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Immunogenicity of dupilumab in
adult and pediatric patients with
atopic dermatitis
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Jing Xiao1, Faisal A. Khokhar1, Guy Gherardi4, Elisa Babilonia1,
Jennifer Maloney1, Eric Mortensen1, Bolanle Akinlade1,
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and A. Thomas DiCioccio1

1Regeneron Pharmaceuticals Inc., Tarrytown, NY, United States, 2Sanofi, Bridgewater,
NJ, United States, 3Sanofi, Madrid, Spain, 4Sanofi, Reading, United Kingdom
Background: Development of anti-drug antibodies (ADAs) and neutralizing

antibodies (NAbs) to monoclonal antibodies may adversely impact

pharmacokinetics, efficacy, and/or safety.

Objective: To describe incidence, titer, and persistence of dupilumab ADAs and

NAbs, and their effects on pharmacokinetics, efficacy, and safety in patients with

atopic dermatitis (AD).

Methods: This analysis included seven phase 3 randomized, placebo-controlled

(N=2,992) and two long-termopen-label extension (N=2,287) trials of subcutaneous

dupilumab in adults and pediatric patients with moderate-to-severe AD. ADA, NAb,

and dupilumab concentration in serum were assessed using validated

immunoassays. ADA impacts on efficacy (EASI) and safety were assessed.

Results: Treatment-emergent ADAs were observed in up to 8.6% (aged ≥18

years), 16.0% (12-17 years), 5.3% (6-11 years), and 2.0% (6 months to 5 years)

dupilumab-treated patients. Among dupilumab-treated patients, ≤3.7% had

persistent responses, <1% had high titers (≥10,000), and ≤5.1% were NAb-

positive. NAbs were more common in patients with moderate- and high-titer

ADA responses. High-titer ADAs, while infrequent, were the variable most

associated with lower dupilumab concentrations in serum and loss of efficacy,

independent of NAb status. Efficacy was generally similar in ADA-positive and

-negative patients. For most patients with high- or moderate-titer ADAs, titers

decreased and efficacy improved over timewith continued dupilumab treatment.

ADA-positive and -negative patients had similar incidences of treatment-

emergent and serious treatment-emergent adverse events. One patient with

high-titer ADAs developed serum sickness.
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Conclusion: In patients with AD, ADAs and NAbs had minimal impact on

dupilumab concentration, efficacy, and safety, except for high-titer ADAs in a

small number of patients.

Clinical trial registration: ClinicalTrials.gov, identifiers (NCT02277743,

NCT02277769, NCT02260986, NCT02395133, NCT01949311, NCT03054428,

NCT03345914, NCT02612454, and NCT03346434).
KEYWORDS

anti-drug antibody, ADA, atopic dermatitis, dupilumab, immunogenicity, neutralizing
antibody, NAb
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1 Introduction

Patients treated with therapeutic proteins may develop

immunogenic responses and produce anti-drug antibodies

(ADAs) (1). Neutralizing antibodies (NAbs), a subset of ADAs

that bind to functional domains of proteins, may impair their

biological activity and reduce efficacy. ADAs may also be

associated with serious safety outcomes such as hypersensitivity

reactions including serum sickness and anaphylaxis (2–8).

Dupilumab is a targeted, human VelocImmune®-derived

monoclonal antibody (9, 10) that blocks interleukin-4 receptor

alpha (IL-4Ra; shared receptor subunit for IL-4 and IL-13).

Dupilumab inhibits signaling of both IL-4 and IL-13, which are

key and central drivers of type 2 inflammation in multiple diseases

(11, 12). Dupilumab is approved for type 2 inflammatory disorders

including atopic dermatitis (AD), asthma, chronic rhinosinusitis

with nasal polyps, eosinophilic esophagitis, and prurigo nodularis

(13, 14).

This is the first comprehensive analysis of dupilumab

immunogenicity in phase 3 clinical trials for patients 6 months of

age to adults with AD. Although dupilumab is approved in multiple

indications, this analysis of immunogenicity focuses on the AD

indication, where the clinical trial population ranges from ages 6

months to adults, thus providing a robust analysis of

immunogenicity spanning infants to adults. Herein we describe

the incidence, titer, and persistence of ADA responses to dupilumab

in the phase 3 clinical trials that supported indications in adult

and pediatric populations with AD. Associations of immunogenic

responses (i.e. ADAs and NAbs) with dupilumab pharmacokinetics

(PK), efficacy, and safety are also assessed.
2 Methods

2.1 Study designs and treatment arms

This analysis included data from 9 randomized, placebo-

controlled, double-blinded phase 3 clinical trials (RCTs) and

open-label extensions (OLEs) of subcutaneous dupilumab in

adults (aged ≥18 years), adolescents (12–17 years), children (6–11

years), and infants/preschoolers (6 months to 5 years) with
Abbreviations: AD, atopic dermatitis; ADA, anti-drug antibody; EASI, Eczema

Area and Severity Index; HLT, MedDRA High Level Term; IGA, Investigator’s

Global Assessment; IL, interleukin; IL-4Ra, interleukin-4 receptor alpha; ISR,

injection-site reaction; LLOQ, lower limit of quantitation; MedDRA, Medical

Dictionary for Regulatory Activities; Nab, neutralizing antibody; OLE, open-label

extension; PRE, pre-existing immunoreactivity; PK, pharmacokinetics; PT,

MedDRA Preferred Term; qw, once weekly; q2w, every 2 weeks; q4w, every 4

weeks; RCT, randomized controlled clinical trial; SAE, serious adverse event;

SAF, safety analysis set; TB, treatment-boosted; TCS, topical corticosteroid(s);

TCI: topical calcineurin inhibitor(s); TE, treatment-emergent; TEAE, treatment-

emergent adverse event; TE-SAE, treatment-emergent serious adverse event;

TNF, tumor necrosis factor.
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moderate or severe AD (15–23). Study designs and baseline

demographics and disease characteristics were previously

described and are summarized in Table 1 (15–23). Blood

collection timepoints for assessment of ADAs and PK are

provided in Supplementary Table E1.
2.2 Ethics

All studies were conducted following the ethical principles

derived from the Declaration of Helsinki, the International

Conference on Harmonisation guideline, Good Clinical

Practice, and local applicable regulatory requirements.

Written informed consent was obtained from all patients or

their legal guardians prior to commencement of any

study procedure.
2.3 Assays

2.3.1 Anti-drug antibodies
ADAs in serum samples were assessed using a validated

electrochemiluminescence bridging immunoassay, with a

mouse anti-dupilumab monoclonal antibody as the positive

control and labeled drugs as the bridge components. The assay

involved up to three different evaluations: initial screening assay

to identify samples potentially positive for ADAs; confirmatory

assay to determine whether positive screening assay responses

can be inhibited by the presence of excess drug; and a titer

procedure to assess ADA levels in confirmed positive samples.

Titer values of ADA-positive samples were defined as the

maximum final dilution from neat serum that has an assay

signal still above the assay cut point (Table 2) (Supplementary

Methods: Assays).
2.3.2 Neutralizing antibodies
The presence of NAbs was evaluated using a validated

competitive ligand-binding assay in ADA-positive serum samples.

ADA-negative samples were considered NAb-negative

(Supplementary Methods: Assays).
2.3.3 Dupilumab concentrations in serum
Serum samples for quantitation of dupilumab were analyzed

using a validated enzyme-linked immunosorbent assay, with

dupilumab as assay standard and human IL-4Ra as capture

reagent (Supplementary Methods: Assays) (24). Dupilumab

concentration was measured as functional antibody with either

1 or 2 free binding sites. The lower limit of quantitation (LLOQ) of

functional dupilumab is 0.0780 mg/L in undiluted human

serum (25).
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TABLE 1 Clinical trials and treatment groups included in this analysis. (A) Adults. (B) Adolescents, children, and infants.

