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Abstract

Background In pediatric rheumatic diseases (PRD), adalimumab is dosed using fixed weight-based bands irrespec-
tive of methotrexate co-treatment, disease activity (DA) or other factors that might influence adalimumab phar-
macokinetics (PK). In rheumatoid arthritis (RA) adalimumab exposure between 2-8 mg/L is associated with clinical
response. PRD data on adalimumab is scarce. Therefore, this study aimed to analyze adalimumab PK and its variability
in PRD treated with/without methotrexate.

Methods A two-center prospective study in PRD patients aged 2-18 years treated with adalimumab and methotrex-
ate (G, or adalimumab alone (G,) for =12 weeks was performed. Adalimumab concentrations were collected 1-9
(maximum concentration; C,,..,), and 10-14 days (minimum concentration; C,,,) during > 12 weeks following adali-
mumab start. Concentrations were analyzed with enzyme-linked immunosorbent assay (lower limit of quantification:
0.5 mg/L). Log-normalized C,,;,, were compared between G, and G, using a standard t-test.

Results Twenty-eight patients (14 per group), diagnosed with juvenile idiopathic arthritis (71.4%), non-infectious
uveitis (25%) or chronic recurrent multifocal osteomyelitis (3.6%) completed the study. G, included more females
(71.4%; G, 35.7%, p=0.13). At first study visit, children in G,_, had a slightly longer exposure to adalimumab

(17.8 months [IQR 9.6, 21.6]) compared to G, (15.8 months [IQR 8.5, 30.8], p=0.8). Adalimumab dosing was similar
between both groups (median dose 40 mg every 14 days) and observed DA was low. Children in G,_, had a 27%
higher median overall exposure compared to G,, although median C,,,;, adalimumalb values were statistically not dif-
ferent (p=0.3). C;, values =8 mg/L (upper limit RA) were more frequently observed in G, versus G, (79% ver-

sus 64%). Overall, a wide range of C,;, values was observed in PRD (0.5 to 26 mg/L).

Conclusion This study revealed a high heterogeneity in adalimumab exposure in PRD. Adalimumab exposure
tended to be higher with methotrexate co-treatment compared to adalimumab monotherapy although differences
were not statistically significant. Most children showed adalimumab exposure exceeding those reported for RA
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with clinical response, particularly with methotrexate co-treatment. This highlights the need of further investigations
to establish model-based personalized treatment strategies in PRD to avoid under- and overexposure.

Trial registration NCT04042792, registered 02.08.2019.

Keywords Pharmacokinetics, Therapeutic drug monitoring, Pharmacodynamics, Target concentration, Drug

exposure, Heterogeneity, bDMARDs

Background

Juvenile idiopathic arthritis (JIA) and non-infectious
uveitis are common pediatric rheumatic diseases (PRD).
Effective treatment of PRD is important to avoid chronic
morbidity, diminished health-related quality of life, func-
tional impairment, and long-term sequelae [1-4]. In
recent years, treat-to-target (T2T) strategies, consensus
treatment plans and treatment recommendations have
been established to optimize the care and disease man-
agement of PRD patients [5-8]. These steps, together
with the availability and approval of biological disease
modifying antirheumatic drugs (bDMARDs) for use in
pediatric patients, have improved PRD outcomes com-
pared to historical cohorts [9, 10].

For two decades, tumor necrosis factor inhibitors
(TNFi) are used in the treatment of PRD. The PRD treat-
ment with TNFi aims to achieve inactive disease by
elimination/neutralization of disease-mediating targets.
Adalimumab (ADM) is an approved TNFi for the treat-
ment of polyarticular JIA (PJIA), enthesitis associated
arthritis (ERA) and non-infectious idiopathic uveitis. Oli-
goarticular JIA (OJIA) can be treated with ADM if there
is inadequate response or intolerance to non-steroidal
anti-inflammatory drugs (NSAIDs) and/or intra-articu-
lar steroids and at least one conventional disease modi-
fying antirheumatic drugs (cDMARDs) [11]. In PRDs,
ADM has been dosed per body surface area (BSA) in
the past, and label recommendation recently switched
to fixed weight-based dosing regimens with 20 mg sub-
cutaneous (s.c) every other week (EOW) in infants and
children weighing 10 to 30 kg, and 40 mg s.c. EOW in
those > 30 kg (like adults).

