
Vol.:(0123456789)1 3

Pharmaceutical Research (2023) 40:2653–2666 
https://doi.org/10.1007/s11095-023-03616-8

ORIGINAL RESEARCH ARTICLE

Integrated Exposure–Response of Dupilumab in Children, 
Adolescents, and Adults With Atopic Dermatitis Using Categorical 
and Continuous Efficacy Assessments: A Population Analysis

Emily Briggs1,2 · Mohamed A. Kamal3 · Matthew P. Kosloski3 · Ian Linsmeier4 · Natalie Jusko1,5 · Nancy Dolphin5 · 
Jason Chittenden3 · Eric L. Simpson6 · Amy S. Paller7,8 · Elaine C. Siegfried9,10 · Brad Shumel3 · Noah A. Levit11 · 
Ashish Bansal3 · John D. Davis3 · Sunny Chapel1,10 · David E. Smith1 · Nidal Huniti5

Received: 31 May 2023 / Accepted: 27 September 2023 / Published online: 11 December 2023 
© The Author(s) 2023

Abstract
Background While the majority of patients with atopic dermatitis (AD) achieve disease control with dupilumab treatment, 
there is variability in which patients achieve clear disease. The predictors of these responses are currently unclear. Integrated 
models were developed to evaluate the exposure–response (E-R) relationship of dupilumab in children, adolescents, and 
adults with AD.
Methods Data from six Phase II and III clinical studies were pooled (2,366 adults [> 18 years], 243 adolescents [≥ 12 
to < 18 years] and 359 children [≥ 6 to < 12 years]) for model development. Efficacy was assessed using the Eczema Area and 
Severity Index (EASI) and Investigator’s Global Assessment (IGA). Indirect response models were applied to link measures 
of efficacy and functional serum dupilumab concentrations. The covariates on individual placebo-corrected response were 
assessed. Clinical trial scenarios were simulated to compare E-R relationships across age groups. Safety was not explored.
Results After correcting for differences in placebo response and dupilumab exposure: 1) older age, higher body weight, lower 
baseline thymus and activation-regulated chemokine, and Asian race were associated with slightly lower EASI response, and 
no clear covariates were identified on IGA response; 2) clinical trial simulations generally showed slightly higher response 
at a given dupilumab concentration in children compared to adults and adolescents with severe and moderate AD.
Conclusions The collectively tested covariates explain some of the variability in dupilumab response in patients with AD. 
Patients in all age groups showed adequate response to dupilumab; however, children showed slightly higher drug effects 
compared to adults and adolescents at equivalent concentrations.
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Introduction

Atopic dermatitis (AD) is a chronic skin disease characterized 
by inflammation and pruritus. According to the Global Bur-
den of Disease (GBD) study from 2017, AD has the highest 
burden of all skin diseases, and is the most common pediatric 
inflammatory skin disease, affecting around 20% of children in 
high-income countries [1]. Moreover, AD is a heterogeneous 
disease in both time of onset, severity, and duration, with most 
patients presenting with symptoms early in life, while some 
develop symptoms late into adulthood (late-onset). AD has a 
chronic impact on all patients, with some patients experiencing 
lifelong disease while others may experience a more dynamic 
clinical course with shifting severity and sometimes disease 
remittance by adolescence or early adulthood [1].

Current standard of care for patients with AD includes 
use of topical agents such as topical corticosteroids (TCS), 
calcineurin inhibitors, PDE-4 inhibitors, and Janus kinase 
inhibitors, and phototherapy [2–5]. In patients with moderate-
to-severe disease, dupilumab is indicated for patients aged 
6 months and above, with or without concomitant use of TCS, 
with approval having been extended down to patients aged 
6 months to 5 years in June 2022 [6, 7]. Dupilumab is a fully 
human  VelocImmune®-derived [8, 9] monoclonal antibody that 
blocks the shared receptor component for interleukin (IL)-4 and 
IL-13, thus inhibiting signaling of both IL-4 and IL-13 [10]. 
Dupilumab has been shown to be effective in treating moderate-
to-severe AD in clinical trials in adult (≥ 18 years), adolescent 
(12 to 17 years), and pediatric (6 to 12 years, and 6 months to 
5 years) populations [11–15], as well as several other type 2 
inflammatory disorders, including asthma [16–18], chronic rhi-
nosinusitis with nasal polyposis (CRSwNP) [19], eosinophilic 
esophagitis [20], and prurigo nodularis [21].