(A) Adults

Trial Patient population Study design Treatment period
Dose regimens (n) included in

this analysisa

Pooled LIBERTY AD SOLO
1 (NCT02277743) and
LIBERTY AD SOLO 2
(NCT02277769) (15)

Adults with moderate-to-
severe AD

RCT 16 weeks • Dupilumab 300 mg qw (n = 455)
– Loading dose 600 mg

• Dupilumab 300 mg q2w (n = 465)
– Loading dose 600 mg

• Placebo (n = 456)

LIBERTY AD CHRONOS
(NCT02260986) (16)

Adults with moderate-to-
severe AD

RCT 52 weeks • Dupilumab 300 mg qw + TCS (n = 315)
– Loading dose 600 mg

• Dupilumab 300 mg q2w + TCS (n = 110)
– Loading dose 600 mg

• Placebo + TCS (n = 315)

LIBERTY AD SOLO-
CONTINUE
(NCT02395133) (19)b

Dupilumab-treated adults
who had achieved IGA 0/1
or EASI-75 at week 16 in
SOLO 1 or SOLO 2

RCT 36 weeks • Dupilumab 300 mg qw (n = 87)b

• Dupilumab 300 mg q2w (n = 80)b

• Placebo (n = 82)

LIBERTY AD OLE
(NCT01949311) (20)

Adult patients who had
completed SOLO 1, SOLO
2, CHRONOS, or
SOLO-CONTINUE

OLE Up to 3 years; data cut-off
for this analysis was

December 1, 2018; median
duration (Q1, Q3) of
treatment in OLE, 93.0
weeks (68.7, 117.0)

• Dupilumab 300 mg qw; concomitant
TCS or TCI permitted (n = 1,751)
– Dupilumab was administered with a
loading dose (600 mg) as the initial
dupilumab dose in OLE for adult patients
who had not received dupilumab in the
previous 4 weeks
F
rontiers in Immunology
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(B) Adolescents, children, and infants

Trial Patient population Study design Treatment period
Dose regimens (n) included in

this analysisa

LIBERTY AD ADOL
(NCT03054428) (17)

Adolescents (aged 12–17
years) with moderate-to-
severe AD

RCT 16 weeks • Dupilumab 200 mg q2w (baseline
bodyweight <60 kg) (n = 43)c

– Loading dose 400 mg
• Dupilumab 300 mg q2w (baseline

bodyweight ≥60 kg) (n = 39)b

– Loading dose 600 mg
• Placebo (n = 85)

LIBERTY AD PEDS
(NCT03345914) (18)

Children (aged 6–11 years)
with severe AD

RCT 16 weeks • Dupilumab 200 mg q2w (baseline body
weight ≥30 to <60 kg) + TCS (n = 59)
– Loading dose 400 mg

• Dupilumab 300 mg q4w (baseline body
weight ≥15 to <60 kg) + TCS (n = 120)
– Loading dose 600 mg

• Placebo + TCS (n = 120)

LIBERTY AD
PRESCHOOL (Part B: the
phase 3 portion of a phase
2/3 trial;
NCT03346434) (23)

Infants and preschool
children (aged 6 months to
5 years) with moderate-to-
severe AD

RCT 16 weeks • Dupilumab 200 mg q4w + TCS (baseline
body weight ≥5 to <15 kg) (n = 26)d

• Dupilumab 300 mg q4w + TCS (baseline
body weight ≥15 to <30 kg) (n = 57)d

• Placebo + TCS (n = 78)

LIBERTY AD PED-OLE
(NCT02612454) (21–23)

Adolescent patients who
completed ADOL

OLE Data cut-off April 21, 2018;
median duration (Q1, Q3)
of treatment in PED-OLE,
16.6 weeks (8.0, 28.0)

• Dupilumab 300 mg q4w; concomitant
TCS and TCI permitted (n = 201)
– Patients with IGA score ≥2 after 16
weeks of dupilumab could be up-titrated
to 200/300 mg q2w (<60 kg/≥60 kg)

Children who
completed PEDS

OLE Data cut-off July 22, 2019;
median duration (Q1, Q3)

• Dupilumab 300 mg q4w with permitted
use of TCS and TCI (n = 335)

(Continued)
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2.4 Analysis methods

2.4.1 Statistical analyses
All analyses were summarized descriptively and no statistical

comparisons were performed. Due to the relatively small number of

participants positive for ADAs, individual-level data are presented

in figures.

2.4.2 Analysis sets
Safety analysis sets (SAFs) included all patients who received

any study drug (dupilumab or placebo). ADA analysis sets included

all patients in SAFs with ≥1 non-missing ADA result after the first

dose of study drug. NAb analysis sets included all patients in the

SAFs with ≥1 non-missing NAb result or who had all samples

negative in the ADA assay after the first dose of study drug. PK

analysis sets included all randomized patients in the SAFs with ≥1

non-missing drug concentration result following the first dose of

study drug. The SAF, ADA, NAb, and PK sets were analyzed

according to treatment received.

2.4.3 ADA outcomes
ADA categories included ADA-negative, pre-existing

immunoreactivity (PRE), treatment-boosted (TB), and treatment-

emergent (TE) (Table 2). In SOLO-CONTINUE, OLE, and PED-

OLE, parent study baseline was considered baseline for determination

of ADA status. TE-ADA responses were further categorized as

persistent, indeterminate, or transient (Table 2). Maximum post-

baseline ADA titer was categorized in TE/TB ADA-positive patients

as low (<1,000), moderate (≥1,000 to <10,000), or high (≥10,000),

based on maximum titer assay value any time after the first dose.

NAb responses were categorized as NAb-positive or NAb-negative.

Only ADA-positive samples were tested for NAbs.

2.4.4 Impact of ADAs on PK and efficacy
The impacts of ADAs on PK and efficacy were assessed with

scatter plots by nominal time and maximum titer category in ADA-
Frontiers in Immunology 05
positive patients versus ADA-negative patients. Percent change

from baseline in Eczema Area and Severity Index (EASI) was

selected as the efficacy endpoint because it is a continuous

variable (and thus sensitive to change) and was consistently

measured across all clinical trials presented herein.

2.4.5 Impact of ADAs on drug safety
Safety for each trial was summarized by patient ADA status

category (ADA-positive, -negative, or missing) using the SAFs.

Safety outcomes included treatment-emergent adverse events

(TEAEs), TEAEs related to study drug, TEAEs causing

permanent discontinuation of study drug, deaths, treatment-

emergent serious adverse events (TE-SAEs), TE-SAEs causing

permanent discontinuation of study drug, TE-SAEs related to

study drug, and certain events of special interest: serum sickness/

serum-sickness-like reaction; anaphylaxis/anaphylactic reaction;

and Medical Dictionary for Drug Regulatory Activities High Level

Term [MedDRA HLT] injection-site reactions (ISRs) lasting >24

hours (note: ADOL, PEDS, and PED-OLE did not collect data for

ISRs lasting >24 hours; in the adult OLE, data for ISRs lasting >24

hours were collected only for patients with severe ISRs, and these

data were no longer collected after June 2, 2017, when protocol

amendment 7 was instituted).
3 Results

3.1 Patient populations

This analysis included 2,743 patients in 16- or 52-week RCTs

(SOLO 1, SOLO 2, ADOL, PEDS, CHRONOS, PRESCHOOL) and

2,536 patients in trials enrolling patients from previous dupilumab

studies (SOLO-CONTINUE, OLE, PED-OLE) (Table 1). The ADA

analysis set included 2,674 patients in the 16- and 52-week RCTs

(Table 3) and 2,507 patients in trials enrolling patients from

previous dupilumab studies (Supplementary Table E2).
TABLE 1 Continued

(B) Adolescents, children, and infants

Trial Patient population Study design Treatment period
Dose regimens (n) included in

this analysisa

of treatment in PED-OLE,
29.6 weeks (18.2, 40.2)