Disease activity (DA), co-treatment with methotrexate
(MTX) and individual patients’ characteristics are prone
to influence drug exposure and treatment effectiveness.
Growing evidence indicates a relationship between TNFi
exposure and DA [12, 13]. High DA seems to be associ-
ated with lower drug exposure [14]. Low drug exposure
can result in treatment ineffectiveness and risk of anti-
drug antibody (ADA) development [15, 16]. However,
higher exposure than needed for DA control can result in
higher risk of adverse events and higher drug costs [17—
19]. Furthermore, co-treatment with MTX may increase
ADM concentrations [20]. As ADM is often combined
with MTX in PRD patients, this might be an additional

aspect to be considered during treatment and tapering.
According to Krieckaert et al., population-based ADM
concentration ranges associated with clinical response
in adult patients with rheumatoid arthritis (RA), vary
between 2 and 8 mg/L [21]. In adults with rheumatic
diseases there is an increasing use of therapeutic drug
monitoring (TDM) in clinical practice to provide more
individualized drug dosing. However, TDM is difficult
to use in PRD patients treated with ADM due to lim-
ited pharmacokinetic (PK) and pharmacodynamic (PD)
knowledge, highlighting an urgent need of performing
such investigations to optimize T2T strategies [22, 23].
The goal of this study was to investigate ADM concentra-
tions in PRD patients treated with ADM, with and with-
out MTX, to (i) better understand ADM exposure and its
variability, (ii) analyze concentration changes over time,
and (iii) increase current PK knowledge that will facilitate
model-based personalized treatment in children with
PRD.

Patients and methods

Study design

This was an observational two-center prospective pilot-
study in PRD patients treated with ADM. Children and
adolescents aged 2 to 18 years were eligible if they had
a confirmed diagnosis of JIA, non-infectious idiopathic
uveitis or chronic recurrent multifocal osteomyelitis
(CRMO), and if they were treated > 12 weeks with ADM
s.c. with or without MTX (s.c. or orally) between 08/2019
and 12/2021. Exclusion criteria were concomitant treat-
ment with additional bDMARDs or cDMARDs, preg-
nancy, inability to comply with the study protocol and
other concomitant chronic diseases, which could influ-
ence drug elimination. After informed consent (IC) pro-
cess, study participants were subdivided into two study
groups (G, ., G,) based on their clinical treatment regi-
men. Study group G,_y; consisted of patients treated with
ADM and MTX; study group G, consisted of children
receiving ADM monotherapy. ADM s.c. was adminis-
tered either by the parent, the patient or a nurse at home.
Parents/patients were trained by health care profession-
als at treatment start. For each study participant, ADM
maximum concentrations (C,,,) were collected 1 to
9 days and minimum concentrations (C,;,) 10 to 14 days’

min.
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post-administration during clinical visits. In addition,
naive children with clinical indication of ADM start were
able to participate in a third study group (Gy) with ADM
concentration measurements 3 to 7 days (C,,,, Visit A)
and 10 to 14 days (C,,;,, Visit B) after their first ADM
administration. A detailed study schedule is presented
in Supplementary material S1. Study data was captured
in the web-based electronically secured database secu-
Trial®. The study was conducted in accordance with
the Declaration of Helsinki, Good Clinical Practice, the
Human Research Act, and the Human Research Ordi-
nance. The study was approved by the ethics committees
of Nordwest- und Zentralschweiz (EKNZ, 2019-00916)
and medical faculty and University Hospital Tuebingen
(321/2019B01). The study was registered at ClinicalTri-
als.gov (NCT04042792).

Data collection

Baseline characteristics and treatment information (e.g.
dose and administration frequency of ADM/MTX, con-
comitant treatment categorized as NSAIDs, systemic
corticosteroids and intra-ocular steroids) were collected.
Intra-articular steroid application was captured if admin-
istered between first and last study visit. Furthermore,
DA scores and clinical and laboratory routine data were
assessed at each study visit. Routinely measured labora-
tory parameters included C-reactive protein (CRP) and/
or erythrocyte sedimentation rate (ESR). In addition,
clinical routine data available in patient health records
were captured from ADM treatment start until study
inclusion.

Disease Activity (DA) assessment

DA was captured by the physician global assessment
(PGA) and patient’s/parents’ global assessment (PPGA).
PGA and PPGA were recorded on a 10 cm visual analog
scale (VAS) with O representing no DA and 10 repre-
senting maximum DA. In addition, DA was captured for
patients with JIA by the Juvenile Arthritis Disease Activ-
ity Score (JADAS)-10. JADAS cut-off values for the DA
status were based on Trincianti et al. [24] as follows: 1)
OJIA: inactive DA <1.4; minimal DA 1.5-4; moder-
ate DA 4.1-13; high DA >13; 2) PJIA: inactive DA <2.7;
minimal DA 2.8—6; moderate DA 6.1-17; high DA >17.
In ERA patients, cut-off values were based on active
joint count (1-4 active joints: OJIA cut-off,>5 active
joints: PJIA cut-off). Uveitis was defined by cells in the
field of the anterior chamber in line with the standardiza-
tion of the uveitis nomenclature (SUN) (grade 0:<1 cell,
grade 0.5+4: 1-5 cells; grade 14: 6-15 cells; grade 2+:
16-25 cells; grade 3+: 2650 cells; grade 4+:>50 cells)
[25]. The SUN grades were translated to DA status as
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following: inactive: grade 0; minimal: grade 0.5+; mild:
grade 14; moderate: 2 +and severe: grade >3+ [26].