While dupilumab has demonstrated efficacy in the treat-
ment of AD over a wide range of patient ages, variations in the 
design of clinical trials across evaluated age groups [11–15] 
have made it difficult to directly assess any differences in drug 
response among pediatric and adult patients based on observed 
data. For example, while weight-tiered dose regimens were 
selected in pediatric patients to closely match drug concentra-
tions in adults, steady-state trough concentrations of dupilumab 
in adolescents on average are slightly lower compared to 
adults, while those in children ≥ 6 years to < 12 years of age 
are slightly higher [22]. Moreover, clinical trials have shown 
different placebo responses in adults, adolescents, and children 
[11–15]. Furthermore, adult and pediatric trials differed with 
respect to baseline AD disease severity and co-administration 
(or lack) of TCS therapy. All these factors may confound a 
comparative exposure–response (E-R) analysis of dupilumab 
between adult and pediatric patients with AD.

To date, there has not been a comprehensive E-R analy-
sis of dupilumab in adults and pediatric patients with AD 
assessing the entire time-course of drug concentration and 
response, which adjusts for potential confounding factors and 
evaluates both continuous and categorical measures of effi-
cacy. Previous analysis has been performed in pediatric popu-
lations [22] but a major limitation of the study was that it was 
performed sequentially, and only utilized data from Week 16 
of the clinical trials, rather than the full time-course of drug 
concentrations and responses. It also only included popula-
tions for which clinical trial data were available, thereby not 
covering children with moderate AD or adolescents receiv-
ing concomitant TCS. In the current study, we performed 
non-linear mixed-effects modeling to characterize the full 
time-course E-R of dupilumab in adult and pediatric (≥ 6 
to < 18 years of age) patients with moderate-to-severe AD. 
The E-R analysis integrated dose-ranging data from Phase II 
and III clinical trials in which patients received ≥ 16 weeks 
of treatment; efficacy assessments included the continuous 
Eczema Area and Severity Index (EASI) and the categori-
cal Investigator’s Global Assessment (IGA). We aimed to 
1) identify covariates explaining patient variability in drug 
response; and 2) explore differences in dupilumab E-R 
between adult and pediatric patients after adjusting for poten-
tial confounding factors.

Materials and Methods

Study Participants

Data from one Phase IIb and five Phase III clinical studies 
were pooled to support the population E-R analyses, includ-
ing one study in children (6–11 years of age) with severe AD 
(NCT03345914) [11], one study in adolescents (12–17 years 
of age) with moderate or severe AD (NCT03054428) [12], 
and four studies in adults with moderate or severe AD 
(NCT01859988 [13], NCT02277769 [14], NCT02277743 
[14], NCT02260986 [15]). Individual study designs and 
clinical trial identifiers are listed in Table I. Across all studies 
and age groups, dupilumab was administered subcutaneously, 
with a single loading dose administered on Day 1 equivalent 
to twice the maintenance dose, either alone (NCT03054428, 
NCT01859988, NCT02277769, and NCT02277743) or with 
concomitant TCS (TNCT03345914 and NCT02260986). 
Study protocols were approved by medical ethics committees 
and institutional review boards of the participating centers. 
All patients or their caregivers provided written informed 
consent before enrollment.
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Bioanalytical Assay

Serum samples for quantitation of functional dupilumab were 
analyzed using a validated enzyme-linked immunosorbent 
assay (ELISA). Dupilumab was used as the assay standard 
and human IL-4 receptor alpha (IL-4Rα) served as the capture  
reagent. Concentrations of functional dupilumab with either one 
or two available binding sites were measured. The lower limit 
of quantitation (LLOQ) of functional dupilumab is 0.078 mg/L  
in undiluted human serum [23].

