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ARTICLE INFO ABSTRACT

Keywords: Inflammatory bowel disease (IBD) is commonly treated with adalimumab. The main objective of the study was to
Adalimumab develop a population pharmacokinetic model of adalimumab in IBD patients evaluating the potential biomarkers
Inflammatory bowel disease of disease activity and other factors and its implications in adalimumab dosing.

Pharmacokinetics

A prospective observational study was performed in adult patients diagnosed with Crohn's disease and ul-
cerative colitis treated with adalimumab and following a proactive therapeutic drug monitoring of serum con-
centrations. Adalimumab serum concentrations (ASC) were quantified mainly prior the administration using an
enzyme-linked immunosorbent assay (ELISA). A population pharmacokinetic model was developed based on 303
ASC data of 104 IBD patients using non-linear mixed effect modelling approach. Sixty-five ASC from 20 addi-

Faecal calprotectin
Body mass index
Population pharmacokinetic model

tional patients were randomly selected as an external validation group.

A one-compartment model with first order absorption and elimination best describe the ASC time course.
Body mass index (BMI), faecal calprotectin (FCP), unexplained decline in ASC and the specific administration
pen device exhibited significant influence on apparent clearance (p-value < 0.001).

FCP was the inflammatory activity biomarker showing the most relevant impact on adalimumab exposure,
higher than C-reactive protein and albumin, and may be useful for adalimumab dosing adjustment.

The population-based pharmacokinetic model developed adequately characterized adalimumab exposure in
IBD patients. The unexplained decline in ASC, FCP, BMI and the specific administration pen device were
identified as meaningful variables significantly influencing adalimumab pharmacokinetics.

1. Introduction

Adalimumab is a recombinant fully human immunoglobulin (IgG1)
anti-tumour necrosis factor a (TNF-a) that inhibits the binding of TNF-
a to its receptors. This drug has dramatically changed the management
of chronic inflammatory diseases such as ulcerative colitis (UC), Crohn's
disease (CD), rheumatoid arthritis, psoriatic arthritis and plaque psor-
iasis, among others (FDA, 2019; EMA, 2019).

The relationship between adalimumab serum concentrations (ASC)
and clinical outcomes has been highlighted in several studies (Sanchez-
Hernandez et al., 2019). In patients diagnosed with inflammatory
bowel disease (IBD), trough adalimumab serum concentrations (TASC)
at steady state above 5 mg/L (Mitrev et al., 2017) were associated with
increased clinical response. Accordingly, a therapeutic range of

5-12 mg/L was proposed for this drug. However, TASC above 8 mg/L
were reported to be necessary to reach not only clinical response but
also endoscopic remission (Juncadella et al., 2018). Consequently an
updated therapeutic range of 8-12 mg/L has been proposed in the
clinical practice.

The pharmacokinetics (PK) of adalimumab in CD patients has been
commonly characterized using population PK modelling (PopPK)
(Berends et al., 2018; Sharma et al.,, 2015; Ternant et al., 2015;
Vande Casteele et al., 2019). However, the potential influence of the
main inflammation biomarkers currently taking into account to assess
adalimumab treatment response on adalimumab PK has not been
evaluated.

Adalimumab exhibits considerable inter- and intra-patient PK
variability, which has been associated with treatment failure over time
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and/or with the need for dose escalation. Many factors have been
identified as sources of this variability, including gender, body weight,
hypoalbuminemia, genetics, systemic inflammation and the formation
of anti-drug antibodies (ADA) (Vande Casteele and Gils, 2015). Im-
proving knowledge of the PK behaviour of adalimumab together with
potential factors related to exposure and therapeutic response may be
useful to improve the safety and efficacy of treatment with this drug.

After subcutaneous administration of 40 mg of adalimumab every
other week, absorption and distribution were slow and variable, the
peak of serum concentrations being reached 5 days after administration
(FDA, 2019; EMA, 2019). The elimination half-life of adalimumab was
estimated at two weeks. Its bioavailability appeared variable and was
estimated to be approximately 64%. This variability in drug disposition
could be among the reasons for the high percentage of IBD patients
(20-50%) failing to respond satisfactorily to standard adalimumab
dosages (Gonzalez-Ferndndez et al., 2019; Vande Casteele and
Gils, 2015).

The aim of the study was to develop a PopPK model of adalimumab
in patients diagnosed with IBD assessing factors with potential clinical
relevance.

2. Material and methods
2.1. Study design

This was a prospective observational study performed in adult pa-
tients undergoing treatment with adalimumab and following a proac-
tive therapeutic drug monitoring (TDM) program ran between the
Gastroenterology Service and the Pharmacokinetics Laboratory of the
Hospital Pharmacy Service. The study was conducted at the University
Hospital of Salamanca (Spain) between September 2015 and December
20109.