Adalimumab concentration measurement

Sample management was standardized (Supplemen-
tal material S2). Aliquots were transferred on dry ice by
batches to the accredited collaborating laboratory (MVZ
Dr Eberhard & Partner Dortmund, Dortmund, Ger-
many). Analyses were performed with the same charge
of an enzyme-linked accredited immunosorbent assay
(EIA) using Dynex DSX automated ELISA system. Assay
detection limit was 0.1 mg/L and lower and upper limits
of quantification were 0.5 and 12 mg/L, respectively. Sera
exceeding the upper limit of quantification were diluted
1:4, thus creating an upper limit of 48 mg/L.

Primary and secondary outcomes

The primary outcome was to compare ADM
C.in>12 weeks after first ADM administration in study
participants with (G,_,,) and without MTX (G,). Sec-
ondary outcomes included comparison of ADM concen-
trations and DA during treatment, dosing regimen, and
the influence of body weight. Post hoc analysis included
investigation of ADM C_,, and C_;, in treatment naive
patients (Gy) as well as PGA, PPGA and laboratory
parameters since ADM start.

Hypothesis and sample size calculation

It was hypothesized that children in G, y; have higher
ADM C_;, compared to G,. To determine if this differ-
ence was statistically significant, mean concentrations
were estimated (following appropriate transformations
to achieve normality) for each group (details in the pro-
tocol). With 90% power and a two-sided statistical sig-
nificance level of 5%, recruitment was estimated at
2X12=24 patients (altogether) to detect a difference
between the groups of 1.4 standard deviations or more.
Furthermore, a 10% drop out in each group was assumed,
resulting a recruitment target of 2x14=28 children for
this study.

Statistical analysis

Patient characteristics were summarized using descrip-
tive statistics; missing data addressing routine parameters
are marked. Categorical values were represented as num-
ber (%) and continuous values as median (interquartile
ranges; IQR). Comparative analyses between G, ,; and
G, were conducted using the chi-square test for categori-
cal variables and the Wilcoxon test for continuous vari-
ables. As stated above, the primary analysis compared log
transformed mean C_; using a standard t-test. Linear
regression models were fitted to determine associations
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between the individual (log transformed) adalimumab
concentrations and other factors (such as study group,
visit age and gender) that may influence drug exposure
as independent variables. Univariable and multivari-
able linear mixed effect models investigating relationship
between adalimumab concentrations (log-transformed)
and study group, age at visit were fitted with a random
intercept slope for each participant. All analysis and
graphs were performed utilizing R version 4.2.2.

Results

Study population

In total, 14 patients in G,_j; and G, completed the study
between September 26, 2019 and June 28, 2021 (Fig. 1).
G v included more females (71.4%) and children tended
to be diagnosed at an earlier median age (6.3 years [IQR
2.4, 9.0]) compared to G, (35.7% females, 8.8 years [IQR
5.7, 10.1], p=0.2). At first study visit, median age was
similar in G, ) and G,. Most children (n=20, 71.4%)
were diagnosed with JIA; a history/active JIA-associated
uveitis (JIA-uveitis) was documented in six of 12 children
with JIA in G,_y; and in three out of eight in G, (Table 1,
Supplementary material S3). Seven (25%) children were
diagnosed as non-infectious idiopathic uveitis with five
being included in G,. One patient in G, was diagnosed
with CRMO. At time of study inclusion, children in G, _y,
were treated slightly longer with ADM (17.8 months
[IQR 9.6, 21.6]) compared to those in G, (15.8 months
[IQR 8.5, 30.8], p=0.8). Median ADM dose and admin-
istration frequency were similar between both groups.
Children in Gy, received weekly MTX (median dose per
BSA 9.0 [6.6, 9.8] mg/m?). Concomitant PRD treatment
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included systemic corticosteroids, NSAIDs and ocular
steroids (Table 1, Supplementary material S4). Median
follow-up time between first and last study visit was
4.4 months [IQR 3.5, 6.2] and 2.9 months [IQR 2.6, 3.4]
for G, _; and G,, respectively (Table 1).

