using NONMEM, ver-
sion 7.3.0 (ICON Development Solutions, Hanover,
Maryland).32 The model was developed stepwise. Ini-
tially, a subset of the data set, including only data from
healthy volunteers and PCI patients, was used for the
model development. In a second step, the model was
updated to describe the specific characteristics related
to the aTTP disease status and standard of care (ie, PE).
For this purpose, only the subset of the data set includ-
ing patients with aTTP was used. Finally, the effects of
the covariates age, sex, race, blood group, body weight,
creatinine clearance (CrCl), antidrug antibodies, and
concomitant treatment were evaluated.

During model development, discrimination between
models was mainly based on the inspection of graph-
ical and numerical diagnostics, including standard
goodness-of-fit plots and prediction-corrected visual
predictive checks, as well as changes in the objective
function value provided by NONMEM.

Final Population PK/PD Model Used for Simulation in
Children
The final population PK/PD model characterizing the
interaction between caplacizumab and vWF:Ag in dif-
ferent adult populations following IV and SC adminis-
tration was based on a full target-mediated drug dispo-
sition model structure (Figure 1).12 The model included
a 2-compartment drug disposition model with first-
order linear elimination of free drug and two parallel
first-order absorption processes following SC dosing
of caplacizumab. The model described the formation
of drug-vWF complexes with the ability to form both
dimers and trimers. The production, maturation, and
release of vWF:Ag were described by transit com-
partments and a vWF:Ag pool with feedback effects
stimulating the production and release of vWF:Ag
when vWF:Ag decreased below the subject’s baseline
level. For patients with aTTP, disease progression, and
the effects of PE treatment were adequately captured
by (1) a time-dependent disease progression model and
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Figure 1. Schematic overview of the final population PK/PD model developed in different adult populations and describing the interaction between
caplacizumab and vWF:Ag following IV and SC caplacizumab administration. Disease: disease effect on baseline free vWF. Total vWF = free vWF +
vWF bound in dimer complex + 2 x vWF bound in trimer complex. Total drug = free drug/Vc + drug bound in dimer complex + drug bound in
trimer complex.CL, drug non–target-mediated clearance;Depot1, depot compartment SC dosing;Depot2, delayed absorption compartment following
SC dosing; DrugC, free drug compartment, DrugP, peripheral drug compartment; Drug-vWF: dimer (drug-von Willebrand factor) complex; Drug-
2vWF, trimer (drug-vWF-drug) complex; FBE1, feedback effect parameter 1; FBE2, feedback effect parameter 2; Ka1, first-order (fast) absorption rate
for SC dosing; Ka2, first-order (slow) absorption rate for SC dosing; Kcom, complex elimination rate; Kin: production rate for vWF; Koff, dissociation
rate constant; Kon, association rate constant; Kout, elimination rate of free vWF; Kp, pool transfer rate; Ktr, transit rate constant; MTT, mean transit
time; PEcom, PE-mediated complex elimination rate; PED, PE-mediated drug elimination rate; PEvWF, PE-mediated free vWF elimination rate; Pool, vWF
precursor pool; Q, drug intercompartmental clearance; Tr1, Tr2, Tr3, vWF precursor transit compartment; vWF, free vWF.

(2) removal of free vWF:Ag, free drug, and drug-vWF
complexes by PE.

The final population PK/PD model was used to
support the approval of caplacizumab in the adult
population. Reviewers from both the EMA18 and the
FDA19 deemed the model appropriate for the intended
use. Simulations were performed using the final model
only for patients with aTTP, to evaluate the effect of,
among others, change in doses and patient bodyweight.

Model-Based Simulations in Children

Generation of Simulated Populations. A simulated adult
population of 1000 patients with aTTP was generated
by assuming the same covariate distribution as that
observed in the 2 clinical studies in patients with
aTTP included in the PK/PD analysis (TITAN15 and
HERCULES16). From these studies, complete covari-
ate vectors (ie, removing all individuals with missing
covariates) were extracted for the following covariates:
bodyweight, bodymass index, CrCl, age, and sex. From
these unique covariate vectors (n = 197), 1000 samples
were taken with replacement. The 1000 sampled vectors
had median and/or mean values similar to those of
the original covariates. The original and resampled
means (with standard deviation) for body weight were,
respectively, 83.62 (21.35) kg and 82.54 (20.83) kg;
for CrCl they were 107.02 (54.56) mL/min and 102.54
(48.97) mL/min; and for age they were 44.42 (13.04)
years and 44.56 (13.21) years.