2.2. Subjects and data collection

Serum samples were collected from adult patients diagnosed with
moderate or severe CD or UC treated with adalimumab. The inclusion
criteria were: Partial Mayo Clinic Score (IMp) > 4 for UC (Lewis et al.,
2008) and Harvey-Bradshaw Index Score (HB) > 7 and/or Simplified
Endoscopic Activity Score for Crohn’s Disease (SES-CD) > 4 for CD
(Daperno et al., 2004; Harvey and Bradshaw, 1980).

The Pharmacy Service provided Humira® solution for subcutaneous
injection in two different pre-filled pen devices according to the pre-
scribed dose: 40 mg and 80 mg pen devices. The use of pen devices was
explained to patients. The initial dose of adalimumab was selected ac-
cording to the recommendations provided in the drug data sheet
(FDA, 2019; EMA, 2019): 160 mg at week 0 followed by 80 mg at week
2. Afterwards, adalimumab dose adjustment was performed according
to TDM. Patient adherence was assessed by checking the medication
dispensing records and ratified with a personal care interview with the
patient. Non-adherent patients were excluded from the study.

The following information were recorded for each patient: age,
gender, height, total body weight (TBW), ideal body weight (IBW),
ideal adjusted body weight (IABW), body surface area (BSA), body mass
index (BMI), type of disease, extent of the disease, CD behaviour, age at
diagnosis, age at start of adalimumab, perianal fistulising disease,
concomitant use of immunomodulatory drugs (i.e. thiopurines or
methotrexate), extraintestinal manifestations (musculoskeletal, derma-
tologic, hepatopancreatobiliary or ocular), serum albumin, faecal cal-
protectin (FCP), C-reactive protein (CRP), type of administration pen
device and previous anti-TNF treatments. Disease extent and behaviour
were defined according to the Montreal classification (Gomollon et al.,
2017). BMI was calculated as: weight (kg)/height2 (m). IBW was cal-
culated as: 50.0 + 0.9 * (height (cm) — 152) in men and 45.5 + 0.9 *
(height (cm) - 152) in women (Chennavasin and Brater, 1982). IABW
was calculated as: IBW + 0.4 * (TBW - IBW) (Bauer, 2001). BSA was
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calculated as: weight (kg)**® * height (cm)®72® * 0.007184 (Du Bois
and Du Bois, 1989). Sampling time and dosing regimen available at the
time of the ASC extraction were also recorded.

The selected patients were randomly assigned to either the PopPK
development group (80% of patients) or the external validation group
(20% of the patients).

2.3. Laboratory tests

Adalimumab serum concentrations and ADA were determined using
an enzyme-linked immunosorbent assay (ELISA) developed by Sanquin
Laboratories, Amsterdam, the Netherlands. In this technique, serum
adalimumab binds to TNF and is detected by an anti-F(ab’)2-adali-
mumab, enzyme horseradish peroxidase labelled antibody. The dis-
advantages of this assay are: it is a drug sensitive test, since it is not able
to reliably detect ADA bound to the drug (when ASC > 0.5 mg/L) and
the inability of bridging ELISA to detect antidrug antibodies of 1gG4
isotype since these antibodies could be of clinical importance
(Aalberse et al., 2009). Therefore, this assay presents a high rate of false
negative ADA. Antibodies were measured in patients with ASC <1 mg/
L (Barlow et al., 2016). For these reasons, unexplained decline in ASC
(UDASC) was defined as a decrease of at least 33% in ASC during the
maintenance phase with no apparent cause (confirmed adherence to
treatment, no modification of adalimumab dosage and no significant
increase in inflammatory markers or scores (FCP, PCR, albumin, IMp,
HB, SES-CD)) and reversible with dose intensification. The lower limit
of quantification (LLOQ) of this assay was 0.06 mg/L. ADA were de-
fined as positive when titers were > 12 AU/mL according to laboratory
assay. ASC values below the LLOQ were excluded from the formal
analysis (Xu et al., 2011).

2.4. Therapeutic drug monitoring and samples

At the beginning of the study, all the patients who were already
under chronic treatment with adalimumab were monitored. Patients
who started treatment were monitored for the first time at week 4. TDM
was repeated after two months in patients for whom dose adjustment
had been recommended. Proactive TDM was routinely performed every
six months once the TASC were within therapeutic range (8-12 mg/L).
For patients with TASC below the therapeutic range, a dose escalation
(interval decrease and/or dose increase) was proposed. On the other
hand, an interval increase was proposed for patients with supra-ther-
apeutic TASC.