Primary outcome

Median ADM C_;, was 10.6 mg/L [IQR 8.9, 20.3] in Gy,
compared to 11.1 mg/L [IQR 6.6, 15.3] in G, but this
difference was not statistically significant at the 5% level
(t-test of log transformed C_; measurements; p=0.3,
Table 2, Fig. 2).

min

Secondary outcomes
Most children with JIA had inactive or minimal DA
classified by JADAS-10 at first study visit (G, ; 66.7%;
G, 87.5%) with stable DA or slight DA improvement
observed at last study visit (G,_y; 75%; G, 87.5%). DA of
uveitis in children with JIA or idiopathic uveitis was cap-
tured as absent, minimal, or mild at first and last study
visit with only small changes between both visits. Median
CRP and median ESR were normal in G, ; and G, at
both study visits (Table 3, Supplementary material fig-
ure S1A and S1B). In addition, median PGA and median
PPGA were overall low (Table 3, Supplementary material
S5). Uni- and multivariable linear mixed effect models
revealed no statistically significant relationship between
ADM concentrations (log-transformed) and study group
and age at visit (Supplementary material S6).

Most children treated>12 weeks showed higher
ADM C,,,, compared to C_;, values (Fig. 3). Further-
more, a high inter-individual variability in C_;, was

min

Patients eligible (N=42)

|

A

Study group A-M (N=21) |

Study group A (N=21)

7 patients excluded or dropt out
- 1 diagnosis changed ¢
- 4 treatment changed (MTX stop)

- 2 adalimumab discontinuation

A 4

7 patients excluded or dropt out
.| - 1 withdraw informed consent
| - 1 treatment changed

- 5 adalimumab discontinuation

v

14 patients
(Cmax and Cmin)

14 patients
(Cmax and Cmin)

Fig. 1 Study Flow chart. Abbreviation: Study group A-M adalimumab and methotrexate co-treatment, Study group A adalimumab alone, C,,,,,
maximum adalimumab concentration collected 1 to 9 days after adalimumab administration, C,,,, minimum adalimumab concentration collected

10 to 14 days after adalimumab administration, MTX methotrexate

min
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Table 1 Characteristics of children with PRD treated with adalimumab > 12 weeks with or without methotrexate
Total Study group A-M Study group A p-value
(N=28) (G n=14) (Gp,n=14)
General information study cohort
Female sex, n (%) 15 (53.6) 10 (71.4) 5(35.7) 0.13
Median age at diagnosis, years [IQR] 7.1[4.4,10.1] 6.3[24,9.00] 8.8 [5.7,10.1] 0.19
Median age at first visit, years [IQR] 11.3[8.9,13.2] 11.3[8.9,13.5] 11.5[9.3,12.8] 0.82
Median body weight, kg [IQR] 38.7[31.9,54.1] 35.7[31.7,52.7] 437 [33.0,54.9] 0.59
Comorbidities, n (%) 3(10.7) 0 3(21.4%)* 0.22
Diagnosis, n (%)
JIA 20(71.4) 12 (85.7) 8(57.1) 0.21
|diopathic Uveitis 7 (25.0) 2(14.3) 5(35.7)
CRMO 1(3.6) 0 1(7.1)
Disease activity
Median CRP, mg/L [IQR] (ref< 10) 0310.1,1.1] 0.1[0.1,0.3] 06[0.3,1.3] 0.01
Missing, n (%) 1(3.6) 1(7.1)
Median ESR, mm/h [IQR] (ref< 15) 55[4.0,63] 6.0[5.0,7.0] 4.00[4.0,6.0] 0.28
Missing, n (%) 4(14.3) 1(7.1) 3(21.4)
Median PGA, cm [IQR] 010, 1.0] 0.50 [0, 1.8] 01[0,1.0] 0.53
Median PPGA, cm [IQR] 01[0,1.0] 1.00[0, 1.8] 010,0] 0.05
Adalimumab treatment
Median time since start, months [IQR] 17.6[84,25.1] 17.81[9.6,21.6] 15.8[8.5,30.8] 0.78
Absolute median dose, mg [IQR] 40.0[28.8,40.0] 40.0[25.0,40.0] 40.0 [30.0, 40.0] 0.77
Median dose per BSA, mg/m? [IQR] 25.31[229,283] 25.1[21.3,32.0] 2541[23.6,27.2] 0.93
Median frequency, days [IQR] 01[14.0,14.0] 01[14.0,14.0] 140[14.0,14.0] 0.35
Methotrexate treatment
Median time since start, months [IQR] na 234119.7,59.2] n.a n.a
Absolute median dose, mg [IQR] 11.0[10.0, 15.0]
Median dose per BSA, mg/m? [IQR] 9.0[6.6,9.8]
Median frequency, days [IQR] 7.0[7.0,7.0]
Concomitant treatment at inclusion, n (%)
Corticosteroids, systemicb 2(7.1)P 2(14.3)P 0 0.09
NSAIDs, on demand 4(14.3) 2(14.3) 2(143)
NSAIDs, fix administration 3(10.7) 1(7.1) 2(14.3)
Ocular steroids® 4(143) 4(28.6)