– Patients with IGA score ≥2 after 16
weeks of dupilumab could be up-titrated to
200/300 mg q2w (<60 kg/≥60 kg)
AD, atopic dermatitis; EASI-75, ≥75% improvement from baseline in Eczema Area and Severity Index; IGA, Investigator’s Global Assessment; n, number of patients in the SAF; OLE, open label;
Q1, first quartile; Q3, third quartile; qw, once weekly; q2w, every 2 weeks; q4w, every 4 weeks; q8w, every 8 weeks; RCT, randomized controlled trial; SAF, safety analysis set; SC, subcutaneous;
TCI, topical calcineurin inhibitor(s); TCS, topical corticosteroid(s).
aThe analysis included selected regimens supporting approved posology for pediatric patients aged 6 months to 17 years with AD. For adults, the approved posology is 300 mg q2w, with an initial
loading dose of 600 mg. For pediatric patients, the approved posology in the US is as follows: aged 5 months to 5 years, 200 mg q4w for body weight ≥5 to <15 kg and 300 mg q4w for body weight
≥15 to <30 kg; aged 6–17 years, 300 mg q4w (initial loading dose 600 mg) for body weight ≥15 to <30 kg, 200 mg q2w (initial loading dose 400 mg) for body weight ≥30 to <60 kg, and 300 mg q2w
(initial loading dose 600 mg) for body weight ≥60 kg (13). In the EU, the approved posology is as follows: aged 6–11 years, 300 mg q4w (loading dose 300 mg at day 1 and 300 mg at day 15) for
body weight 15 kg to <60 kg, 300 mg q2w (initial loading dose 600 mg) for body weight ≥60 kg; aged 12–17 years, 300 mg q4w for body weight <60 kg (initial loading dose 400 mg) and 300 mg
q2w for body weight ≥60 kg (initial loading dose 600 mg) (13, 14, 36–38).
bSOLO-CONTINUE evaluated four dupilumab SC monotherapy regimens vs placebo; dupilumab 300 mg qw and 300 mg q2w were included in this analysis; 300 mg q4w and 300 mg q8w were
not included in this analysis.
cDupilumab weight-based dose regimens were pooled for these analyses.
dNo dupilumab loading dose was administered in this trial.
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3.2 ADA status

3.2.1 ADA incidence
Most dupilumab-treated patients were ADA-negative

(dupilumab: 82.7–100.0%; placebo: 83.8–97.1%) (Table 3). In the

RCTs, TE-ADA responses were observed in up to 8.6% (adults),

16.0% (adolescents), 5.3% (children), and 2.0% (preschoolers/

infants) dupilumab-treated patients; and 0–7.5% placebo-treated

patients (Table 3). Incidence of TE-ADA responses with dupilumab

treatment was similar in the long-term trials that enrolled patients

from previous trials (Supplementary Table E2). In SOLO-

CONTINUE, incidence of TE-ADA was higher for patients who

switched from dupilumab to placebo (11.3%) than those who

continued on dupilumab (2.9%) (Supplementary Table E2). A

small number of patients exhibited pre-existing immunoreactivity

at baseline in the RCTs (dupilumab: 1.2–6.3%; placebo: 2.6–5.9%);

among these patients, TB responses were uncommon (≤1% of

placebo-treated or dupilumab-treated patients) (Table 3).

3.2.2 ADA persistence
Incidence of persistent TE-ADA responses was low. Among

dupilumab-treated patients, persistent TE-ADA responses were
Frontiers in Immunology 06
observed in 0.2–1.9% of adults, 3.7% of adolescents, and no

children in the RCTs (Table 3). In the trials that enrolled

patients from previous trials, persistent TE-ADA responses were

observed in no patients in SOLO-CONTINUE, 0.9% of patients in

the adult OLE, and 1.5% adolescents and 0.6% children in PED-

OLE (Supplementary Table E2). In the adult OLE, 4.3% of TE-

ADA responses were transient and 0.9% were persistent; most

ADA-positive patients became ADA-negative by week 20–44 and

remained ADA-negative through the 3 years included in this

analysis (data not shown).
3.2.3 ADA titers
Most ADA-positive dupilumab-treated patients exhibited a low

(<1,000) maximum post-baseline ADA titer, while high titers

(≥10,000) were rare (<1% of dupilumab-treated patients)

(Table 3; Supplementary Table E2). In the adult OLE, three

patients had high-titer responses and 11 had moderate titers

(Supplementary Table E2); in nearly all these patients, titers

declined over time with continued dupilumab dosing (Figure 1).

Among placebo-treated patients with ADA-positive responses,

nearly all exhibited low titers; only one (in SOLO-CONTINUE)

exhibited a moderate titer (Table 3; Supplementary Table E2).
3.3 NAbs

Across all trials, most dupilumab-treated patients (91.3–100%)

were NAb-negative (Table 3; Supplementary Table E2). In the 16-

week RCTs, among dupilumab-treated patients, NAbs were observed

in up to 2.5% adults, 4.9% adolescents, 1.8% children, and no

preschoolers/infants; among placebo-treated patients, NAbs were

observed in 0.5% adults, 1.2% adolescents, and no children or

preschoolers/infants (Table 3). In long-term trials (i.e. with duration

≥36 weeks), NAb incidence was similarly low. Among dupilumab-

treated patients, NAbs were observed in 0.3–1.0% of patients in

CHRONOS, 0–1.2% in SOLO-CONTINUE, 2.6% in the adult OLE,

and 5.1% of adolescents and no children in PED-OLE. Among

placebo-treated patients, NAbs were observed in 1.0% of patients in

CHRONOS and 5.0% in SOLO-CONTINUE (Table 3;

Supplementary Table E3). Across all studies and treatment groups,

dupilumab-treated patients with moderate- or high-titer ADAs were

more likely to also be NAb-positive compared with patients with low-

titer ADAs (Table 4; Supplementary Figure E1).
3.4 Impact of ADAs on functional
concentration of dupilumab in serum

Functional concentrations of dupilumab in serum in ADA-positive

patients generally fell within the range of concentrations for ADA-

negative patients. For patients with low titers, dupilumab

concentrations were generally within the range observed in ADA-

negative patients. However, for a small number of cases in patients with

high (and, infrequently, moderate) titers, concentrations were lower

than in ADA-negative patients (Figure 2; Supplementary Figure E2) –
TABLE 2 ADA/NAb status definitions.

Term Definition

ADA status

ADA-negative All samples were negative in the ADA assay

PRE Positive result at baseline with all post-baseline ADA titers
results <4-fold the baseline titer result

TB Positive result at baseline with at least one post-baseline
titer result ≥4-fold the baseline titer result

TE Negative result or missing result at baseline with at least
one positive post-baseline result

In patients with TE-ADA response

Persistent Positive ADA result detected in at least two consecutive
post-baseline samples separated by ≥12-week post-baseline
period with no ADA-negative results in-between

Indeterminate Positive ADA result at the last collection timepoint only

Transient Neither persistent nor indeterminate

Maximum ADA titer (only in patients with TE or TB response)a

Low Titer <1,000

Moderate Titer ≥1,000 to <10,000

High Titer ≥10,000

NAb status

NAb-positive Positive for NAb assay at ≥1 post-baseline timepoint

NAb-negative ADA-negative or negative for NAb assay at all
timepoints tested

ADA, anti-drug antibody; NAb, neutralizing antibody; PRE, pre-existing immunoreactivity;
TB, treatment-boosted; TE, treatment-emergent.
aThe titer value of an ADA-positive sample was defined as the maximum final dilution from
neat serum that had an assay signal still above the assay cut point.
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TABLE 3 Patient ADA/NAb status, persistence, and maximum titer category in randomized, placebo-controlled phase 3 trials in adults, adolescents, and children; ADA analysis set.