Serum adalimumab concentrations were obtained mainly in the
24 h prior to adalimumab administration. However, in patients with
inflammatory signs and symptoms, mostly when low TASC were sus-
pected, additional samples were taken during the drug administration
interval in order to determine the optimal therapeutic decision.

2.5. Population pharmacokinetic analysis

Non-linear mixed effects modelling using the first-order conditional
estimation method with INTERACTION (FOCEI) was used to develop
the PopPK model using NONMEM® version 7.3.0 (Icon Development
Solutions, Ellicott City, MD, USA (Beal et al., 2009)). Data visualization
and statistical analyses, including evaluation and representation of
model and simulation outputs were carried out in R version 3.3.1
(Comprehensive R Network, http://cran.r-project.org).

Adalimumab PK was initially described using a linear one-com-
partment disposition model. The PopPK model was parameterized in
terms of apparent volume of distribution (V/F), apparent clearance
(CL/F) and first order absorption rate (Ka). Interindividual variability
(IIV) of PK parameters was assumed to follow a log-normal distribution
and, consequently, an exponential model was used (Eq. (1)).

P = Fpp X € (€9)
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Where P; is the PK parameter estimate for the individual i, P, is the
typical value (population median) of the PK parameter and #; is the
inter-individual random effect. n values were assumed to be in-
dependently and identically distributed with a mean of 0 and a variance
of w?: 7 ~ N(0, w?).

Residual unexplained variability (RUV) was modelled using a pro-
portional error model (Eq. (2).).

A
Cy= Cyx (1+ay) ()

Where Cj; is the jth measured serum concentration in individual i, (ﬁ-j is
the model predicted jth value in individual i, and ¢; is the residual
random error for measurement j in individual i. &; is the proportional
component of the residual random error. ¢ values were assumed to be
independently and identically distributed with a mean of 0 and var-
iance of 0% ¢ ~ N(0, 02).

The magnitude of IIV and RUV was expressed approximately as a
coefficient of variation (CV,%). Correlation between random para-
meters and inter-occasion variability (IOV) were graphically explored
and evaluated if any trend was observed.

All the previously described variables in Section 2.2. (demographic,
clinical, therapeutic, etc.) were considered for the initial covariate
analysis. A covariate screening based on physiologically meaningful,
visual graphical inspection and stepwise linear regression of the re-
lationships between the IIV of adalimumab PK parameters and the
continuous covariates and analysis of variance (ANOVA) for the cate-
gorical covariates was performed. Only physiological plausible covari-
ates and sufficiently represented in the studied population that were
statistically significant (p < 0.05) and had a coefficient of determina-
tion r* > 0.10 with an IIV parameter were considered to be of potential
clinical relevance and were further evaluated one by one in the PK
model following a stepwise covariate model-building methodology with
NONMEM. Additionally, covariates more sensitive to time-varying
processes, such as development of immunogenicity, pen device ad-
ministration or comedications, were also evaluated with NONMEM. For
each model, improvement in data fit was assessed using the likelihood
ratio test (forward p-value < 0.05; backward p-value < 0.01), the
reduction in IIV and RUV, and the precision and bias of PK parameter
estimates (Savic and Karlsson, 2009).

2.6. Model evaluation

The PopPK model developed was assessed using goodness-of-fit
plots, considering scatterplots of observed versus population predicted
concentrations and versus individual predicted concentrations as well
as prediction corrected visual predictive check (pcVPC) (Bergstrand
et al., 2011; Ette and Williams, 2007; Nguyen et al., 2017). Goodness-
of-fit plots were performed for both the development and the validation
datasets. The pcVPC was carried out for the development group as in-
ternal evaluation. In the pcVPC, the 5th, 50th and 95th percentiles of
the observed ASC were presented, as well as the 5th, 50th and 95th
percentiles together with the 95% confidence interval (CI) for the
corresponding model-based predicted percentiles computed for each
bin across time since first dose and replicates. Additionally, for the
external validation group, a prediction corrected numerical predictive
check (pcNPC) of the ASC obtained at day 7 and day 14 after dose was
performed. A total of 1000 replicates of the original dataset were
generated for pcVPC and pcNPC analysis.

The accuracy of parameter estimates and robustness of the final
PopPK model were assessed using 1000 bootstrap replicates constructed
by random sampling from the original dataset. Model parameters were
estimated for each bootstrap replicate and the resulting values of the
models that converged successfully were used to estimate the median
and 95% confidence interval (CI) from the individual replicates.
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2.7. Model-based simulations

Deterministic simulations of adalimumab concentration-time pro-
files were carried out with the final PopPK model to investigate the
impact of the factors identified on the expected adalimumab exposure
and/or response to adalimumab as well as its potential clinical re-
levance. A sufficient number of adalimumab administrations was si-
mulated to reach steady state in the different simulated scenarios, based
on the variables identified in the final model.