E‑R Model Development

A sequential modeling approach was applied using previously 
developed population pharmacokinetic analyses performed 
separately for dupilumab administered in adults (≥ 18 years), 
adolescents (≥ 12 to < 18 years), and children (≥ 6 to < 12 years) 
for input to the integrated E-R models [24–26]. Data were con-
tinuous, with time-varying concentrations, and data from all 
the patients were used as part of the dataset for developing the 
model simulation sets. Models were developed for two efficacy 
assessments: Eczema Area and Severity Index (EASI) score 
and Investigator’s Global Assessment (IGA). EASI score was 
modeled as a continuous variable by transforming the bounded 
outcome score (range 0–72). IGA was modeled using a latent 
variable approach, in which the unobserved drug effect was 
mapped to the probability of response falling in each of the 
ordered categories (range 0–4; for further details see the Online 
Resource).

In order to characterize the shape of the placebo effect time 
course, an empirical model for response was developed using 
pooled data following placebo treatment across studies and age 
groups. Based on an understanding of the mechanism of action 
of dupilumab, an indirect response model with inhibition of  kin 
was evaluated to link efficacy scores and functional dupilumab 
concentrations, with separate models used per efficacy tool. 
An  Imax model was tested to represent maximum inhibitory 
effects. The E-R relationship was adequately characterized 
with the  Imax functional form, thus a sigmoidal model was not 
considered in the interest of parsimony. Several patient factors, 
including baseline characteristics and disease severity, were 
assessed as potential sources of variability on placebo and drug 
effect parameters and were tested simultaneously to form a full 
model followed by a stepwise backward elimination procedure. 
Covariates including baseline demographics (e.g., age, gen-
der, body weight, race), baseline type-2 inflammation mark-
ers (e.g., baseline thymus, activation-regulated chemokine 
[TARC], eosinophil count), TCS co-administration, and prior 
use of systemic corticosteroids (Online Resource Table S2) 
were selected based on clinical relevance and mechanistic 
plausibility. Covariates were evaluated on both placebo and 
drug effect parameters for both models (Online Resource  
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Table S2). Non-linear mixed-effects modeling methodology 
was implemented for all steps of this analysis using NONMEM  
(version 7.3) software (ICON Development Solutions, Ellicott  
City, MD) [27]. The Laplacian conditional estimation method 
was used in the IGA analysis and the first-order conditional 
estimation method with interaction (FOCEI) was used in  
the EASI analysis. Pre- and post-processing of data and  
simulations were performed using R software (version 3.6.1, 
R Foundation for Statistical Computing, Vienna, Austria)  
[28]. Relative standard error and 95% confidence intervals 
(CI) were based on the covariance step in NONMEM. Full 
details of the modeling approach, modeling evaluation, and 
pharmacokinetic parameter estimates are provided in the  
supplementary materials (Online Resource, and Table S1, 
Fig. S1, Fig. S2).

Model Validation

To evaluate the predictive nature of the models, internal visual 
predictive checks were performed using the observed dataset  
used in model development [29]. The observed  5th,  50th, 
and  95th percentiles of the EASI efficacy assessment were 
binned by nominal time and compared to the 90% CI of the 
simulated efficacy measures at corresponding percentiles. For 
IGA, the observed responder rate (IGA 0 or 1) was compared 
to the simulated 90% prediction interval of IGA responder 
rate. If systematic or major deviations occurred in the model 
validation process, further model refinement was performed  
until the predictive performance was adequate.

Model Applications

Application 1: Assessing Individual Covariate Effects

The statistically significant covariates identified from the step-
wise backward elimination procedure of the E-R models (see 
Online Resource for additional details) were further assessed 
by simulating response for comparator patients differing from 
a simulated reference subject only in the covariate value being 
tested, after correcting for differences in placebo effects, hold-
ing dupilumab concentrations constant at a therapeutic level 
(68 mg/L). Further details of the simulations are available in 
the Online Resource.