Pediatric trials

PEDS (aged 6–11 years)
(16 weeks)

PRESCHOOL
(aged 6 months to 5 years)

(16 weeks)

Dupilumab
200 mg

q2w + TCS
(≥30 kg)
(n = 57)

Dupilumab
300 mg

q4w + TCS
(<30 kg)
(n = 56)

Dupilumab
300 mg

q4w + TCS
(any wt)a

(n = 114)

Placebo
+ TCS
(n = 69)

Dupilumab
200 mg

q4w + TCS
(≥5 to
<15 kg)
(n = 24)

Dupilumab
300 mg

q4w + TCS
(≥15 to
<30 kg)
(n = 50)

1 (1.8) 2 (3.6) 4 (3.5) 2 (2.9) 0 0

0 0 0 0 0 0

3 (5.3) 0 0 0 0 1 (2.0)

0 0 0 0 0 0

2 (3.5) 0 0 0 0 0

1 (1.8) 0 0 0 0 1 (2.0)

53 (93.0) 54 (96.4) 110 (96.5) 67 (97.1) 24 (100) 49 (98.0)

3 (5.3) 0 0 0 0 1 (2.0)

0 0 0 0 0 0

0 0 0 0 0 0

57 (100) 56 (100) 114 (100) 69 (100) 24 (100) 50 (100)

56 (98.2) 56 (100) 114 (100) 69 (100) 24 (100) 50 (100)

1 (1.8) 0 0 0 0 0

eks; q4w, every 4 weeks; TB, treatment-boosted; TCS, topical corticosteroid(s); TE, treatment-emergent.

dilution of the sample that has an assay signal still above the assay cut point.
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7

Adults

Trial(s)
(treatment
period) Pooled SOLO 1 & 2 (16 weeks) CHRONOS (52 weeks)

ADOL
(aged 12–17 years)

(16 weeks)

ADA category,
n (%)

Placebo
(n

= 427)

Dupilumab
300 mg
q2w

(n = 447)

Dupilumab
300 mg

qw
(n = 429)

Placebo
+ TCS
(n

= 306)

Dupilumab
300 mg

q2w + TCS
(n = 105)

Dupilumab
300 mg
qw + TCS
(n = 308)

Placebo
(n = 85)

Dupilumab
200/300
mg q2w
(n = 81)

Placebo
+ TCS

(n = 116)

PRE 16 (3.7) 28 (6.3) 19 (4.4) 18 (5.9) 3 (2.9) 18 (5.8) 4 (4.7) 1 (1.2) 3 (2.6)

TB response 2 (0.5) 0 0 1 (0.3) 1 (1.0) 1 (0.3) 0 0 0

TE response 6 (1.4) 33 (7.4) 12 (2.8) 23 (7.5) 9 (8.6) 18 (5.8) 3 (3.5) 13 (16.0) 2 (1.7)

Persistent 0 1 (0.2) 1 (0.2) 9 (2.9) 2 (1.9) 4 (1.3) 1 (1.2) 3 (3.7) 0

Transient 0 3 (0.7) 0 8 (2.6) 5 (4.8) 9 (2.9) 1 (1.2) 9 (11.1) 1 (0.9)

Indeterminate 6 (1.4) 29 (6.5) 11 (2.6) 6 (2.0) 2 (1.9) 5 (1.6) 1 (1.2) 1 (1.2) 1 (0.9)

ADA-negativeb
403
(94.4)

386 (86.4) 398 (92.8)
264
(86.3)

92 (87.6) 271 (88.0) 78 (91.8) 67 (82.7)
111
(95.7)

Maximum ADA titerc

Low (<1,000) 8 (1.9) 30 (6.7) 7 (1.6) 24 (7.8) 9 (8.6) 17 (5.5) 3 (3.5) 11 (13.6) 2 (1.7)

Moderate
(≥1,000
and ≤10,000)

0 3 (0.7) 3 (0.7) 0 1 (1.0) 2 (0.6) 0 2 (2.5) 0

High
(>10,000)

0 0 2 (0.5) 0 0 0 0 0 0

NAb
analysis set

427
(100)

447 (100) 429 (100) 306 (100) 105 (100) 308 (100) 85 (100) 81 (100) 116 (100)

NAb-negative
425
(99.5)

436 (97.5) 425 (99.1)
303
(99.0)

104 (99.0) 307 (99.7) 84 (98.8) 77 (95.1) 116 (100)

NAb-positive 2 (0.5) 11 (2.5) 4 (0.9) 3 (1.0) 1 (1.0) 1 (0.3) 1 (1.2) 4 (4.9) 0

ADA, anti-dupilumab antibody; NAb, neutralizing antibody; PRE, pre-existing immunogenicity detected at parent study baseline; qw, once weekly; q2w, every 2 w
aApproved EU dose regimen (14).
bADA-negative: all samples were negative in the ADA assay.
cMaximum titer category is reported only for patients who were ADA-positive at any time. The titer value of an ADA-positive sample is defined as the maximum
e
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in these patients, the concentrations of dupilumab were below the

LLOQ at most timepoints, which is considered as essentially non-

detectable. In two of the three patients with high-titer ADAs in the

adult OLE, dupilumab concentration in serum remained low, while

ADA titers decreased over time; in contrast, in patients with moderate-

titer ADAs, concentrations of dupilumab tended to increase as titer

decreased over time (Supplementary Figure E3).
3.5 Impact of ADAs on efficacy

In the RCTs, the few adult and pediatric patients with high-titer

ADA responses were less likely to exhibit sustained improvement
Frontiers in Immunology 08
(decreases) in EASI scores from baseline than patients with low-titer or

ADA-negative responses (Supplementary Figure E4A). The impact of

moderate-titer responses in the RCTs was variable, with some patients

exhibiting near-complete resolution of AD, while others demonstrated

negligible improvement in EASI over the study (Figure 3;

Supplementary Figure E4). For patients with low titers, improvement

in EASI from baseline fell within the range of improvement reported

for ADA-negative patients (Figure 3; Supplementary Figure E4).

Few patients in the OLEs had moderate- or high-titer responses

(Supplementary Table E2). With continued dupilumab treatment in

the adult OLE, ADA titer decreased and concurrent improvements

in efficacy were observed (Supplementary Figure E3). Two

patients in PED-OLE had high-titer responses; one showed no

improvement in EASI, while the other showed moderate

improvement (Supplementary Table E2; Supplementary Figures

E4F–I). Efficacy was unaffected by low-titer ADAs in PED-OLE

(Supplementary Figures E4F–I).
3.6 Impact of ADAs on drug safety

3.6.1 Overview
The proportions of patients with ≥1 TEAE were similar between

ADA-negative and ADA-positive patients (Table 5; Supplementary

Table E3). There was no clear relationship between ADA status and

incidence of TEAEs considered by the investigators to be related to
FIGURE 1

Individual titer over time by maximum titer category in ADA-positive patients in the adult OLE. Baseline records from parent studies were used to
derive maximum titer category and ADA status. The titer was imputed as 10 for ADA-negative results for the purpose of this figure. ADA, anti-drug
antibody; n, number of participants with titer category; OLE, open-label extension; qw, once weekly.
TABLE 4 Proportion of patients pooled from SOLOs, CHRONOS, ADOL,
PEDS, and PRESCHOOL with TE or TB ADAs that were NAb-positive, by
maximum titer category.