Abbreviation: BSA Body surface area, CRMO chronic recurrent multifocal osteomyelitis, IQR Inter-quartile ranges, i.v. intravenous, JIA juvenile idiopathic arthritis, kg
kilogram, mg milligram, n.a. not available, NSAIDs non-steroidal anti-inflammatory drugs, p.o per os, GA-M study group adalimumab and methotrexate, GA study
group adalimumab, p—values: chi-square test for categorical variables; Wilcoxon test for continuous variables

@ Comorbidities: patella luxation left (n= 1), autism spectrum disorder (n= 1), muscular tension (n=1)

b dosing regimen is shown in the Supplementary material S4

detected (0.5 to 26 mg/L) with C_;, ranges between
2.5 to 26 mg/L and 0.5 to 19.6 mg/L in G,_\; and G,
respectively. In this study, C,;, of 78.6% (n=11) of
children in the G,_; and 64.3% (n=9) of children in
the G, group were >8 mg/L (Table 2, Fig. 3). In G,
all children were treated with a fixed ADM dosing reg-
imen (n=4 with 20 mg, n=10 with 40 mg) and in G,
ten children (#=2 with 20 mg, n =38 with 40 mg). Four
children in G, received BSA-adjusted dosing (24 mg/
m?) resulting in 25 mg ADM injection in one and

30 mg in three (Fig. 4). The median ADM overall expo-
sure (C,;, and C,.,) was 15.6 mg/L [IQR 10.1, 22.3] in
G,.um and 12.3 mg/L [IQR 7.4, 16.6] in G,. The distri-
bution of ADM concentrations for the dosing regimen
are shown in Fig. 4, showing that concentrations are
well scattered around IQR, independent of dosing and
dosing approach (fixed dosing versus BSA-based dos-
ing). When analyzing all 56 measured ADM concentra-
tions, the median overall concentration was 13.8 mg/L
[IQR 8.4, 18.5]. Of five children weighting < 30 kg, four
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Table 2 Adalimumab concentration and treatment information in children with PRD

Study group A-M Study group A Total
(Gpme n=14) (Gp,n=14) (n=28)
cmax cmin cmax cmin cmax cmin

Adalimumab concentration, mg/L

Median [IQR] 16.6[11.9, 25.0] 10.6 [8.9,20.3] 16.0[8.2,18.7] 11.1[6.6,15.3] 16.0 [10.6, 22.3] 109[7.6,16.1]

Median overall [IQR] 1561[10.1,22.3] 123[74,16.6] 13.8[84,18.5]

Mean (SD) 17.5(7.5) 13.5(7.8) 142 (7.2) 104 (6.0) 15.8 (7.4) 120(7.0)

Range (min, max) 52,284 25,260 42,252 0.5,19.6 42,284 0.5,26.0

>8 mg/L, patients (%) 12 (85.7) 11 (78.6) 10(71.4) 9 (64.3) 22 (78.6) 20 (71.4)
Time after last adalimumab administration, days

Median [IQR] 35[20,68] 12.0[10.3,13.0] 501[43,68] 12.0[11.0,13.0] 5.0[2.0,7.0] 12.0[11.0,13.0]

Range (min, max) 1.0,7.0 10,0, 14.0 20,80 10.0, 14.0 1.0,80 10.0, 14.0
Time to adalimumab sample collection after adalimumab start, months

Median [IQR] 11.2[7.50,17.4] 18.2[9.5,22.0] 11.8[74,27.38] 16.2[8.3,31.1] 11.8[7.3,22.3] 179182, 25.6]

Range (min, max) 35,623 4.8,66.7 36,444 37,415 35,623 3.7,66.7
Adalimumab dose administered

Absolute median dose, mg 40.0 [25.0, 40.01 40.0 [30.0, 40.0] 40.0 [28.8, 40.0]
[IQR]

Median dose per BSA, mg/  25.1[21.3,31.2] 2451[21.0,320] 25.1[23.6, 26.8] 25.4123.8,27.0] 25.11[22.9,27.6] 25.1[22.8,286]
m? [IQR]

Abbreviation BSA Body surface area, IQR Interquartile ranges, SD standard deviation, mg milligram, mL milliliter, min minimum, max maximum, m meter, G, study
group adalimumab and methotrexate, G, study group adalimumab