The individual effects of covariates on placebo-corrected 
efficacy, including Week 16 EASI score and the proportion of 
patients achieving IGA scores of 0 or 1 (IGA 0/1 responders), 
were evaluated descriptively. For Week 16 placebo-corrected 
EASI scores, a zero value described no difference in EASI score 
for a patient on dupilumab and the same patient on placebo; 
whereas a negative value described a greater reduction of EASI 
score on dupilumab compared to the same patient on placebo. 

For Week 16 IGA, the difference in proportion of patients 
achieving IGA 0 or 1 for patients on dupilumab to patients on 
placebo was evaluated.

Application 2: Comparing E‑R across Adults, Adolescents, 
and Children

In total, 500 clinical trial simulations were performed per 
scenario to directly compare the E-R relationship across age 
groups, where factors including baseline disease severity and 
concomitant TCS therapy were kept constant, and combinations 
of various patient demographics were incorporated (see Online 
Resource). This included clinical trial scenarios that were not 
studied (i.e., children with moderate AD and adolescents receiv-
ing dupilumab with TCS co-administration). Placebo-corrected 
responses were chosen to correct for any differences in placebo 
response across age groups. Efficacy measures (EASI percent 
change from baseline, EASI-75, EASI-90, and IGA 0/1) over 
time were simulated after administration of approved weight-
tiered dose regimens. To account for differences in steady-state 
concentrations across age groups, efficacy was also compared 
while keeping concentrations constant at each point of the E-R 
relationship.

Results

The analysis included a total of 2,968 patients with AD (2,366 
adults [> 18 years], 243 adolescents [≥ 12 to < 18 years] 
and 359 children [≥ 6 to < 12 years]) with 29,413 EASI 
and 29,420 IGA observations across age groups. Overall, 
58.1% of patients were male, 67.2% were White, and 68.2% 
were given dupilumab without TCS co-administration. The 
median baseline EASI score was 30.8 (range 10.7–72), and 
45.8% and 54.2% patients had moderate (IGA score of 3) and 
severe AD (IGA score of 4), respectively (Online Resource 
Table S3).

Integrated E‑R Model Development and Validation

The relationship of the efficacy scores with dupilumab 
concentration and time was well described by the indirect 
response model illustrated in Fig. 1. In general, the precision 
of estimated parameters for both the EASI and IGA models 
(Tables II and III) was high, with relative standard errors < 4% 
for structural parameters and < 30% for covariate effects. Based 
on the estimated time delay of drug response, not account-
ing for accumulation, the full effect of dupilumab would 
be reached after approximately 2 months when assessed by 
EASI and 3 months when assessed by IGA (~ 4–5 half-lives of 
drug effect onset, see Tables II and III). Drug concentrations 
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Fig. 1  E-R model diagram of dupilumab.  AC, amount in central compartment;  ASC, amount in subcutaneous depot compartment;  AP, amount in periph-
eral compartment;  IC50, concentration at which 50% of the maximum effect is achieved; EASI, Eczema Area and Severity Index; E-R, exposure–
response; F, bioavailability; IGA, Investigator’s Global Assessment;  Imax, maximum drug effect;  ka, absorption rate constant;  kin, rate constant for indi-
rect response production;  Km, the concentration at which the rate of elimination is half of the maximum value;  kout, rate constant for indirect response 
elimination;  Ke, elimination rate constant;  Kpc,  Kcp, intercompartmental rate constants; T, transit compartment;  Vmax, the maximum rate of elimination 
via the non-linear pathway;  VC, volume of distribution in central compartment;  VP, volume of distribution in peripheral compartment.