Maximum ADA titer
category (TE & TB)

Proportion of NAb-
positive patients, n/N (%)

Low (<1,000) 23/135 (17.04)

Moderate (≥1,000 and ≤10,000) 7/11 (63.64)

High (>10,000) 2/2 (100.0)

ADA, anti-dupilumab antibody; n, number of NAb-positive patients in titer category; N,
number of patients in titer category; NAb, neutralizing antibody; TB, treatment-boosted; TE,
treatment-emergent.
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study drug, TEAEs leading to permanent discontinuation of study

drug, or TE-SAEs. In addition, there was no clear relationship

between ADA titer and TE-SAEs in any of the trials, with the caveat

that this is limited by lower n in the high- and moderate-titer groups

(Supplementary Table E4).
Frontiers in Immunology 09
3.6.2 Adverse events of special interest
One event of serum sickness was reported, in a woman with

high-titer ADAs in the adult OLE (Supplementary Appendix

[patient narratives]). The event occurred on day 18, after her

second dose of dupilumab; it resolved by day 21, and was
FIGURE 2

Individual concentrations of functional dupilumab in serum by nominal time and maximum ADA titer category.a (A) Pooled SOLO 1 and 2: dupilumab
300 mg q2w. (B) ADOL: dupilumab 200/300 mg q2w. (C) PEDS: dupilumab 200 mg q2w + TCS (≥30 kg)/300 mg q4w + TCS (<30 kg).
Concentrations below the LLOQ (horizontal dashed line) were set to LLOQ/2. Concentration results are jittered by maximum titer category on the
X-axis for better data presentation. ADA, anti-drug antibody; LLOQ, lower limit of quantitation; q2w, every 2 weeks; q4w, every 4 weeks; TCS, topical
corticosteroid(s). aLow = ADA titer <1,000; moderate = ADA titer ≥1,000 to ≤10,000; high = ADA titer >10,000.
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considered by the investigator to be related to study drug. She

permanently discontinued study drug after this event. She had

received placebo in SOLO 1 and SOLO-CONTINUE, and

consistently exhibited a pre-existing low-titer ADA response

throughout SOLO 1 and SOLO-CONTINUE (titer range 120–

480). Her ADA titer was 120 on day 0 of OLE, increased to

15,360 at the end of treatment (early termination visit, at

approximately 79 days), and then decreased to 7,680 at the end of
Frontiers in Immunology 10
study visit at day 129. She also tested NAb-posit ive

throughout OLE.

No events of anaphylaxis were reported in ADA-positive

patients. All anaphylaxis/anaphylactic-type events occurred in

patients with known food allergies, after a minimum of 5 doses of

dupilumab, and none were considered related to study drug. These

events were rare and were only reported in 1/83 (1.2%) ADA-

negative patients in the dupilumab 300 mg weekly (qw) group in
FIGURE 3

Efficacy (percent change in EASI from baseline) by nominal time and maximum ADA titer category.a (A) Pooled SOLO 1 and 2: dupilumab 300 mg
q2w. (B) ADOL: dupilumab 200/300 mg q2w. (C) PEDS: dupilumab 200 mg q2w + TCS (≥30 kg)/300 mg q4w + TCS (≤30 kg). Results are jittered by
maximum titer category on the X-axis for better data presentation. ADA, anti-dupilumab antibody; EASI, Eczema Area and Severity Index; q2w, every
2 weeks; q4w, every 4 weeks; TCS, topical corticosteroid(s). aLow = ADA titer <1,000; moderate = ADA titer ≥1,000 to ≤10,000; high = ADA
titer >10,000.
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TABLE 5 Safety outcomes in randomized, placebo-controlled phase 3 trials. (A) Adults. (B) Adolescents, children, and infants.

als

CHRONOS (52 weeks)

lacebo + TCS
(n = 315)

Dupilumab 300
mg q2w + TCS

(n = 110)

Dupilumab 300
mg qw + TCS

(n = 315)

21/24 (87.5) 9/10 (90.0) 18/19 (94.7)

240/282 (85.1) 84/95 (88.4) 243/289 (84.1)

7/9 (77.8) 4/5 (80.0) 2/7 (28.6)

7/24 (29.2) 2/10 (20.0) 7/19 (36.8)

83/282 (29.4) 35/95 (36.8) 102/289 (35.3)

2/9 (22.2) 0 1/7 (14.3)

1/24 (4.2) 0 3/19 (15.8)

23/282 (8.2) 1/95 (1.1) 5/289 (1.7)

1/9 (11.1) 1/5 (20.0) 1/7 (14.3)

0 0 0

0 0 1/289 (0.3)

0 0 0

0 0 2/19 (10.5)b

16/282 (5.7) 3/95 (3.2) 7/289 (2.4)

0 1/5 (20.0) 1/7 (14.3)

0 0 2/19 (10.5)b

3/282 (1.1) 1/95 (1.1) 0

0 0 0

0 0 2/19 (10.5)b

2/282 (0.7) 0 0

0 0 1/7 (14.3)
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(A) Adults.

Number of patients with at
least one such event, n1/N (%) ADA statusa

Adult tr

SOLO 1 & 2 pooled (16 weeks)

Placebo
(n = 456)

Dupilumab
300 mg q2w
(n = 465)

Dupilumab 300
mg qw
(n = 455)

Overview

Any TEAE

ADA+ 8/8 (100) 23/33 (69.7) 10/12 (83.3)

ADA− 290/419 (69.2) 290/414 (70.0) 281/417 (67.4)

Missing 15/29 (51.7) 8/18 (44.4) 16/26 (61.5)

TEAE related to study drug

ADA+ 3/8 (37.5) 12/33 (36.4) 5/12 (41.7)

ADA− 82/419 (19.6) 116/414 (28.0) 123/417 (29.5)

Missing 4/29 (13.8) 2/18 (11.1) 6/26 (23.1)

TEAE causing permanent discontinuation
of study drug

ADA+ 1/8 (12.5) 0 1/12 (8.3)

ADA− 2/419 (0.5) 5/414 (1.2) 3/417 (0.7)

Missing 4/29 (13.8) 1/18 (5.6) 3/26 (11.5)

Death

ADA+ 0 0 0

ADA− 0 0 0

Missing 0 0 1/26 (3.8)

Any TE-SAE

ADA+ 0 0 0

ADA− 20/419 (4.8) 10/414 (2.4) 6/417 (1.4)

Missing 4/29 (13.8) 1/18 (5.6) 4/26 (15.4)

TE-SAE related to study drug

ADA+ 0 0 0

ADA− 3/419 (0.7) 2/414 (0.5) 1/417 (0.2)

Missing 0 0 1/26 (3.8)

TE-SAE causing permanent discontinuation
of study drug

ADA+ 0 0 0

ADA− 2/419 (0.5) 2/414 (0.5) 0

Missing 4/29 (13.8) 1/18 (5.6) 2/26 (7.7)
i
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TABLE 5 Continued

dult tria

CHRONOS (52 weeks)

00
Pl ebo + TCS

n = 315)

Dupilumab 300
mg q2w + TCS

(n = 110)

Dupilumab 300
mg qw + TCS

(n = 315)

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

0 0 0

ls

) (16 wee s)

PRESCHOOL
(aged 6 months to 5 years)

(16 weeks)

pilumab
mg q4w
(<30 kg

n = 60)

Dupilumab
300 mg q4w +
TCS (any wt)f

(n = 120)
Placebo+ TCS

(n = 78)

Dupilumab
200/300 mg
q4w + TCS
(n = 83)

0/0 (0) 0/0 (0) 0/0 (0) 1/1 (100)

7/56 (66.1) 75/114 (65.8) 52/69 (75.4) 49/73 (67.1)

(Continued)
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(A) Adults.

Number of patients with at
least one such event, n1/N (%) ADA statusa

A

SOLO 1 & 2 pooled (16 weeks)

Placebo
(n = 456)

Dupilumab
300 mg q2w
(n = 465)

Dupilumab 3
mg qw
(n = 455)

Adverse events of special interest

Serum sickness/serum-sickness-
like reactionc

ADA+ 0 0 0

ADA− 0 0 0

Missing 0 0 0

Anaphylaxis/anaphylactic reaction
MedDRA SMQ narrowd

ADA+ 0 0 0

ADA− 0 0 0

Missing 0 0 0

ISRs lasting >24 hourse ADA+ 0 0 0

ADA− 0 0 0

Missing 0 0 0

(B) Adolescents, children, and infants.