A simulated population of 8000 children was gener-
ated from data sampled from the National Health and
Nutrition Examination Survey III database.33 Overall,
1000 children were randomly sampled for each age
category (ie, 2-year slots from the age of 2 years up
to and including 17 years of age). Demographics of
the simulated pediatric population are reported in the
Results section.

Simulated Treatment Regimen. The treatment regimen
simulated in the pediatric population is schematically
represented in Figure 2 and consisted of:

• IV loading dose (with the same dose level as for the
maintenance dose)

• One-hour daily PE treatment for 7 days (PE starting
3 hours after the IV loading dose)

• SC once-daily dosing of caplacizumab for 40 days
(injection starting 4 hours after the IV loading dose,
that is, at the end of PE treatment)

• Follow-up for 60 additional days

Predictions of caplacizumab concentrations were
simulated at 0.5, 1, 1.5, 2, 3, and 4 hours after the
initial IV dose (Figure 2). Predictions of vWF:Ag
concentrations were simulated at the same time points
listed above, with an additional baseline measurement
(Figure 2). Special care was taken to always predict con-
centrations immediately before and after PE treatment,
that is, just before the SC dose. After SC caplacizumab
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Figure 2. Schematic overview of the simulated treatment regimen for the whole treatment period (upper bar) and the first day of treatment
(lower bar). Asterisks indicate the time points at which predictions were made for the concentration of caplacizumab or vWF:Ag. IV, intravenous; SC,
subcutaneous; vWF:Ag, von Willebrand factor antigen.

administration (days 1-40), both types of predictions
were simulated at the following postdose hours: 2,
4, 6, 8, 10, 12, 14, 16, 18, and 23 (Figure 2). A
prediction was then made 24 hours after caplacizumab
dosing was halted, and then every 48 hours for the
remaining follow-up period (29 predictions over 58
days). All simulations were performed for a total of
100 days.

Pediatric Population: Simulation Settings and Assumptions
Based on data from the literature, the following param-
eters in children with aTTP were assumed to be similar
to those in adults with aTTP: expression of vWF34

(baseline vWF:Ag levels) (with a median of 65.6 nM
[164 IU/dL], range of 9-224 nM [22.5-560 IU/dL], in
agreement with Ablynx15,16), affinity of caplacizumab
to the vWF target,20 and distribution of patients with
aTTP between sexes.3

With regard to body weight, the simulated pediatric
population had a similar body composition as that
of US children in the National Health and Nutri-
tion Examination Survey database,33 and the body
weight distribution in the simulated adult population
was assumed to be similar to the studied aTTP adult
population.20

In addition, CrCl, as well as the typical clearance,
intercompartmental clearance, central volume of dis-
tribution, and peripheral volume of distribution values
in children were allometrically scaled to adults with an
assumed normal renal function for a 70-kg subject of
120 mL/min.

Software Used for the Analysis
The simulations were performed using NONMEM
version 7.3.032 installed on a Xeon-based server (Intel,
Santa Clara, California) running Scientific Linux 6.3.
NONMEM runs were performed using the gfortran
compiler, version 4.4.6. Data management and further
processing of NONMEMoutput were performed using
R version 3.3.3 (2017-03-06; R Foundation for Statisti-
cal Computing, Vienna, Austria).35

Results
Subject Demographics and Characteristics
The demographic characteristics for each age category
of the simulated pediatric population are reported in
Table 1. The pediatric population included a total of
8000 children divided into 8 age categories. In addition,
a simulated adult population of 1000 patients with
aTTP was generated by assuming the same covariate
distribution as that observed in the 2 clinical studies
in patients with aTTP included in the previous PK/PD
analysis (see Methods section for details).