Table II  Parameter estimates of 
the dupilumab E-R final EASI 
model

CI, confidence interval; CN, condition number; EASI, Eczema Area and Severity Index; EOS, eosinophil count; 
E-R, exposure-response;  ET50, time at which 50% of maximum placebo effect is achieved;  IC50, concentration at 
which 50% of the maximum effect is achieved; IIV, interindividual variability;  Imax, maximum drug effect; OFV, 
objective function value;  Pmax, maximum placebo effect; RSE, relative standard error (%); TARC, thymus and 
activation-regulated chemokine; TCS, topical corticosteroids
Note: ETA shrinkage 11.8% (EASI baseline); 14.3% (EASI  Pmax)

Parameter EASI model estimate
(% RSE)

EASI model
(95% CI)

Fixed effects
  Baseline EASI score units 30.4 (0.4) (29.8, 31.0)

      Pmax −1.24 (2.6) (−1.30, −1.17)
      ET50 (days) 29.2 (27.5, 31.0)
     Drug effect  (Imax) 0.266 (2.7) (0.252, 0.280)
      IC50 (mg/L) 20.3 (16.1, 25.5)
     Half-life for drug effect onset (day) 13.7 (12.9, 14.7)
     TCS on baseline −0.0218 (27.9) (−0.0338, −0.00987)
     Prior immunotherapy on baseline 0.0233 (27.5) (0.0107, 0.0358)
     Age on baseline −0.0372 (13.4) (−0.0470, −0.0274)
     Log baseline eosinophil count on baseline 0.0173 (15.6) (0.0120, 0.0225)
     Log baseline TARC on baseline 0.0508 (4.4) (0.0464, 0.0552)
      TCS on  Pmax 0.232 (16.9) (0.156, 0.309)
      Prior immunotherapy on  Pmax −0.166 (18.2) (−0.225, −0.107)
      Baseline body weight on drug effect −0.185 (23.3) (−0.270, −0.101)
      Asian race on drug effect −0.374 (8.3) (−0.434, −0.313)
      Log baseline EOS on drug effect −0.0570 (29.3) (−0.0897, −0.0242)
      Residual variability – additive 0.422 (0.5) (0.418, 0.426)
IIV
      EASI baseline – exponential (ω2) 0.0177 (3.4) (0.0165, 0.0189)
      EASI  Pmax – additive (ω2) 0.788 (3.7) (0.730, 0.846)
  OFV –9277.145
  CN 20.4
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achieving half the maximum effect  (IC50) were lower for the 
EASI (20.3 mg/L) than IGA (27.1 mg/L) analyses, however 
the 95% CIs overlapped. Each model had a placebo component 
indicating some improvement in response measures with time 
for patients receiving placebo injections.

Visual predictive checks stratified by age group (adults, 
adolescents, and children) and treatment regimen confirmed 
that both E-R models described the data successfully and 
were adequate predictive models, as observed responses 
were largely contained within the 90% CI (EASI) or 90% 
prediction interval (IGA) (Fig. 2).

Model Applications

Application 1: Assessing Individual Covariate Effects

Simulations of placebo-corrected EASI and IGA responses 
at Week 16 in reference and comparator patients showed the 
individual effects of covariates on drug response in the final 
models (Fig. 3). Younger age, lower weight, higher baseline 
TARC serum levels, and prior systemic immunotherapy were 

associated with a greater improvement in placebo-corrected 
EASI scores compared with the reference patient. However, 
Asian race was associated with slightly lower improvement 
in placebo-corrected EASI score compared with the Cauca-
sian reference patient. Paradoxically, TCS co-administration 
was associated with a slightly lower placebo-corrected EASI 
response yet a slightly higher IGA response (Fig. 3). In the 
EASI model, weight, Asian race, and eosinophil count sig-
nificantly contributed to drug effect, while TCS and prior 
immunotherapy contributed to placebo effect (Table II). When 
evaluating response by IGA, covariates that contributed to 
drug effect were weight, Asian race, eosinophil count, and 
TARC versus the placebo covariates of age, moderate disease, 
TCS, and prior immunotherapy (Table III).