Number of
patients with
at least one
such event,
n1/N (%) ADA statusa

Pediatric tria

ADOL (aged 12–17 years)
(16 weeks) PEDS (aged 6–11 year

Placebo
(n = 85)

Dupilumab
200/300 mg

q2w
(n = 82)

Placebo + TCS
(n = 120)

Dupilumab
200 mg q2w +
TCS (≥30 kg)

(n = 59)

D
300
TC

(

Overview

Any TEAE
ADA+ 3/3 (100) 9/13 (69.2) 2/2 (100) 1/3 (33.3)

ADA− 57/82 (69.5) 49/68 (72.1) 83/114 (72.8) 35/54 (64.8) 3
s

u

S
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TABLE 5 Continued

ls

) (16 we s)

PRESCHOOL
(aged 6 months to 5 years)

(16 weeks)

pilumab
mg q4w
(<30 kg
= 60)

Dupilumab
300 mg q4w +
TCS (any wt)f

(n = 120)
Placebo+ TCS

(n = 78)

Dupilumab
200/300 mg
q4w + TCS
(n = 83)

/4 (50.0) 3/6 (50.0) 6/9 (66.7) 3/9 (33.3)

0 0 0 0

/56 (23.2) 23/114 (20.2) 3/69 (4.3) 9/73 (12.3)

0 1/6 (16.7) 2/9 (22.2) 0

0 0 0 0

0 0 0 1/73 (1.4)

0 0 1/9 (11.1) 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

/56 (3.6) 2/114 (1.8) 3/69 (4.3) 0

0 0 1/9 (11.1) 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

(Continued)
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(B) Adolescents, children, and infants.

Number of
patients with
at least one
such event,
n1/N (%) ADA statusa

Pediatric tria

ADOL (aged 12–17 years)
(16 weeks) PEDS (aged 6–11 years

Placebo
(n = 85)

Dupilumab
200/300 mg

q2w
(n = 82)

Placebo + TCS
(n = 120)

Dupilumab
200 mg q2w +
TCS (≥30 kg)

(n = 59)

Du
300
TCS

(

Overview

Missing 0/0 (0) 1/1 (100) 3/4 (75.0) 0/2 (0)

TEAE related to
study drug

ADA+ 1/3 (33.3) 3/13 (23.1) 0 1/3 (33.3)

ADA− 12/82 (14.6) 14/68 (20.6) 13/114 (11.4) 11/54 (20.4) 1

Missing 0 1/1 (100) 0 0

TEAE causing
permanent
discontinuation of
study drug

ADA+ 0 0 0 0

ADA− 1/82 (1.2) 0 2/114 (1.8) 1/54 (1.9)

Missing 0 0 0 0

Death

ADA+ 0 0 0 0

ADA− 0 0 0 0

Missing 0 0 0 0

Any TE-SAE

ADA+ 0 0 0 0

ADA− 1/82 (1.2) 0 2/114 (1.8) 0

Missing 0 0 0 0

TE-SAE related to
study drug

ADA+ 0 0 0 0

ADA− 0 0 0 0

Missing 0 0 0 0

TE-SAE causing
permanent

ADA+ 0 0 0 0
n

2

3

2
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ic trials

years) (16 weeks)

PRESCHOOL
(aged 6 months to 5 years)

(16 weeks)

Dupilumab
300 mg q4w +
TCS (<30 kg)

(n = 60)

Dupilumab
300 mg q4w +
TCS (any wt)f

(n = 120)
Placebo+ TCS

(n = 78)

Dupilumab
200/300 mg
q4w + TCS
(n = 83)

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

n/a n/a 0 0

n/a n/a 0 0

n/a n/a 0 0

ionary for Regulatory Activities, N, number of patients in the ADA group for each dose group; n, number of
Preferred Term; qw, weekly; q2w, every 2 weeks; q4w, every 4 weeks; SMQ, standardized MedDRA query; TB,
verse event; wt, weight.

s); both events led to permanent discontinuation of study drug.
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(B) Adolescents, children, and infants.

Number of
patients with
at least one
such event,
n1/N (%) ADA statusa

Pediat

ADOL (aged 12–17 years)
(16 weeks) PEDS (aged 6–11

Placebo
(n = 85)

Dupilumab
200/300 mg

q2w
(n = 82)

Placebo + TCS
(n = 120)

Dupilumab
200 mg q2w +
TCS (≥30 kg)

(n = 59)

Overview

discontinuation of
study drug

ADA− 0 0 0 0

Missing 0 0 0 0

Adverse events of special interest

Serum sickness/
serum-sickness-
like reactionc

ADA+ 0 0 0 0

ADA− 0 0 0 0

Missing 0 0 0 0

Anaphylaxis/
anaphylactic
reaction MedDRA
SMQ narrowd

ADA+ 0 0 0 0

ADA− 0 0 0 0

Missing 0 0 0 0

ISRs lasting
>24 hourse

ADA+ n/a n/a n/a n/a

ADA− n/a n/a n/a n/a

Missing n/a n/a n/a n/a

ADA, anti-drug antibody; ADA−, ADA-negative; ADA+, ADA-positive; HLT, MedDRA High Level Term; ISR, injection-site reaction; MedDRA, Medical Dic
patients in dose group, based on the safety analysis set; n1, number of patients with an event; n/a, not available; PRE, pre-existing immunoreactivity; PT, MedDRA
treatment-boosted; TCS, topical corticosteroid(s); TE, treatment-emergent; TEAE, treatment-emergent adverse event; TE-SAE, treatment-emergent serious ad
aFor the purpose of the safety analysis, ADA+ included TE or TB, and ADA− included either negative at all timepoints or PRE.
bThe two TE-SAEs in the ADA-positive group for dupilumab 300 mg qw in CHRONOS were cystoid macular edema and rash maculo-papular (MedDRA P
cMedDRA PTs.
dMedDRA PTs included in the MedDRA “anaphylaxis/anaphylactic reaction SMQ narrow”.
eMedDRA HLT. ISRs lasting >24 h were not defined in ADOL or PEDS.
fApproved dose regimen in EU.
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SOLO-CONTINUE, 4/1,644 (0.2%) ADA-negative patients in the

dupilumab 300 mg qw group in OLE, and 3/318 (0.9%) ADA-

negative patients in PEDS-OLE.

No patients in any studies included in this analysis reported

ISRs lasting >24 hours (these data were not collected in ADOL,

PEDS, or PED-OLE) (Table 5; Supplementary Table E3).
4 Discussion

This analysis includes ~3,000 patients with moderate-to-severe

AD across multiple phase 3 RCTs and OLEs (15–23). The RCTs

assessed immunogenicity in a controlled setting for 16 or 52 weeks.

Dupilumab is intended for chronic administration; hence the OLE

studies allowed for longitudinal assessment of immunogenicity,

starting from the parent study, for up to 4 years of dupilumab

treatment for adults and up to 68 weeks for pediatric patients. Most

participants treated with dupilumab did not develop ADAs. Among

those few who developed ADAs, titers were generally low (<1,000)

and transient, and most patients were NAb-negative. A smaller subset

(≤2.5%) developed moderate titers (≥1,000 and ≤10,000) and very

few (<1%) developed high titers (>10,000). Immunogenic responses

had minimal impact on dupilumab concentration, efficacy, and

safety, except for the very few patients with high-titer ADAs.

ADA incidence and distribution of patients among maximum

titer categories in dupilumab-treated patients were generally similar

across studies, age groups, and dose regimens. TE-ADA incidence

rates were higher for dupilumab-treated adolescents in ADOL (16%)

and PED-OLE (12.2%) than for adults (2.8–8.6%) or younger age

groups (0–5.3%). This could be explained by the mostly transient

ADAs assessed at week 4 in ADOL, reflective of an IgM rather than

an IgG ADA response (26). The ADA assay detects both IgM and IgG

responses. Many IgM responses are transient and do not class switch

to the more durable IgG (25). There is also a low false positivity rate

in the assay, as demonstrated by the low TE-ADA incidence rates

observed in the placebo-treated patients.

TE-ADA incidence by age group was generally similar in the

RCTs and OLEs, suggesting that longer-term treatment did not

affect overall incidence rates (however, withdrawal of patients over

time in the OLE may affect this outcome). Indeed, patients who

develop an ADA response are most likely to do so at the onset of

treatment, and few ADA responses were persistent.