Simulations of Different Dosing Strategies: Flat vs Weight-
Based Dosing
All individual steady-state area under the plasma
concentration–time curve (AUCss) values were derived
at day 40 for each age category and are displayed using
box plots (Figure 3). Emphasis on outliers was toned
down in these plots as outliers are generally dependent
on the number of subjects/simulations per age category
and do not contribute to the comparison of the general
tendencies in the different groups.
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Table 1. Relevant Demographic Characteristics of the Simulated Pediatric Population and Proportion of Subjects in Each Age Category Receiving the
5-mg or 10-mg Dose in the Weight-Dependent Dosing Simulation

Age
Category Age Range

Male Body Weight (kg)
Median (5th-95th

Percentile)

Female Body Weight
(kg) Median (5th-95th

Percentile) Females (%)
<40 kg and

5-mg Dose (%)
≥40 kg and

10-mg Dose (%)

1 ≥2 to <4 14.8 (12.2–18.6) 14.2 (11.4-18.1) 66.0 100.0 -
2 ≥4 to <6 19.4 (15.2-26.2) 18.7 (15.2-24.8) 68.6 100.0 …
3 ≥6 to <8 25.4 (19.7-36.8) 23.9 (18.8-36.9) 65.9 97.4 2.6
4 ≥8 to <10 31.7 (23.9-52.1) 31.3 (23.3-50.3) 67.1 79.7 20.3
5 ≥10 to <12 40.1 (30.2-64.2) 43.9 (30.2-69.0) 67.1 41.0 59.0
6 ≥12 to <14 53.3 (35.1-83.8) 53.7 (40.2-83.8) 67.8 8.0 92.0
7 ≥14 to <16 64.6 (48.2-98.4) 58.2 (44.7-85.9) 64.4 … 100.0
8 ≥16 to <18 69.8 (54.9-105.6) 60.3 (46.7-89.7) 63.8 … 100.0
9 ≥18 (adults) 85.0 (63.0-120.0) 79.7 (52.1-122.6) 67.0 … 100.0

Table 2. Overview of the Simulated AUCss,Css,max, and Css,min by Weight Category, for the Corresponding Caplacizumab Dose, on Day 40, Following
Once-Daily Subcutaneous Weight-Based Dosing of Caplacizumab

AUCss (ng • h/mL) Css,max (ng/mL) Css,min (ng/mL)

Weight
Range (kg)

Number of
Subjects Median

5th
Percentile

95th
Percentile Median

5th
Percentile

95th
Percentile Median

5th
Percentile

95th
Percentile

<40 4261 11820 7438 20 507 600.0 379.6 1005.9 376.0 230.6 661.9
≥40 3739 12970 7745 24 126 640.0 398.7 1150.2 442.0 249.2 872.4
Adults 1000 12381 7295 23 794 609.0 371.8 1123.6 435.0 242.1 873.4

AUCss, steady-state area under the the plasma concentration–time curve; Css,max, maximum concentration at steady state; Css,min, minimum concentration at
steady state.

When simulating a flat dosing strategy of 10 mg of
caplacizumab, given daily SC for 40 days, including
an IV loading dose and a 1-hour PE treatment during
the first 7 days (Figure 2), caplacizumab concentrations
indicated a higher exposure for lower age categories
(Figure 3A). This trend of increased AUCss for the
lower age categories was further confirmed when com-
paring other parameters. For lower age categories, also
maximum concentration at steady state (Css,max) and
minimum concentration at steady state (Css,min) were
higher than those in the reference adult population
(data not shown), thus confirming the need for a dose
reduction in low-weight pediatric patients.

Simulations of the weight-based dosing strategy
followed the same treatment schedule as the flat dosing
(Figure 2) but differed in that pediatric patients with
body weight <40 kg were treated with 5 mg daily
caplacizumab and those with body weight of at least
40 kg (or adults) received 10 mg daily. The results show
that with the proposed weight-based dosing approach,
similar AUCss could be obtained across the different
pediatric age groups (Figure 3B). Furthermore, these
AUCss predictions did not show clear deviations from
the AUCss predicted in the adult population.