Application 2: Comparing E‑R across Adults, Adolescents, 
and Children

Clinical trial simulations that assessed the combined impact 
of covariates on the efficacy response measures over time 
after co-administration of approved dose regimens of 

Table III  Parameter estimates 
of the dupilumab E-R final IGA 
score model

CI, confidence interval; CN, condition number; DSLP, drug effect slope; EOS, eosinophil count;  ET50, time 
at which 50% of maximum placebo effect is achieved;  IC50, concentration at which 50% of the maximum 
effect is achieved; IGA, Investigator’s Global Assessment; IIV, interindividual variability; Imax, maximum 
drug effect; OFV, objective function value; Pmax, maximum placebo effect; RSE, relative standard error 
(%); TARC, thymus and activation-regulated chemokine; TCS, topical corticosteroids
Note: ETA shrinkage 8.62% (IGA baseline)

Parameter IGA model estimate (% RSE) IGA model (95% CI)

Fixed effects
  Baseline for IGA ≤ 3  − 3.35 (3.6) (− 3.59, − 3.12)
  Baseline adjustment for IGA ≤ 2 2.64 (2.59, 2.69)
  Baseline adjustment for IGA ≤ 1 1.60 (1.56, 1.63)
  Baseline adjustment for IGA ≤ 0 1.75 (1.70, 1.79)
   Pmax 4.83 (2.5) (4.60, 5.06)
   ET50 (days) 6.37 (3.0) (5.72, 7.09)
  Drug effect (DSLP)  − 2.20 (3.1) (− 2.33, − 2.07)
   IC50 (mg/L) 27.1 (21.3, 34.4)
  Half-life for drug effect onset (day) 19.7 (18.2, 21.4)
  Moderate IGA baseline additive shift 4.39 (3.0) (4.14, 4.65)
  Age on  Pmax 0.0550 (21.3) (0.0320, 0.0780)
  TCS on  Pmax 0.229 (8.1) (0.193, 0.266)
  Prior immunotherapy on  Pmax  − 0.102 (13.1) (− 0.128, − 0.0756)
  Moderate disease severity on  Pmax  − 0.727 (1.7) (− 0.751, − 0.703)
  Baseline body weight on drug effect  − 0.174 (26.1) (− 0.263, − 0.0852)
  Asian race on drug effect  − 0.222 (14.2) (− 0.284, − 0.160)
  Log baseline EOS on drug effect  − 0.0776 (19.3) (− 0.107, − 0.0482)
  Log baseline TARC on drug effect  − 0.0938 (13.4) (− 0.118, − 0.0692)

IIV
  IGA baseline−additive (ω2) 1.49 (3.4) (1.39, 1.59)

OFV 51,593.055
CN 200
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dupilumab and TCS therapy in severe AD patients are shown 
in Fig. 4. Across age groups, mean efficacy responses were 
generally greater for children than for adults and adolescents.

While children had the highest responses, they also had 
the higher steady-state exposures among the age groups. To 
assess differential response to treatment at identical exposures, 
we simulated scenarios where the efficacy could be visualized 
while maintaining the dupilumab concentration as a constant 
(Fig. 5). Model-predicted response at Week 16 was summarized 
across the full E-R relationship and showed that at equivalent 
dupilumab exposure, children 6–11 years of age had a higher 
response compared to adults and adolescents (Fig. 5). The dif-
ference in response between children and adults/adolescents 
was associated with increasing baseline disease severity (mod-
erate versus severe), but was not related to concomitant TCS 
administration (Online Resource Figs. S3–S5). Differences 
between children and adults/adolescents were less pronounced 
in IGA E-R compared to EASI E-R in patients with severe AD 
[Figs. 4, 5, S1].

Discussion

To our knowledge, this is the first E-R analysis to evaluate both 
categorical (IGA) and continuous (EASI) disease measures 
using an integrated database across Phase II and III studies in 
adults, adolescents, and children with moderate-to-severe AD. 
Multiple clinical trial simulations showed that EASI and IGA 
responses by drug exposure were generally greater in children, 
particularly those with severe baseline disease, compared to 
adults and adolescents.