2.8. Ethical considerations

The study was approved by the Biomedical Ethics Committee of the
Health Area of Salamanca after evaluating compliance with ethical
standards and good clinical practice.

3. Results
3.1. Patient characteristics

A total of 129 patients were included in the study and 389 ASC were
determined. Five patients were excluded due to lack of adherence. On
the other hand, 21 ASC (5.4%) below LLOQ were discarded with de-
tection of ADA for 19 of them. One-hundred and four patients (303
ASC) were selected for the development of the adalimumab PopPK
model and 20 patients were selected for its external validation (65
ASC). No positive ADA were measured in these patients.

The clinical and demographic baseline characteristics of the patients
selected for the development of the adalimumab PopPK model in this
study, stratified by development and validation group, are shown in
Table 1. Table 2 shows the TDM outcomes in both groups.

3.2. Population pharmacokinetic model

Adalimumab PK was best described by a one-compartment model
with first order absorption and elimination. Adalimumab absorption
rate was fixed at 0.0062 1/h as previously reported by
Ternant et al. (2015).

Based on previous adalimumab PK models, corporal size metrics
were a priori evaluated on the CL/F of the drug. Among the anthropo-
metric parameters evaluated (TBW, IBW, IABW, BMI and BSA), BMI
with a power relationship yielded the highest degree of influence on
adalimumab elimination and was considered the base model for the
following covariates assessment. Interindividual variability of V/F
could not be estimated due to the sparse sampling typically carried out
in TDM.

In the covariate analysis conducted, the variables UDASC, FCP and
administration pen device (40 mg or 80 mg) exhibited significant in-
fluence on CL/F (p-value < 0.001) and were incorporated into the final
model. The inclusion of these variables in the model reduced IIV on CL/
F and RUV by 21% and 10%, respectively. Adalimumab CL/F in the
final model is described in Eq. (3).

CL/F = 0.0157 x (BMI/23.7)"1! x (1 + 1.20 X UDASC)
X (1 + 0.24 X PEN) x (FCP/74)%064 3)

Where adalimumab CL/F, BMI and FCP are apparent clearance, body
mass index and faecal calprotectin, expressed in L/h, kg/m? and mg/kg,
respectively; UDASC and PEN are binary covariates where 0 represents
no unexplained decline in TSAC and 40 mg pen device, and 1 represents
UDASC and 80 mg pen device, respectively. The pen device seemed to
have no effect on patients with BMI < 20 kg/m? based on graphical
exploration. Diagnosis (CD or UC) did not exhibit significant influence
on CL/F (p-value = 0.257).

77



J.G. Sdnchez-Herndndez, et al.

Table 1
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Baseline characteristics of patients selected for the development and validation of the adalimumab PopPK model.

Development group Validation group

N 104 20
Gender [male (%)] 58 (55.8) 13 (65.0)
Age at diagnosis [median in years (IQR)] 36 (29-53) 33 (29-46)
Age at start of adalimumab [median in years (IQR)] 43 (32-56) 36 (29-48)
Body weight [median in kg (IQR)] 68 (56-80) 73 (65-82)
Body mass index [median in kg/ m? (IQR)] 23.7 (21.1 - 27.1) 23.5 (22.5 - 26.3)
Body surface area [median in m? (IQR)] 1.8 (1.6 - 2.0) 1.9(1.8-2.0)
Lean body weight [median in kg (IQR)] 60.0 (51.2 - 67.3) 63.2 (58.7 - 70.7)
IBD type CD [n (%)] 84 (79.8) 15 (75.0)

UC [n (%)] 20 (19.2) 5 (25.0)
CD Location L1 (ileal) [n (%)] 29 (34.5) 8 (53.3)

L2 (colonic) [n (%)] 13 (15.5) 1(6.7)

L3 (ileocolonic) [n (%)] 42 (50.0) 6 (40.0)

L4 (upper GI disease) [n (%)] 2(24) 0 (0.0)
CD Behaviour B1 (nonstricturing, nonpenetrating) [n (%)] 40 (47.6) 7 (43.7)

B2 (stricturing) [n (%)] 27 (32.2) 5(31.3)

B3 (penetrating) [n (%)] 17 (20.2) 4 (25.0)
Perianal disease [n (%)] 17 (16.3) 5(25.0)
UC Extent E1 (proctitis) [n (%)] 5 (25.0) 1 (20.0)

E2 (left-side colitis) [n (%)] 3 (15.0) 1 (20.0)