40
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Study group

Fig. 2 Boxplot of adalimumab minimal concentrations (C,;,) in children with PRD with and without methotrexate co-treatment. Legend:
Adalimumab C,;, concentrations collected 10-14 days after adalimumab administration in pediatric patients with rheumatic diseases in study
group A-M (adalimumab and methotrexate treatment) and study group A (adalimumab alone); t-test of log transformed C,,, p=0.3. The box
of the boxplot limits the interquartile ranges (IQR)

had a fixed dosing regimen. The 23 children weight- group had adalimumab C_;,>18.5 mg/L (Fig. 4). No
ing>30 kg received either a fixed ADM dosing regi- influence of systemic corticosteroids or ocular ster-
men or a BSA-adjusted regimen; no child in the G, oids on ADM concentrations could be shown (Sup-

plementary material figure S3). During clinical routine
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Table 3 Disease activity at first and last study visit in children with PRD

Study group A-M (G, )

Study group A (G,)

First study visit

Last study visit

First study visit Last study visit

Disease activity parameters, median [IQR]

CRP, mg/L (ref < 10) 0.1[0.1,0.3] 0.300[0.1,2.1] 06[03,1.3] 0.5[0.31.0]
Missing, n (%) 1(7.1) 1(7.1)

ESR, mm/h (ref < 15) 6.0[5.0,7.0] 501[5.0,7.0] 4.0[4.0,6.0] 7.0[5.0,8.0]
Missing, n (%) 1(7.1) 1(7.1) 3(21.4) 3(21.4)

PGA, cm 05[0,1.8] 1010, 1.8] 01[0,1.0] 010,01

PPGA, cm 1.0[0, 1.8] 0.51[0,20] 0[0,0] 01[0,0]
Disease activity in children with JIA (based on the JADAS-10), n (%)

n=12 n=8

Inactive 4(33.3) 4(333) 6(75.0) 7(87.5)

Minimal 4(333) 541.7) 1(125) 0

Moderate 2(16.7) 3(25.0) 1(12.5) 1(12.5)

High 1(83) 0 0

Missing 1(8.3) 0 0

Disease activity in children with uveitis (based on cells in field by SUN), n (%)

n=8 (n=_2idiopathic uveitis, n=6 JIA-uveitis)

Absent 8 (100) 5(62.5)
Minimal 0 2(25.0)
Mild 0 0

Missing 0 1(12.5)

n=8 (n=5idiopathic uveitis, n= 3 JIA-uveitis)

5(62.5) 7(87.5)
2(25.0) 0
1(12.5) 1(12.5)
0 0

Abbreviation CRP c-reactive protein, cm centimetre, ESR erythrocyte sedimentation rate, JIA Juvenile idiopathic arthritis, JADAS Juvenile Arthritis Disease Activity
Score, IQR Inter-quartile ranges, L litre, mg milligram, PGA physician global assessment, PPGA patient’s /parents global assessment, ref. reference values, SUN
standardization of the uveitis nomenclature, G, study group adalimumab and methotrexate, G, study group adalimumab

monitoring, ADA assessment was performed in 10
children of the whole cohort. No ADA were detected.

Additional post hoc exploratory analyses

The eight ADM naive patients (Gy) consisted of six
females and two males with a median age of 12.8 years
[IQR 11.0, 15.6] at study visit. They were diagnosed with
JIA (62.5%) and idiopathic uveitis (37.5%). All children
received 40 mg ADM, five had MTX co-treatment. After
first ADM injection, the median ADM C_;, was 5.8 mg/L
[IQR 3.8, 7.3] (Supplementary material S7). Assessed DA
over the treatment since ADM start showed a decrease of
PPGA and PGA particularly in the first year in both study
groups. In G,_y;, the PGA and PPGA tended to plateau at
a 1 cm, whereas a secondary increase was detected in G,
until first study visit (Supplementary material figure S2A
and B).

Discussion

This prospective pilot-study increases understanding of
ADM PK and its variability in children with PRD with
and without MTX co-treatment. Children with MTX
co-treatment (G, ) had a 27% higher median over-
all exposure compared to ADM monotherapy (G,),

although median ADM C_,, were not statistically dif-
ferent between both groups. C_;, values>8 mg/L were
more frequent observed in G, _,, versus G, (78.6% versus
64.3%). A high variability in ADM concentrations were
detected in both study groups. In this study cohort the
overall DA was low in both groups, PGA and PPGA of
patients in the G, ,; group tended to plateau. These find-
ings indicate and strengthen the need for personalized
dosing strategies to optimize treatment in children with
PRD.