When considering the median AUCss (Figure 3B),
Css,max, and Css,min (data not shown) for each age

group, we noticed a trend indicating a slight decrease
in the median values of these parameters in the first
3 age categories. However, this downward trend was
not evident in the subsequent age groups (group
4, ≥8 to <10 years; and group 5, ≥10 to <12
years), in which an increasing number of children
received the 10-mg caplacizumab dose (Table 1). These
observations were confirmed when the parameters
AUCss, Css,max, and Css,min were summarized by 2
larger weight categories (ie, <40 or ≥40 kg) (Table 2).
When these 2 groups of children were compared
to the adult group, all parameters showed slightly
lower median levels in children weighing <40 kg and
slightly higher levels in children weighing at least 40 kg
(Table 2).

We then analyzed the relationship between the sim-
ulated AUCss of each subject and their body weight
(Figure 4A) or age (Figure 4B). When simulations
were plotted against body weight, the AUCss showed a
gradually decreasing trend in young pediatric patients
with body weight <40 kg (Figure 4A). The AUCss

values became closer to those in adults as pediatric
patients received the 10-mg dose when they reached a
weight≥40 kg (Figure 4A andTable 1).When simulated
exposures were plotted against children’s specific age
(Figure 4B), rather than age categories (Figure 3B), the
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Figure 3. Box plots of caplacizumab AUCss for the different age categories, following (A) daily SC flat dosing of 10 mg or (B) weight-based dosing of
caplacizumab for 40 days. Treatment included an IV loading dose on day 1 and 1-hour PE treatment during the first 7 days. Horizontal, colored lines
indicate the median AUCss, boxes indicate the 25th and 75th percentiles, and the upper/lower whiskers extend from the box to the largest/smallest
value no further than 1.5*IQR from the box. For ease of comparison, the horizontal gray line indicates the median AUCss in the adult population.
Emphasis on outlying values (ie, higher or lower than the whisker) were toned down. AUCss, steady-state area under the plasma concentration–time
curve; IQR, interquartile range; PE, plasma exchange; SC, subcutaneous.

AUCss were similar and relatively stable across ages.
Similar trends, related to both weight and age, were also
observed for Css,max (data not shown).

Simulation of the Effects of Weight-Based Dosing on
Disease Progression (vWF:Ag Time Course)
In the first part of this study, we established that a
weight-based dosing is needed for pediatric patients

with aTTP to ensure caplacizumab exposures similar to
those observed in adult patients with aTTP receiving
the recommended daily SC 10-mg dosing regimen.
We then proceeded by using the previously developed
PK/PD model to, first, determine the model-predicted
total plasma concentrations of caplacizumab in chil-
dren, and then assess the PD response, quantified in
terms of total vWF:Ag levels.
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Figure 4. Relationship between simulated caplacizumab AUCss and (A) body weight or (B) age following daily SC weight-based dosing for 40 days.
Treatment included an IV loading dose on day 1 and 1-hour PE treatment during the first 7 days. In A, the simulated AUCss of the 8000 pediatric patients
are shown (colored by weight category, as indicated in the legend), together with the simulated AUCss of the 1000 adults. In B, the simulated AUCss

of the 8000 pediatric patients are shown (colored by age category, as indicated in the legend). For both plots, the black line is a smooth line indicating
the trend of the data. AUCss, steady-state area under the plasma concentration–time curve; IV, intravenous; PE, plasma exchange; SC, subcutaneous.

When plotting the simulated median caplacizumab
concentration time-course for each age category
(Figure 5A), we confirmed that similar plasma
concentration levels are predicted across the
different age groups. In addition, when plotting
the vWF:Ag levels as change from baseline

(Figure 5B), our predictions suggested that similar
caplacizumab exposures lead to similar levels
of vWF:Ag suppression for the different age
categories. Also, a faster return to baseline vWF:Ag
concentrations was generally predicted for younger age
groups.
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Figure 5. (A) Simulated median caplacizumab concentration time-course and (B) simulated median vWF:Ag change from baseline (%) following daily
SC weight-based dosing of caplacizumab for 40 days. Treatment included an IV loading dose on day 1 and 1-hour PE treatment during the first 7
days. Both plots show data for different age categories (colored as indicated in the legend). Simulations were performed for 100 days. For ease of
visualization, only simulations up to day 60 are shown. IV, intravenous; PE, plasma exchange; SC, subcutaneous; vWF:Ag, von Willebrand factor antigen.