E3 (pancolitis) [n (%)] 12 (60.0) 3 (60.0)
Extraintestinal manifestations [n (%)] 37 (35.6) 6 (30.0)
Concomitant IMM [n (%)] 47 (45.2) 8 (40.0)

Thiopurines (azathioprine, 6-MP) [n (%)] 39 (37.5) 7 (35.0)

Methotrexate [n (%)] 8(7.7) 1(5.0)
Previously anti-TNF treatment 34 (32.7) 4 (25.0)
Patients with dose adjustment based on TDM [n (%)] 57 (54.8) 14 (70.0)

CD: Crohn's disease; IBD: inflammatory bowel disease; IMM: immunosuppressants; IQR: interquartile range; UC: ulcerative colitis; TNF: tumour necrosis factor; 6-MP:

mercaptopurine; TDM: therapeutic drug monitoring.

Table 2
Therapeutic drug monitoring outcomes of patients included in the development
an validation group.

Development group ~ Validation group

Serum samples (n) 303 65
Adalimumab serum concentrations 9.8 (4.3) 9.1 (4.8)
[average in mg/L (SD)]
Unexplained decline in adalimumab 9 (3.0) 4(6.2)
serum concentrations [n (%)]
Treatment
Induction (n,%) 48 (15.8) 7 (10.8)
Maintenance (n,%) 255 (84.2) 58 (89.2)
Administration pen device
40 mg (%) 275 (90.8) 60 (92.3)
80 mg (%) 28 (9.2) 5(7.7)
Faecal calprotectine [median in mg/kg 74 (17 - 282) 54 (15-217)
(IQR)]
C-reactive protein [median in mg/dL 0.15 (0.04 - 0.39) 0.25 (0.10 -
(IQR)] 0.62)
Serum albumin [median in g/dL (IQR)] 4.5(4.3-47) 4.5 (4.2-4.8)

IQR: interquartile range; SD: standard deviation.
3.3. Internal and external validation

Adalimumab PK parameters were estimated with a correct precision
(residual standard error < 35% in all cases) and lack of systematic bias
(shrinkage < 20% for all parameters). In addition, the magnitudes of
the IIV on CL/F and RUV were consistent with previous information
(Berends et al., 2018; Vande Casteele et al., 2019). A sensitivity analysis
imputing the LLOQ value (0.06 mg/L) to the LLOQ observations and
ADA measured in the development group (n = 13) showed the con-
sistency of the final parameter estimates (differences < 20%, data not
shown). No significant differences were observed between the median
PK parameters obtained from the bootstrap analysis and the final PK
parameter estimates (table 3). Moreover, estimated PK parameters were
within the 95%CI of parameters obtained in the bootstrap. In addition,
only 9 runs out of 1000 were skipped due to near boundary estimates,

Table 3
Adalimumab population pharmacokinetic parameters.

Final Model Bootstrap (n = 1000")
Parameters Estimate RSE (%) Shrinkage Mean 95% CI
CL/F (L/h) 0.0157 3 0.0158 0.0152 -
0.0166
BMI-CL/F 1.11 16 134, 0.81 - 1.42
UDASC-CL/F  1.20 28 1.25 0.54 - 1.86
FCP-CL/F 0.0644 24 0.0645 0.0388 -
0.0900
Pen-CL/F 0.239 35 0.253 0.088 -
0.389
V/F (L) 11.2 9 11.3 9.5-13.0
Ka (1/h) 0.0062 (fix) 0.0062 (fix)
IIVCL/F (CV,%) 23.2 9 14 227 19.3-26.5
RUV (CV,%) 21.7 13 12 21.4 19.2- 239

CL/F; = CL/F*(BMI/23.7)"M"C"F * (1 + UDASC-CL/F) * (1 + Pen-CL/F) *
(FCP/7 4)FCP-CL/F.

If no UDASC, UDASC-CL/F = 0.

If 40 mg pen device or BMI < 20 kg/m?, Pen-CL/F = 0.

* 9 runs over were skipped cause of nearly boundary.

BMI: body mass index (mg/m?); CI: confidence interval; CL/F: apparent
clearance; CV: coefficient of variation; FCP: faecal calprotectin; IIVCL/F: in-
terindividual variability on clearance; Ka: absorption rate constant; Pen: ada-
limumab pen device; RSE: residual standard error; RUV: residual unexplained
variability; UDASC: unexplained decline in adalimumab serum concentrations;
V/F: apparent volume of distribution.

proving the stability and robustness of the final model.

Goodness-of-fit plots showed adequate descriptive capacity and
absence of pronounced bias in both groups, development and external
validation (Fig. 1).