In this analysis, the response to dupilumab in children was 
better than in adults or adolescents at similar exposures. This 
difference may be associated with changes in the underlying 
disease pathology through life. In addition to differences asso-
ciated with race [30] and disease severity, immune pathway 
activation, cytokine and immune cell expression, and clinical 
presentation of AD have been shown to vary across age groups 
[31–35]. In a flow cytometry study evaluating the expression of 
cytokines in skin-homing CD4 and CD8 T cells, Czarnowicki 
et al. demonstrated that children with AD had decreased Th1 
cytokine (INF-γ) expression compared to adults with AD [35]. 
Expression of the Th2 cytokine IL-13 was, however, similar 

between the age groups. Those data, which suggest that reduced 
counter-regulation by Th1 T cells may contribute to excess 
Th2 activation in children compared to adults, are consistent 
with the slightly higher drug response in children versus adults 
observed in the current analysis. Proteomic analyses of blood 
samples have also shown systemic Th2 skewing and different 
expression patterns in pediatric and adult AD, although gene 
expression analyses in blood and skin have identified largely 
different marker sets [30, 36].

Older age, higher body weight, lower baseline TARC (a 
correlate of baseline disease severity), and Asian race were 
associated with lesser improvements in EASI in response to 
dupilumab; however, these trends were not observed in IGA 
response. Covariates that were significant on drug effect, as 
measured by EASI, were weight, Asian race, and eosinophil 
count, versus effects of TCS and prior immunotherapy on 
placebo. For response by IGA, covariates that contributed to 
drug effect were weight, Asian race, eosinophil count, and 
TARC versus the placebo effect covariates of age, moderate 
disease, TCS, and prior immunotherapy. Differences in iden-
tified covariates between EASI and IGA can be attributed 
to the fact that the scales are different: EASI measures both 
extent and severity of disease, while IGA measures disease 
lesional severity. Nevertheless, combinations of covariates 
affecting response in the same direction could potentially 
be considered when evaluating patients who are relatively 
less responsive to treatment. Surprisingly, TCS co-treatment 
appeared to be associated with lower EASI but higher IGA 
response, a result that would be of interest to investigate 
further in future studies.

In general, continuous efficacy assessments may be more 
sensitive to drug treatment than categorical ones, hence the 
slightly higher (albeit similar)  IC50 estimate in the IGA model. 
The estimates of  IC50 are supported by dupilumab concen-
trations associated with clinical efficacy. Typically, approxi-
mately four multiples of the  IC50 result in concentrations 
associated with near maximal drug effect in the hill function 
when the sigmoidicity constant ( � ) is one. Based on this, the 
 IC50 estimates of both scales are consistent with therapeutic 
concentrations of dupilumab in adult and pediatric patients 
with AD (70–100 mg/L).

Previous E-R analysis of dupilumab in children and ado-
lescents based on non-linear logistic regression and scatter-
plots analysis of categorical and continuous efficacy scores, 
respectively, showed a relationship of increased efficacy with 
increasing dupilumab concentrations in these age groups 
[22]. The current analysis has advantages over these previ-
ous E-R assessments in pediatric patients with AD in that 
it was integrated across adults and pediatric age groups and 
employed a non-linear mixed-effects methodology, providing 

Fig. 2  Visual predictive checks for dupilumab approved doses for 
E-R models of EASI and IGA stratified by age group and treatment 
regimen. EASI, Eczema Area and Severity Index; E-R, exposure–
response; CI, confidence interval; IGA, Investigator’s Global Assess-
ment; qw, once weekly; q2w, every 2  weeks; q4w, every 4  weeks; 
TCS, topical corticosteroids.

◂
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a non-confounded, direct comparison across age groups, 
accounting for covariates of response. It also used data col-
lected throughout the study, whereas previous assessments 
were limited to Week 16 data. The integrated analysis allowed 
evaluation across the differing study designs (e.g., monother-
apy vs TCS co-administration), placebo response rates, and 
baseline disease severity. It also enabled simulation of clinical 
scenarios which were not studied. This feature was particularly 
informative as the label indication for dupilumab extends to  

patients outside the inclusion criteria for the included Phase II 
and III clinical trials (e.g., in adolescents together with TCS, 
and children with moderate AD).