In this study, children with PRD showed high inter-
individual variability in ADM exposure, which tended
to be increased by MTX co-treatment. The ADM con-
centrations in most children in this study exceeded
concentration ranges reported in adults with RA
and other inflammatory rheumatic diseases. In adult
patients with RA treated with ADM 40 mg EOW >12
to 28 weeks, trough concentrations (Cy,ugy) ranging
from 4.4 to 8 mg/L have been reported to be sufficient
to reach adequate clinical response [12, 27]. In addi-
tion, Cy,qgn cut-off values of 1.3 mg/L at 6 months and
of 1.0 mg/L at 12 months of treatment were associated
with a good DA control in RA patients [28]. ADM con-
centrations >8 mg/L were shown to have no additional
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Fig. 3 Adalimumab exposure in children with PRD with and without methotrexate co-treatment depending on sample time. Legend: Adalimumab
exposure in children with PRD treated with adalimumab and methotrexate (A-M) and adalimumab alone (A) after > 12 weeks. Maximal adalimumab

concentrations were collected after 1 to 9 days (C,.,)

and minimal concentrations (C,,;,) after 10 to 14 days. The dash blue lines represent

the interquartile ranges [IQR] and the median concentrations per study group (A-M: 15.6 mg/L [IQR 10.1, 22.3]; A: 12.3 mg/L [IQR 7.4, 16.6])

beneficial effect on DA in RA [12]. Chen et al. suggested
ADM dose reduction in remitted RA patients with
Cirough >6-4 mg/L [29]. Population-based ADM concen-
tration ranges associated with clinical response have
been described for RA to vary between 2 to 8 mg/L [21].
Further data for spondylarthritis and psoriatic arthritis
as well as for other inflammatory diseases, e.g. inflam-
matory bowel disease or psoriasis indicate ADM target
concentrations during maintenance therapy between 1 to
10 mg/L [21, 30-34]. Due to the quite consistent results
in different inflammatory conditions, it seems reasonable
to extrapolate these target ranges for PRD. In this study,
78.6% of children treated with ADM and MTX and 64.3%
of children with ADM monotherapy had C_;,>8 mg/L.
The observation towards higher ADM exposure in chil-
dren compared to adults with RA or other inflamma-
tory diseases is in line with existing studies and raises
the question if children with PRD and remission might
have higher ADM exposure as needed for DA control.
Children with PJIA aged 4 to 17 years treated with ADM
40 mg EOW and MTX had mean C,g, of 10.4 mg/L
(n=14) at week 16 and 14.4 mg/L at week 60 [35]. PJIA
children (n=#6) treated with 20 mg ADM EOW and MTX
had a mean C,.g, of 6.73 mg/L after 16 weeks with
increase to 14.3 mg/L at week 60 [35]. Doeleman et al.
reported median Cy,q, of 14.9 mg/L [IQR 10.3, 16.2] in
children with JIA, who had adequate response to ADM
24 mg/m? (maximum 40 mg) EOW [13]. Rashid et al.

detected median ADM C,, of 10.2 mg/L in children
with JIA [22]. In children with ERA treated with ADM
24 mg/m? (maximum 40 mg) EOW, mean Cirough Were
7.5 to 11.8 mg/L between weeks 12 and 52 [20]. Mean
ADM Ci g in children with PJIA aged 2 to 4 years or
age >4 years weighing <15 kg treated with ADM 24 mg/
m? (maximum 20 mg) EOW were comparable to those
measured in children aged 4 to 17 years [35, 36]. In
this study, we assessed C_;, and C_,, ADM concentra-
tions, whether other studies used Cy,,. To date, it is
unclear whether sampling at Cy,,,,, compared to other
time points (e.g. C,,,) is important [21]. In RA patients,
one study observed correlations between time of ADM
administration, sampling time, and concentration, while
another study did not show any influence of sample tim-
ing, with the exception of Cy,,,, predicting successful
dose reduction [37, 38]. In our study, higher C_,, com-
pared to C_;, concentrations strengthen the importance
of sampling time, even in long-term treatment. The high
inter-individual variability, the ADM exposure exceeding
those of other inflammatory conditions, and the possible
importance of sampling time highlight the need of bet-
ter PK understanding in PRD patients to optimize dosing
regimen.

Although a trend to highest exposure under MTX
co-treatment was observed, no statistical difference in
ADM C,,;, for ADM monotherapy or MTX co-treatment
was documented. Existing data suggest an influence of
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Fig. 4 Adalimumab exposure in children with PRD with and without methotrexate co-treatment depending on dosing. Legend: Adalimumab
exposure in children with PRD treated with adalimumab and methotrexate (A-M) or adalimumab alone (A) > 12 weeks with adalimumab absolute
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treatment response on ADM exposure. ADM concentra-
tions have been described to be lower in patients with
high DA or treatment failure compared to those in remis-
sion or with low DA [13, 39-42]. This could be explained
by the lower amount of TNF targets in inactive disease
resulting in higher ADM exposure with standard dosing
than needed for TNF target neutralization [43]. Most
children had inactive or minimal DA and have been
treated long-term. The overall good DA control might
be a possible explanation for the relatively high expo-
sure in this study, raising the question whether the expo-
sure was higher than needed to control DA. This would,
strengthen a taper approach after stable remission is
achieved. Particularly, as higher ADM exposure in remit-
ted patients is not associated with additional beneficial
effects on DA but increased risk of adverse events and
higher drug costs [12, 17-19, 27]. However, low exposure
may increase the risk for ADA, associated with loss of
treatment response [16, 44—46]. The risk of ADA seems
to increase over time, whereas MTX co-treatment might