Adalimumab serum concentrations and variability were adequately
described throughout the assessment of the follow-up treatment in the
development population group using the final PopPK model, as shown
in Fig. 2. Although concentrations values and shape of the profile are
not directly interpretable from the pcVPC, since a correction is applied,
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Fig. 1. Goodness-of-fit plot of adalimumab concentrations with the final model for development (A-B) and validation populations (C-D); black solid line, identity line;
open circles, adalimumab serum concentrations observed; blue dashed lines, locally weighted scatterplot smoothing (LOWESS).

this methodology is useful an extensively applied for model evaluation
with heterogeneous dosage administrations. The pcVPC (Fig. 2) shows
the adequate performance and predictions of the adalimumab PopPK
model developed. The pcNPC shows a proper prediction performance of
the model at day 7 and 14 after adalimumab last dose for the external
evaluation group, thus supporting the adequate prediction capacity of
the model (supplementary 1).

4. Discussion

Ulcerative Colitis and CD are the most common forms of IBD. These
pathologies share many similarities in terms of symptoms, risk factors
and treatment, the main difference being the area of the digestive
system where inflammation occurs: in UC only the mucosa of the large
intestine or the colonic mucosa is affected, whereas in CD, transmural
lesions can occur in any part of the digestive tract (Gomollon et al.,
2017).

In recent years, adalimumab has contributed to markedly improve
the prognosis of IBD (Annese et al., 2016). According to its data sheet
(FDA, 2019; EMA, 2019), the dosage of adalimumab is 40 mg every
other week via subcutaneous injection, which may be increased to
40 mg every week or 80 mg every other week in cases the re-
commended dose fails to achieve desired response. PK variability is
currently highlighted as a key source of differences (Vande Casteele
et al, 2015) in treatment response to adalimumab, supporting that
higher drug concentrations are associated with sustained response
(Juncadella et al., 2018; Roblin et al., 2014). In addition, the devel-
opment of immunogenicity associated with this type of drugs is well
known and associated with low drug concentrations (Paul et al., 2014).

© Obs = Obs-median = Pred-Median === Obs-90%PI

= = Pred-90%PI -

Therefore, improving the understanding of adalimumab PK behaviour
is essential to address its therapeutic management and reduce the im-
munogenicity developed in patients under treatment.

This study aimed at developing a PopPK model of adalimumab in
IBD patients based on real-world data obtained from patients under
short and long-term treatment. ASC were properly described following
a one-compartment open model with first order absorption and elim-
ination. Adalimumab CL/F was demonstrated to be significantly af-
fected by BMI, FCP, the specific drug administration device and the
UDASC. No significant differences in adalimumab elimination were
found regarding diagnosis (UC or CD), in agreement with previous
studies (Ordas et al., 2012; Vande Casteele and Gils, 2015).

The results obtained in this study indicated that a higher CL/F was
seen for patients with higher BMI. Therefore, in order to reach target
TASC between 8 and 12 mg/L, patients with higher BMI are more likely
to require higher doses than those established in the drug data sheet.
Several previous studies described TBW as the best anthropometric
parameter to describe adalimumab elimination (Sharma et al., 2015;
Vande Casteele et al., 2019). By contrast, BMI was the best body size
metric affecting adalimumab CL/F in our study population. This dif-
ference could be explained by the higher BMI in the development po-
pulation of the current analysis (23.7 kg/m?) compared to the BMI of
the previous study (Vande Casteele et al., 2019) carried out in adult
population (22.6 kg/m?).

Immunoglobulin drugs administered subcutaneously undergo a high
presystemic metabolism (Ordés et al., 2012; Richter et al., 2012 and
Wang et al., 2008). Moreover, adipose tissue is a metabolically and
immunologically active tissue (Grant and Dixit, 2015). Therefore it can
be assumed that patients with increased adipose tissue may experience

95%Cl for Pred-PI Fig. 2. Prediction-corrected visual predictive
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N (o} [o)

20

15

10

check (pcVPC) for the concentration-time
after-dose profiles of adalimumab in the de-
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Purple open circles, adalimumab observations
(Obs); purple solid line, median of the Obs; red
solid line, median of the predicted adalimumab
concentrations (Pred); purple dashed lines, 5th
and 95th percentile of the Pred (90% predic-
tion interval, PI); red dashed lines, 5th and
95th percentiles of the Obs; purple-shaded
area, 95% confidence interval (CI) for the 5th,
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higher degradation of the drug due to increased of inflammatory me-
chanisms and consequent catabolism via reticuloendothelial system
(Hodkinson, 2017). Therefore, bioavailability could be potentially de-
creased leading to lower drug concentrations. These findings are sup-
ported by previous studies where therapeutic response to adalimumab
in IBD patients was lower in patients with higher BMI (Bond et al.,
2016; Bultman et al., 2012). Similar results were obtained for patients
using adalimumab for the treatment of conditions other than IBD
(Hpjgaard et al., 2016). It should be noted that the effect of BMI on
adalimumab PK would be most likely on bioavailability rather than on
CL/F. However, bioavailability of adalimumab could not be estimated
due to the absence of intravenous drug administration data.