Overall, immunogenicity had minimal effect on drug

concentrations and efficacy of dupilumab. The range of

dupilumab concentrations and treatment efficacy in patients with

low-titer ADAs was generally within the distribution for ADA-

negative patients. High-titer ADAs, while rare, were more likely to

be associated with lower concentrations of dupilumab and

diminished improvement in EASI. In patients with moderate-titer

ADAs, both systemic dupilumab concentrations in serum and

efficacy fell between the low- and high-titer responses, supporting

appropriateness of the titer thresholds associated with the

categories. Influence of moderate- or high-titer responses on

efficacy was more pronounced in 16-week RCTs than OLEs, in

which the range of improvements in EASI appeared independent of

titer. With continued dosing in the adult OLE, dupilumab serum
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concentrations and efficacy generally improved over time as ADA

titers declined; decreases were most prominent in patients with

moderate or high titers. These patterns suggest that patients may

continue to benefit from ongoing treatment with dupilumab

irrespective of their ADA titer.

Approximately 80% of patients who developed ADAs were NAb-

negative. Although NAb status was correlated with higher ADA titers,

maximum titer category (e.g. low-/moderate-/high-titer) was a more

discriminating determinant to assess the impact of immunogenicity on

dupilumab PK, efficacy, and safety than any other metric, including

NAb-positivity. Importantly, in the adult OLE, there was no increase in

ADA incidence, persistence, or NAbs over long-term treatment;

incidence rates were generally similar to those observed in the

shorter-duration RCTs. In the PED-OLE, ADA incidence,

persistence, or NAbs were also generally similar compared with the

16-week pediatric RCTs. It should be noted that ADA specificity is not

a purely stochastic process, and the role of immunodominant epitopes

is widely appreciated; the assays performed in this study did not

discriminate between epitopes or binding strength. Correlations in

incidence between ADA titer level and incidence of NAbs for

dupilumab may not be generalizable to other therapeutic proteins.

Three adverse events of special interest were evaluated in this

analysis: serum sickness/serum-sickness-like reactions; anaphylaxis/

anaphylactic reactions; and ISRs lasting >24 hours. In this analysis,

serum sickness was reported in one patient with a high-titer ADA

response and NAb-positivity after 2 doses of dupilumab in the adult

OLE; this event resolved 3 days after it was reported (Supplementary

Appendix [patient narratives]). This patient was previously treated

with placebo and had pre-existing low ADA titers during both parent

studies prior to OLE. The event was considered by the investigator to

be related to study drug, and study drug was permanently

discontinued. Only two other events of serum sickness have been

reported in dupilumab clinical trials in AD, both in RCTs not

included in this analysis: LIBERTY AD CAFÉ [NCT02755649] and

LIBERTY AD EVALUATE [NCT022107080] (summarized in the

Supplementary Appendix [patient narratives]) (13, 14, 27). The

patient in EVALUATE exhibited a high-titer ADA response; in

contrast, the patient in CAFÉ had a low-titer response, and had

symptoms atypical for serum sickness (13, 14, 27). All three cases of

serum sickness occurred early in dupilumab treatment, after 1 to 3

doses of dupilumab; all events resolved and were considered related

to study drug; and all patients permanently discontinued study drug.

Despite the paucity of data, it seems possible that the occurrence of

serum sickness, while rare, could be associated with high-titer ADAs.

None of the cases of anaphylaxis/anaphylactic reactions were

ADA-positive; these cases were all related to known food allergies,

and none were considered related to study drug.

No patients reported an ISR lasting >24 hours (note that ADOL,

PEDS, and PED-OLE did not collect these data, and the adult OLE

only collected these data for patients with severe ISRs); thus, in this

analysis showed no evidence of any relationship between this event

and immunogenicity.

The incidence of TEAEs were similar for ADA-positive and

ADA-negative patients. For the approved dose regimens, serious

TEAEs were less frequent in ADA-positive than ADA-negative

patients. Except in the rare instances of patients with high-titer
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ADAs, there was no clear association between ADA status or titers

(moderate/low) and relative incidence rates of drug-related TEAEs

and permanent discontinuations due to TEAEs.

The ADA assay used in these trials was highly drug tolerant;

detection of binding anti-dupilumab responses would not be

limited by trough drug concentrations at the studied doses. The

NAb assay had a substantially lower drug tolerance (Supplementary

Methods: Assays), such that trough drug concentrations could

interfere with NAb detection in ADA-positive samples. The lack

of NAbs in low-titer ADA responses may indicate targeting of other

epitopes on dupilumab or be due to the technical limitations of the

assay. However, the functional dupilumab PK assay uses a target

capture format; presence of NAbs at sufficient levels would inhibit

drug capture on the plate and result in reduced concentrations (28).

The fact that similar drug concentrations were observed in both

ADA-negative and low- to moderate-titer ADA-positive patients

indicates that any neutralizing responses undetected in the NAb

assay were not clinically impactful.

While all therapeutic proteins may induce immunogenicity, the

propensity to develop ADAs and the impact thereof can vary widely.

For example, monoclonal antibodies directed against tumor necrosis

factor (TNF)-a have shown immunogenicity incidence rates ranging

from 5% to 67% of patients, with significant impact on drug

concentrations, efficacy, and safety (2, 7, 8, 29–32); other

monoclonal antibodies (e.g. anti-IL-12/13, anti-IL-6, anti-IL-17)

appear to generate lower immunogenicity levels (e.g. <10%), with

little or no clinical consequence (8, 33–36). However, caution should

be used when comparing ADA responses between drugs due to

multiple factors that could influence immunogenicity assessment,

including assay sensitivities, sampling schedules, treatment regimens,

monoclonal antibody humanization, target molecules, and disease

immunoreactivity (8).

A strength of this analysis is inclusion of a large population of

dupilumab-treated patients spanning age groups from infancy to

adulthood, and the consistency of PK, ADA, and NAb assays across

all trials. Another advantage is that we assessed immunogenicity in

both RCTs and longitudinal OLEs. The RCTs assessed

immunogenicity in a controlled setting for 16 or 52 weeks. Of note,

although the current analysis is focused on AD, immunogenicity

incidence is low across all other indications (13, 14). A limitation of

this analysis is that longitudinal data on changes in ADA status for

individual patients were not assessed over time at the patient level,

except for assessment of titer over time in the adult OLE. Patients

were considered ADA-positive if they had any TE or TB responses,

regardless of number of positive samples or trial length. Although we

were able to identify whether ADA-positive results were persistent or

transient within a study, the full time-course of ADA-positivity was

not evaluated. Finally, due to the limited ADA sampling frequency in

these studies, in most cases no temporal correlation can be made

between ADA-positivity and TEAE incidence.
5 Conclusions

In conclusion, across adults and pediatric patients (including

infants), most patients with moderate-to-severe AD treated with
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dupilumab did not develop ADAs. Among those who developed

ADAs, titers were generally low, transient, and mostly NAb-negative.

Minimal to no impact of ADAs on dupilumab concentration, efficacy,

and safety was observed, except for some rare instances of high-titer

responses. In rare cases, serum sickness/serum-sickness-like reactions

have been observed in some patients with high-titer ADAs. The

longitudinal analysis suggests that patients with ADA responses may

benefit from continued use of dupilumab.
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22. Cork MJ, Thaçi D, Eichenfield LF, Arkwright PD, Chen Z, Thomas RB, et al.
Dupilumab safety and efficacy in a phase III open-label extension trial in children 6 to
11 years of age with severe atopic dermatitis. Dermatol Ther (Heidelb). (2023) 13:2697–
719. doi: 10.1007/s13555-023-01016-9

23. Paller AS, Simpson EL, Siegfried EC, Cork MJ, Wollenberg A, Arkwright PD,
et al. Dupilumab in children aged 6 months to younger than 6 years with uncontrolled
Frontiers in Immunology 18
atopic dermatitis: a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet.
(2022) 400:908–19. doi: 10.1016/S0140-6736(22)01539-2

24. Kamal MA, Davis JD, Kovalenko P, Srinivasan K, Simpson EL, Nakahara T, et al.
Pharmacokinetics, pharmacodynamics, and exposure–efficacy of dupilumab in adults
with atopic dermatitis. Clin Transl Sci. (2022) 15:2342–54. doi: 10.1111/cts.13363

25. Partridge MA, Karayusuf EK, Shyu G, Georgaros C, Torri A, Sumner G. Drug
removal strategies in competitive ligand binding neutralizing antibody (NAb) assays:
highly drug-tolerant methods and interpreting immunogenicity data. AAPS J. (2020)
22:112. doi: 10.1208/s12248-020-00497-2

26. Sathe A, Cusick JK. Biochemistry, immunoglobulin M. In: StatPearls. StatPearls
Publishing, Treasure Island, FL (2023). [Updated 2022 Dec 19].