Discussion

This article describes a population PK/PD model-
based simulation aimed at establishing a suitable dosing
regimen for caplacizumab in children with aTTP aged

>2 years. According to our results, a suitable dose
in children is −5 mg if body weight is <40 kg and
10 mg if body weight is at least 40 kg.27 The sim-
ulation for this dosing, given with the same regimen
as that recommended for adults, resulted in similar
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caplacizumab exposures and vWF:Ag suppression as
those observed in the adult aTTP patient population.
The results of this analysis were submitted to the EMA
with the application for a type II variation to support
a pediatric label change. Based on this analysis, and
without the request of pediatric clinical trial data, the
EMA extended the indication and corresponding dose
recommendations of caplacizumab to adolescents aged
>12 years and with body weight of at least 40 kg.
Additionally, Section 5.2 of the prescribing information
(reporting the PK properties) was updated with the
results of the present modeling and simulation study.

In children, 2 forms of TTP have been described:
a congenital form (accounting for about one-third of
the cases, usually manifesting already in neonates, and
often chronic) and an acquired form (accounting for
the remaining two-thirds of the cases).8 Both forms
are characterized by severe ADAMTS-13 deficiency
and are life threatening. The course of aTTP is sim-
ilar across ages, from childhood to adulthood. De-
mographic characteristics of adults and children with
aTTP are also similar,3,36 with more cases occurring in
female patients and the first episode of aTTP occurring
between ages 4 months and 17 years (median, 13
years).8 In a French pediatric cohort, the mortality
rate of aTTP was reported to be 9% and the clinical
relapse rate ≈25%.3,36 As in adults, the onset of aTTP
in children also needs rapid diagnosis and therapeutic
management. The first-line treatment in children is
based on daily plasma replacement therapy (plasma
infusion or PE) and usually steroid treatment. Some
children, especially those refractory to treatment, may
need immunomodulation with rituximab. However, the
effects of rituximab are normally detectable 2 weeks
after the first infusion and thus may not be able to pre-
vent early death; furthermore, daily PE needs to be con-
tinued during the course of rituximab administration.8

Published studies discussing the management of aTTP
in children report that current aTTP treatment needs
improvement and that children would clearly benefit
from the introduction of innovative therapeutic drugs,
such as caplacizumab.8

A few case reports of children with aTTP using
caplacizumab have been published, and all showed that
pediatric patients respondedwell to therapy, with few or
no side effects reported and no new safety findings.22–26

However, despite the efforts, clinical studies involving a
sufficient number of children have proven not feasible,
leavingmodeling and simulation studies the only option
to explore pediatric dosing. Caplacizumab is an orphan
drug for which a PK/PD model has already been de-
veloped for a population of adult patients with aTTP.12

This PK/PD model was used to support the approval
of caplacizumab in adults, and reviewers from both the
EMA18 and the FDA19 deemed the model appropriate

for the intended use. For the current study, the following
parameters in children with aTTP were assumed to be
similar to those in adults with aTTP, based on data from
the literature: expression of vWF34 (baseline vWF:Ag
levels), affinity of caplacizumab to the vWF target,
distribution of patients with aTTP between sexes.3

In addition, CrCl, as well as the typical clearance,
intercompartmental clearance, central volume of dis-
tribution, and peripheral volume of distribution values
in children were allometrically scaled to adults with
an assumed normal renal function for a 70-kg subject
of 120 mL/min. These considerations allowed using
the previously developed population PK/PD model to
perform simulations and, finally, suggest an appropri-
ate dosing regimen in children. A recent publication
by Gill et al37 indicates that the expression of vWF
may on average be somewhat lower in young healthy
children undergoing tonsillectomy (being ≈20% lower
in children under 3 years compared to teenagers). This
difference is small in relation to the wide variability
observed for baseline vWF:Ag levels in patients with
aTTP.4 The simulations here performed assumed a
wide range of variability for baseline vWF:Ag levels:
median of 63 nM (157 IU/dL) and a 90% prediction
interval of 36.9 to 116 nM (92-290 IU/dL). In general,
baseline vWF:Ag levels have been shown to be higher
in patients with aTTP than in healthy subjects, and
currently no arguments suggest that this should not
be the case for children.4 The importance of baseline
vWF:Ag levels was explored while creating the original
PK/PD model that supported the adult indication. In
that modeling analysis, lower baseline vWF:Ag levels
were found to be associated with lower caplacizumab
plasma concentrations and, consequently, with a less
pronounced reduction in vWF (% reduction). However,
these effects were not considered to be of a magnitude
that warranted any dose adaptations.