Moreover, the results presented in this work showed a significant
influence of the specific administration pen device on adalimumab
exposure. Using the 80 mg pen could decrease the ASC reached com-
pared to two administrations with the 40 mg pen device, probably due
to a non-linear bioavailability with dose. This could be explained by the
previously mentioned metabolism after subcutaneous administration.
The deterministic simulations showed the different drug exposures after
using 40 mg and 80 mg pen devices of adalimumab when the equiva-
lent intensification dosing of 40 mg weekly and 80 mg each other week
were administered accounting for three body size compositions (Fig. 3).
According to these results, obese patients (IMC > 30 kg/mz) could not
reach endoscopic remission therapeutic concentrations using the 80 mg
pen each other week and dose intensification of 40 mg weekly was
proposed for these patients. However, the low percentage of patients
treated with the adalimumab 80 mg pen in the presented work (9.2%)
justifies the need for additional studies to support these findings.

The influence of the inflammatory burden on the increase of ada-
limumab CL/F has been previously reported by Vande-
Casteele et al. (2015). Among the inflammatory activity biomarkers
analysed in our study, FCP and CRP showed a positive influence on
adalimumab CL/F, while serum albumin showed a negative influence.

European Journal of Pharmaceutical Sciences 150 (2020) 105369

on adalimumab CL/F decreasing its IIV by 16%. One of the novelties
regarding previously published adalimumab PopPK models is the as-
sessment of this new biomarker that has been recently introduced in
clinical practice. In previous studies, CRP and albumin were the most
influential inflammatory markers of adalimumab elimination
(Sharma et al., 2015; Vande Casteele et al., 2019). However, the in-
clusion of FCP in the PK model as a disease activity biomarker seems to
provide a better explanation of adalimumab clearance IIV than CRP.

Multiple studies have shown that FCP is a reliable marker of en-
doscopic activity and therapeutic response as well as a good predictor
of relapse and post-operative recurrence in UC (Lin et al., 2014;
Mumolo et al., 2018). To this end, the FCP is considered superior to CRP
and other faecal biomarkers (Mosli et al., 2015). Thus, FCP is a non-
invasive, cost-effective and safe parameter not only helpful in pre-
dicting adalimumab exposure but also in related to adalimumab treat-
ment response and mucosal healing in UC.

Recent studies have also shown good correlation between FCP and
the endoscopic activity of colonic and ileocolonic CD evaluated by
various endoscopic index, such as the Crohn's Disease Endoscopic Index
of Severity (CDEIS) and SES-CD (Lin et al., 2014; Lobatén et al., 2013).
This correlation is higher than the ones presented by clinical activity
index and CRP (Kawashima et al., 2017; Mosli et al., 2015).

On the other hand, there is controversy regarding the influence of
the location of CD on the accuracy of the FCP to predict endoscopic
lesions. While in some studies the accuracy is similar in different lo-
cations (Arai et al., 2016; Jensen et al., 2011), in most cases the cor-
relation between FCP and endoscopic activity is lower in ileal disease
than in colic or ileocolic (Lobatén et al., 2013; Stawczyk-Eder et al.,
2015). Some authors have questioned the validity of these findings
since the exploration of the ileum was performed by ileocolonoscopy
and was considered incomplete since visualizing proximal small intes-
tine sections was not possible (Guardiola et al., 2018). Recently, several
studies addressing this issue have been conducted through a complete

Among all these inflammatory variables, FCP had the greatest impact study of the ileum (Arai et al, 2016; Cerillo et al., 2015;
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Fig. 3. Adalimumab serum concentrations simulated depending on the faecal calprotectin (FCP) of the patient for body mass index (BMI) of 20 kg/m? (A), 23.7 kg/
m? (median of study population) (B) and 30 kg/mz(C) when the standard doses of 160 mg (week 0), 80 mg (week 2) and 40 mg each other week is administrated with
the 40 mg pen device. On the lower panels adalimumab serum concentrations simulated of equivalent intensification doses of 40 mg weekly and 80 mg each other
week for patients with BMI of 20 kg/m? (D), 23.7 kg/m? (E) and 30 kg/m? (F), respectively, with a median FCP of 74 mg/Kg (median of study population) are shown.
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Kawashima et al., 2017). All of them suggested that FCP was a reliable
marker of ileal endoscopic activity, although less relevant than in colic
disease. In the adalimumab PopPK model presented in this research,
FCP was the best disease biomarker in patients with ileal CD. Adali-
mumab PK behaviour in patients with CD located in the small intestine
can be characterized by FCP better than CRP or albumin although its
impact on the disease activity is not yet well established. The total
number of patients (29) with disease exclusively ileal CD was small and
did not allow definitive conclusions.