27. Blauvelt A, Simpson E, Tyring S, Purcell LA, Shumel B, Petro CD, et al.
Dupilumab does not affect correlates of vaccine-induced immunity: a randomized,
placebo-controlled trial in adults with moderate-to-severe atopic dermatitis. J Am Acad
Dermatol. (2019) 80:158–67.e1. doi: 10.1016/j.jaad.2018.07.048

28. Vaisman-Mentesh A, Rosenstein S, Yavzori M, Dror Y, Fudim E, Ungar B, et al.
Molecular landscape of anti-drug antibodies reveals the mechanism of the immune
response following treatment with TNFa antagonists. Front Immunol. (2019) 10:2921.
doi: 10.3389/fimmu.2019.02921

29. Bartelds GM, Krieckaert CLM, Nurmohamed MT, van Schouwenburg PA, Lems
WF, Twisk JWR, et al. Development of antidrug antibodies against adalimumab and
association with disease activity and treatment failure during long-term follow-up.
JAMA. (2011) 305:1460–8. doi: 10.1001/jama.2011.406

30. Baert F, Noman M, Vermeire S, Van Assche G, D’ Haens G, Carbonez A, et al.
Influence of immunogenicity on the long-term efficacy of infliximab in Crohn’s disease.
N Engl J Med. (2003) 348:601–8. doi: 10.1056/NEJMoa020888

31. Wolbink GJ, Vis M, Lems W, Voskuyl AE, de Groot E, Nurmohamed MT, et al.
Development of antiinfliximab antibodies and relationship to clinical response in patients
with rheumatoid arthritis. Arthritis Rheum. (2006) 54:711–5. doi: 10.1002/art.21671

32. Calabresi PA, Giovannoni G, Confavreux C, Galetta SL, Havrdova E,
Hutchinson M, et al. The incidence and significance of anti-natalizumab antibodies:
results from AFFIRM and SENTINEL. Neurology. (2007) 69:1391–403. doi: 10.1212/
01.wnl.0000277457.17420.b5

33. Martinez JM, Hindiyeh N, Anglin G, Kalidas K, Hodsdon ME, Kielbasa W, et al.
Assessment of immunogenicity from galcanezumab phase 3 trials in patients with
episodic or chronic migraine. Cephalalgia. (2020) 40:978–89. doi: 10.1177/
0333102420920642

34. Reich K, Jackson K, Ball S, Garces S, Kerr L, Chua L, et al. Ixekizumab
pharmacokinetics, anti-drug antibodies, and efficacy through 60 weeks of treatment
of moderate to severe plaque psoriasis. J Invest Dermatol. (2018) 138:2168–73.
doi: 10.1016/j.jid.2018.04.019

35. Deodhar A,Mease PJ, McInnes IB, Baraliakos X, Reich K, Blauvelt A, et al. Long-term
safety of secukinumab in patients with moderate-to-severe plaque psoriasis, psoriatic
arthritis, and ankylosing spondylitis: integrated pooled clinical trial and post-marketing
surveillance data. Arthritis Res Ther. (2019) 21:111. doi: 10.1186/s13075-019-1882-2

36. Spindeldreher S, Maillère B, Correia E, Tenon M, Karle A, Jarvis P, et al.
Secukinumab demonstrates significantly lower immunogenicity potential compared to
ixekizumab. Dermatol Ther (Heidelb). (2018) 8:57–68. doi: 10.1007/s13555-018-0220-y

37. US Food and Drug Administration (FDA). BLA multi-disciplinary review and
evaluation (DUXIPENT)(2020). Available online at: https://www.fda.gov/media/
139657/download (Accessed December 14, 2022).

38. US Food and Drug Administration (FDA). Review(2022). Available online at:
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2022/761055Orig1s012.pdf
(Accessed December 14, 2022).
frontiersin.org

https://doi.org/10.1073/pnas.1323896111
https://doi.org/10.1073/pnas.1324022111
https://doi.org/10.1073/pnas.1324022111
https://doi.org/10.1111/all.14151
https://doi.org/10.1080/1744666X.2017.1298443
https://doi.org/10.1080/1744666X.2017.1298443
https://www.regeneron.com/downloads/dupixent_fpi.pdf
https://www.regeneron.com/downloads/dupixent_fpi.pdf
https://www.ema.europa.eu/en/documents/product-information/dupixent-epar-product-information_en.pdf
https://www.ema.europa.eu/en/documents/product-information/dupixent-epar-product-information_en.pdf
https://doi.org/10.1056/NEJMoa1610020
https://doi.org/10.1016/S0140-6736(17)31191-1
https://doi.org/10.1001/jamadermatol.2019.3336
https://doi.org/10.1016/j.jaad.2020.06.054
https://doi.org/10.1001/jamadermatol.2019.3617
https://doi.org/10.1007/s40257-020-00527-x
https://doi.org/10.1007/s40257-022-00683-2
https://doi.org/10.1007/s40257-022-00683-2
https://doi.org/10.1007/s13555-023-01016-9
https://doi.org/10.1016/S0140-6736(22)01539-2
https://doi.org/10.1111/cts.13363
https://doi.org/10.1208/s12248-020-00497-2
https://doi.org/10.1016/j.jaad.2018.07.048
https://doi.org/10.3389/fimmu.2019.02921
https://doi.org/10.1001/jama.2011.406
https://doi.org/10.1056/NEJMoa020888
https://doi.org/10.1002/art.21671
https://doi.org/10.1212/01.wnl.0000277457.17420.b5
https://doi.org/10.1212/01.wnl.0000277457.17420.b5
https://doi.org/10.1177/0333102420920642
https://doi.org/10.1177/0333102420920642
https://doi.org/10.1016/j.jid.2018.04.019
https://doi.org/10.1186/s13075-019-1882-2
https://doi.org/10.1007/s13555-018-0220-y
https://www.fda.gov/media/139657/download
https://www.fda.gov/media/139657/download
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2022/761055Orig1s012.pdf
https://doi.org/10.3389/fimmu.2024.1466372
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunogenicity of dupilumab in adult and pediatric patients with atopic dermatitis
	1 Introduction
	2 Methods
	2.1 Study designs and treatment arms
	2.2 Ethics
	2.3 Assays
	2.3.1 Anti-drug antibodies
	2.3.2 Neutralizing antibodies
	2.3.3 Dupilumab concentrations in serum

	2.4 Analysis methods
	2.4.1 Statistical analyses
	2.4.2 Analysis sets
	2.4.3 ADA outcomes
	2.4.4 Impact of ADAs on PK and efficacy
	2.4.5 Impact of ADAs on drug safety


	3 Results
	3.1 Patient populations
	3.2 ADA status
	3.2.1 ADA incidence
	3.2.2 ADA persistence
	3.2.3 ADA titers

	3.3 NAbs
	3.4 Impact of ADAs on functional concentration of dupilumab in serum
	3.5 Impact of ADAs on efficacy
	3.6 Impact of ADAs on drug safety
	3.6.1 Overview
	3.6.2 Adverse events of special interest


	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