Based on our simulations, we concluded that the
weight-based dosing regimen in children results in
similar caplacizumab exposures and similar vWF:Ag
suppression as those observed in adult subjects with
aTTP receiving caplacizumab 10 mg daily. The specific
treatment regimen that was used for the simulations
is described in the Methods section and reflects the
actual posology of caplacizumab in adults (Figure 2).38

During an initial exploratory stage, alternative dosing
strategies have been investigated, until the 2 more ade-
quate strategies were found: the 10-mg flat dosing and
the weight-based one, implying a 50% dose reduction in
children weighing <40 kg. As expected, the simulations
of exposure following a flat dosing (10 mg for all
subjects) clearly indicated that this regimen determines
a higher exposure in children with a low body weight,
that is, primarily children aged <10 years and thereby
average body weight <40 kg (Figure 3A, Table 1). On
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the other hand, a dose adjustment to 5 mg in children
with a body weight <40 kg resulted in similar predicted
exposures across age and weight groups (Figures 3B
and 4; and Table 2). With this dose adjustment, the
predicted median for AUCss and Css,max in each 2-year
age category is expected to be within ±8% of the
median value for the adult population. The predicted
median Css,min for children aged 6 to 8 years is 14%
lower than the median in adults, but the predicted lower
5th percentile is only 4% lower than the equivalent adult
percentile. Our results show that similar caplacizumab
exposures lead to similar vWF:Ag suppression levels
for the different age categories (Figure 5B). Noticeably,
a faster return to baseline vWF:Ag concentrations is
predicted for younger age groups.

Given themechanism of action of caplacizumab and
the current knowledge of aTTP in the pediatric popu-
lation, efficacy and safety of caplacizumab in children
are likely to be similar to those in adults.20 Further-
more, similar caplacizumab exposures in children and
adults are assumed to elicit comparable effects in both
populations. While the modeling and simulation study
reported here refers to children between ages 2 and 18
years, pediatric label change for caplacizumab has been
approved by the EMA only for adolescents aged >12
years and with body weight of at least 40 kg. For the
remaining pediatric population, the PK properties of
caplacizumab have been reported in Section 5.2 of the
prescribing information and can be used as guidance for
clinicians that need to treat younger patients. Regarding
the specific population of infants and children from
birth up to 2 years, the EMA issued a waiver based on
the consideration that “the specific medicinal product
does not represent a significant therapeutic benefit as
clinical studies are not feasible.”21 Besides, the clinical
characteristics of the condition presenting at this early
age may require specific management, for example,
in the rare, congenital form of TTP, prophylactic
plasma therapy is the only therapeutic option currently
available.8

To the best of our knowledge, this represents a rare
case in which regulatory authorities have deemed simu-
lation studies sufficiently robust to support a pediatric
indication and posology, in absence of clinical study
data.39,40

Conclusion
The PK/PD model previously developed for capla-
cizumab in adults was used to perform a simulation
analysis in a population of 8000 children with aTTP.
According to the results, the recommended dose in
children (aged 2-18 years) was 5-mg caplacizumab if
body weight is <40 kg, and 10 mg if body weight is
at least 40 kg. The modeling and simulation data that

were presented here have been submitted to the EMA
via a type II variation.20 Despite the absence of clinical
study data, the EMA deemed the results sufficiently
robust to approve an extension of the indication for
caplacizumab, which now includes the recommended
posology of 10mg for pediatric patients aged>12 years
and weighing over 40 kg.
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