Model-based simulations yielded lower ASC than expected for pa-
tients with high FCP. For example, an average patient (BMI = 23.7 kg/
m?) treated with a standard adalimumab dosage would not reach TASC
within the therapeutic range for endoscopic remission (TASC > 8 mg/
L) with high FCP = 200 mg/kg. These results are consistent with the
relationship between TASCs observed at steady state and FCP values in
the development group (supplementary). In the raw data, a slight in-
crease in the proportion of patients not reaching the therapeutic range
for endoscopic remission (TASCs > 8 mg/L) with increasing FCP values
was observed. In addition, obese patients (BMI = 30 kg/mz) could not
reach therapeutic concentrations (TASCs = 8 mg/L) whatever FCP
values considered. Therefore, FCP has been identified as a relevant
factor to predict adalimumab exposure in absence of the development
of immunogenicity and it can be a powerful biomarker for adalimumab
dosage individualization in patients with high detectable FCP levels
before the onset of clinical symptomatology.

One of the biggest challenges of TDM of anti-TNF and the use of
PopPK models is the correct interpretation of the analytical assay used
(Gorovits et al., 2018; Sanchez-Hernandez et al.,, 2019) to measure
ADA. Among the available techniques, the most commonly used is
ELISA. Most of the commercial ELISA analytical methods to determine
ADA are drug-sensitive tests, since they are unable to detect ADA bound
to the drug. Thus, ADA can only be measured in the absence of de-
tectable ASC and therefore, the proportion of ADAs and the quantitative
effect of them on CL/F could be underestimated. A drug-sensitive test
was used in PopPK models developed by Ternant et al. (2015) and
Sharma et al. (2015). In addition, Berends et al. (2018) could only
measure ADA when ASC was below 5 mg/L. On the other hand,
Vande Casteele et al. (2019) developed an in-house ELISA assay applied
for accurate quantification of ADA with concentrations up to 25 mg/L.
However, different reports (Van Stappen et al., 2018 and
Papamichael et al., 2019a) conclude that drug-tolerant assays did not
offer clinical benefits over drug-sensitive assays.Taking into account the
mentioned limitations of drug-sensitive ELISA, the PopPK presented in
this work, can be a very helpful tool to identify the development of
immunogenicity prior to the presence of detectable ADA, when a
proactive monitoring strategy is applied in the clinical setting and
specially since UDASC are mainly related to start of immunogenicity
(Bloem et al., 2015). Therefore, model-based assessment of ADA pre-
sence could improve the efficacy and persistence of adalimumab
treatment (Papamichael et al., 2019b; Sanchez-Hernandez et al., 2020).

One of the strengths of our study is the development of an adali-
mumab PopPK model with an adequate descriptive and predictive
performance including variables that are typically available during the
follow-up of IBD patients, supporting its extrapolation to clinical
practice. In addition, special emphasis should be placed on the identi-
fication of new factors that affect adalimumab exposure such as BMI
and FCP, and can be used for optimizing individual drug dosage regi-
mens.

Due to the lack of information in the absorption and distribution
phases, the PopPK model developed was focused on characterizeing the
elimination of the drug, which can limit the accurate estimation of drug
exposure. However, the purpose of this study was not to characterize
the drug's whole time-concentration profile, but to establish a model
with an adequate description capacity of adalimumab PK and exposure
that would be easy to implement in clinical practice as a guiding tool
for dosage decision-making. Moreover, adalimumab data reliability was
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limited by the lack of homogeneity, since the only serum samples col-
lected at protocoled sampling times were coming from patients who
started adalimumab treatment after the beginning of the study.

5. Conclusions

In conclusion, the population-based pharmacokinetic model devel-
oped adequately characterized adalimumab PK in IBD patients after
subcutaneous administration. The UDASC, BMI and FCP have been
identified as meaningful variables with significant influence on adali-
mumab clearance and exposure. The PopPK model presented could be a
useful tool both for immunogenicity development detection and for
adalimumab dosage individualization, possibly leading to an improve-
ment in adalimumab treatment efficacy and safety. Future prospective
studies are required to support the findings obtained.
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