reduce the risk [44, 47, 48]. In this study, no standardized
ADA assessment was performed. However, in the ten
assessed children no ADA were detected. This contrasts
with other studies, although comparisons are difficult
due to differences in assays [23]. Up to date, no consist-
ent observation that ADA formation is associated with
secondary ADA treatment failure has been shown [23]
and, there is evidence that ADM with and without MTX
co-treatment is effective in long-term-treatment with
comparable treatment responses [49, 50]. This highlights
the importance of defining concentration target ranges,
PK driven personalized treatment approaches and taper
strategies in PRD with sustained remission to avoid ADM
over- and underexposure.

This study has several limitations. First, the C_; dif-
ference between G, _,, and G, was smaller than expected
and the inter-individual variability relatively large, and
hence the sample size of 28 patients may have been too
small to demonstrate significant C_;, differences. How-
ever, PK studies in pediatrics can be designed with six to
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12 subjects [51], and we could gain valuable insights in
ADM exposure and ADM PK in children with PRD. Sec-
ond, based on study design, children with stable remis-
sion and therefore clinical indication of MTX/ADM
discontinuation were replaced, which might be associ-
ated with a certain selection bias. As non-adherence or
unsteady administration can be a potential confounder
by studying drug exposure [42], this study design ensured
high quality data of compliant patients. Third, in this
pilot-study we focused on ADM exposure in children
with PRD and long-term treatment and data was mainly
originated from school age children and adolescents.
Low ADM concentrations were observed infrequently,
what might be explained as no infants participated, C;,
instead of C,,q, concentrations were collected and par-
ticipants had long-term treatment with overall good DA
control. As children with lower age and weight might
tend to lower bDMARD exposure, their ADM concentra-
tions might be lower [23]. Further research in early dis-
ease stages, infants and high disease activity is needed.
Fourth, a heterogeneous PRD population (JIA, idiopathic
uveitis, CRMO) was included although, most children
were JIA patients.

Conclusion

This prospective pilot-study in children with PRD and
long-term ADM treatment with and without MTX co-
treatment aimed to analyze ADM PK and its variability
to better understand ADM exposure in children with
PRD. Children with MTX co-treatment (G, ;) had a
27% higher median overall exposure compared to ADM
monotherapy (G,), although C_, were not statistically
significant different between both groups. A high overall
variability in C_;, was observed in both groups, and most
children with PRD had ADM C,_;, exceeding upper target
ranges reported for RA (>8 mg/L) and other inflamma-
tory diseases, particularly those with MTX co-treatment
(78.6% versus 64.3%). These findings, together with target
ADM concentration ranges based on exposure-clinical
response relationships, highlights the need of further
pharmacological investigation to establish model-based
personalized treatment approaches to avoid particularly
drug overexposure in children with PRD.
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ADM Adalimumab

bDMARD  Biological diseases modifying antirheumatic drugs
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cDMARD  Conventional diseases modifying antirheumatic drugs
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mumab administration)
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CRP C-reactive protein

CRMO Chronic recurrent multifocal osteomyelitis
DA Disease activity

EIA Enzyme-linked immunosorbent assay
EOW Every other week

ERA Enthesitis-associated juvenile idiopathic arthritis
ESR Erythrocyte sedimentation rate

G Group

IQR Interquartile ranges

JADAS Juvenile Arthritis Disease Activity Score
JIA Juvenile idiopathic arthritis

mg Milligram

mL Milliliter

MTX Methotrexate

NSAIDs Non-steroidal anti-inflammatory drugs
OJIA Oligoarticular juvenile idiopathic arthritis
PD Pharmacodynamics

PK Pharmacokinetics

PGA Physician global assessment

PJIA Polyarticular juvenile idiopathic arthritis
PPGA Patients/parents global assessment

PRD Pediatric rheumatic diseases

RA Rheumatoid Arthritis

SC Subcutaneous

SD Standard deviation

SUN Standardization of the uveitis nomenclature
TDM Therapeutic drug monitoring

12T Treat-to-target

TNF Tumor necrosis factor

TNFi Tumor necrosis factor inhibitor

VAS Visual analog scale

ug Microgram
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