We acknowledge a number of limitations to this analysis. Due 
to the collinearity of age and body weight in younger children, 
the differences in E-R between children and adults/adolescents  
may not be solely attributed to age. Also, assumptions of  
covariate correlations with disease severity were necessary 
for clinical trial simulations as some of the scenarios were not  

Fig. 3  Covariate effects on pla-
cebo-corrected EASI scores and 
placebo-corrected proportions 
of IGA 0/1 responders. EASI, 
Eczema Area and Severity 
Index; IGA 0/1, proportions of 
patients achieving an Investiga-
tor’s Global Assessment score 
of 0 or 1; q2w, every 2 weeks; 
TARC, thymus and activation-
regulated chemokine; TCS, 
topical corticosteroids. Note: 
The vertical line represents 
the median placebo-corrected 
response for the reference 
patient. Red circles represent 
the median placebo-corrected 
score under the specified condi-
tion (test or reference), and the 
blue line segments represent the 
corresponding 90% confidence 
interval. Test conditions for 
continuous covariates represent 
the  5th and  95th percentiles of 
the covariate in the analysis 
dataset. Trough dupilumab con-
centration was fixed to 68 mg/L 
at Week 16 for all patients. The 
reference patient for both analy-
ses was defined as White race, 
baseline body weight 70 kg, 
age 30 years, no prior systemic 
immunotherapy, without TCS 
co-administration, median 
observed baseline blood eosino-
phil count (0.481 ×  109/L), and 
median observed TARC serum 
levels (2033.6 pg/mL).
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17 year−old subject (Weight = 65 kg)

Placebo−Corrected Proportion of IGA 0/1 Responders

Median (90% CI)

Median (90% CI)

0.17 (0.1, 0.25)

0.14 (0.08, 0.21)

0.15 (0.08, 0.21)

0.18 (0.1, 0.26)

0.2 (0.12, 0.28)

0.13 (0.08, 0.2)

0.21 (0.14, 0.29)

0.1 (0.05, 0.16) 

0.1 (0.05, 0.1605)

0.1 (0.05, 0.17)

0.31 (0.2095, 0.4)

0.17 (0.1, 0.26)

0.16 (0.1, 0.23)

0.15 (0.09, 0.22)

0.15 (0.08, 0.22)

0 0.50
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studied (e.g., moderate baseline disease severity in children). 
When available, data from pediatric patients with moderate AD 
should be used to validate the assumptions made. Furthermore, 
data from pediatric patients < 6 years of age were not available  
at the time of the analysis, therefore future applications of 
this model should include evaluations in this age group. A 
final limitation of the current study is that it only evaluated 
relationships between efficacy and systemic drug exposure, 

and therefore may not be fully representative of differences at  
a tissue level.

In the US, dupilumab is approved for adult and pediatric  
patients with AD and asthma, and in adults with chronic  
rhinosinusitis with nasal polyps, eosinophilic esophagitis, 
and prurigo nodularis [6]. It is currently being investigated in 
pediatric patients with type 2 inflammatory diseases, including  
chronic spontaneous urticaria and chronic rhinosinusitis 
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with nasal polyps, and in young children with eosinophilic 
esophagitis. Because this analysis demonstrated similar (or 
better) E-R in pediatric patients compared with adults in AD, 
pharmacokinetic bridging from adults to pediatric patients may 
be justified. This is consistent with the U.S Food and Drug 
Administration and International Council for Harmonisation 
of Technical Requirements for Pharmaceuticals for Human 
Use guidance that detail the criteria for bridging by pharma-
cokinetics from a reference population to pediatric patients, 
in combination with adequate collection of safety data in the 
target population [37, 38]. Therefore, as future type 2 inflam-
matory indications of dupilumab are pursued, data from adult 
studies may be leveraged to extrapolate expected responses to 

dupilumab in younger children where large prospective, ran-
domized, controlled pediatric trials assessing efficacy may be 
difficult to generate.

Conclusion

In summary, we developed an integrated E-R model of 
dupilumab in children, adolescents, and adults with mod-
erate-to-severe AD, using both categorical and continuous 
endpoints. This modeling approach may be generalizable to 
some of the other type 2 inflammatory diseases with similar 
pathophysiology.
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