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Antibodies in Crohn’s Disease Is Determined by Their Concentration
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Abstract. Antibodies (Abs) against infliximab (IFX) increase IFX clearance and can result in
treatment failure and acute hypersensitivity reactions. However, interpretation of their clinical
value is complicated by individual differences inAb responses andmethods used for quantification.
The increase in IFX clearance imposed by anti-IFX Abs has generally been evaluated using a
binary classification, i.e., positive or negative. This analysis aimed to investigate if anti-IFX Ab
concentrations provide a more adequate prediction of alterations in clearance. Data originated
from a clinical trial on Crohn’s disease patients with IFX treatment failure. The trial was not
originally designed for pharmacokinetic analysis. Therefore, published pharmacokinetic models
were utilized as priors to enable covariate investigation. The impact of anti-IFX Abs on clearance
was assessed using different mathematical relationships and exploiting information from two
different quantification assays, measuring semi-quantitative Btotal^ or Bunbound neutralizing^
concentrations of anti-IFX Ab, respectively. Inclusion of anti-IFX Ab status/concentration
improved the model’s performance for all investigated relationships. The anti-IFX Ab
concentrations were superior to the binary classifications, indicating that the magnitude of increase
in IFX clearance imposed by anti-IFX Abs closely relates to their concentration. Furthermore,
total anti-IFX Ab concentrations appeared superior to the unbound neutralizing fraction in
identifying high clearance individuals. Simulations showed that even at low concentrations, anti-
IFXAbs lead to sub-therapeutic IFX concentrations, supporting a need of treatment interventions
in all anti-IFX Ab positive patients. The developed model can serve as a basis for further
investigations to refine treatment recommendations for patients with anti-IFX Abs.

KEY WORDS: anti-drug antibodies; Crohn’s disease; frequentist’s prior model; infliximab; population
pharmacokinetic modeling.

INTRODUCTION

The pharmacokinetic processes of monoclonal antibodies
(mAbs) are mechanistically different from those of small
molecule drugs (1,2). In addition, immunological recognition

of the mAb as a non-self antigen results in some patients in
formation of anti-drug antibodies (Abs), which can influence the
pharmacokinetics and compromise efficacy and safety of mAb
therapy (3–9). Infliximab (IFX) is a widely used anti-tumor
necrosis factor α (TNFα) mAb indicated for several chronic
autoimmune diseases, such as inflammatory bowel disease
(IBD), i.e., Crohn’s disease and ulcerative colitis. Anti-IFX
Abs are detected in about one third of IBD patients on IFX
maintenance therapy and are associated with increased IFX
elimination, low IFX concentrations, diminished or even
eradicated clinical effect, and acute hypersensitivity reactions
(5–7,10–14). To restore response in patients with treatment
failure in the presence of anti-IFX Abs and low/absent
circulating IFX concentrations, a switch to a different TNFα
inhibitor is recommended based on clinical trials and observa-
tional data (15–21).

Evaluation of the clinical implications of anti-drug Abs is,
however, not always straightforward. The interpretation can be
challenged by lack of chronology between the detection of anti-
drug Abs and symptoms of treatment failure, and/or by
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transiently detectable anti-drug Abs (22–28). Individual differ-
ences in terms of binding characteristics and avidities to the
TNFα inhibitor, immunoglobulin (sub)type, and anti-drug Ab
concentration may also result in variable effects imposed by
anti-drug Abs on the pharmacokinetics of mAbs (8,29,30).
Finally, detection and quantification is highly variable between
different types of bioanalytical methods, due to both external
and internal factors including the following: interference of
circulating TNFα inhibitor; detection of low affinity anti-drug
Abs; immunoglobulin types and subtypes; measure of abun-
dance (titer vs. mass-based concentrations, total vs. unbound
concentration); and type of anti-drug Ab species (neutralizing
vs. non-neutralizing) (8,22,29,31,32).

For IFX, the increase in IFX clearance imposed by anti-
IFX Abs has generally been evaluated using a binary classifica-
tion, i.e., anti-IFXAb positive (+) vs. negative (−) patient. Anti-
IFX Ab+ status is associated with a 1.3–2.7-fold increased IFX
clearance (4–6,33–35). The aim of this analysis was to evaluate if
the actual concentration of anti-IFX Abs provides additional
information regarding the pharmacokinetics of IFX as com-
pared to the binary classification in patients with Crohn’s
disease. Furthermore, anti-IFX Ab concentrations assessed by
two different commonly used anti-IFX Ab assays were com-
pared for this purpose. A population pharmacokinetic modeling
approach was applied as this allows for simultaneous character-
ization of the typical behavior in a population as well as the
variability both between and within patients. It also enables
incorporation of patient-specific characteristics to explain vari-
ability (36). Previously developed pharmacokinetic models for
IFX in Crohn’s disease were exploited as frequentist’s priors to
facilitatemodel development from the sparse IFX data available
(5,37–39).

MATERIALS AND METHODS

Study Design and Study Population

Data originated from a 12-week, single-blind, multicenter,
investigator-initiated clinical trial with a 20-week follow-up
period (18,19). A total of 69 adult patients with Crohn’s disease
who previously had favorable clinical effect of IFXmaintenance
therapy (5 mg/kg every 5–8 weeks) had been included. At time
of inclusion, all patients exhibited treatment failure. Patients had
been equally randomized to receive either the following: (i)
intensified IFXdosing frequency of 5mg/kg every 4 weeks or (ii)
personalized treatment according to a treatment algorithm
based on IFX and anti-IFX Ab concentrations. The algorithm
also included treatment alternatives leading to IFX discontinu-
ation, e.g., a switch to other mAb therapy (Fig. 1) (15).

Serum samples for quantification of IFX and anti-IFX
Abs had been collected at time of screening, and at study
weeks 12 and 20. Markers of disease activity, clinical
chemistry, patient characteristics, and demographics had been
recorded at all study visits (weeks 0, 4, 8, 12, and 20) (18,19).
For this analysis, data obtained at study weeks following a
switch to a different mAb were excluded due to interference
with the used quantification assays. Two serum samples were
excluded from this analysis a priori because of (i) an acute
infusion reaction leading to incomplete IFX infusion and (ii) a
pharmacokinetically implausible concentration (increasing
concentration without new dosing).

IFX and Anti-IFX Ab Quantification

IFX and anti-IFX Abs were quantified in serum by use of
two mechanistically different assays as detailed in the
references (40–42).

In brief, the reporter gene assay (RGA) is a cell-based
assay, which quantifies unbound IFX and Bunbound
neutralizing^ anti-IFX Ab concentrations by assessing the
biological activity of TNFα at the cellular TNFα receptor level.
The lower limit of quantification (LLOQ) for IFX is 0.65 μg/mL
and LLOQ for anti-IFX Abs is 20 units (U)/mL (42).

The homogenous mobility shift assay (HMSA) is a high-
performance liquid chromatography method, which quantifies
unbound IFX by detecting a shift of its peak induced by binding to
TNFα. The LLOQ is 1.0 μg/mL for IFX. For anti-IFX Ab
quantification, the sample is pre-treated with acid to evoke
dissociation of IFX-anti-IFX Abs complexes. Thus, the assay
quantifies both unbound and IFX-bound anti-IFX Abs. In
addition, HMSA does not differentiate between neutralizing and
non-neutralizing anti-IFX Abs as opposed to RGA. Hence,
HMSA quantifies the total concentration of both these aspects,
hereafter referred to as Btotal.^ The LLOQ for anti-IFX Ab
concentration is 3.13U/mL. Of note, since there is no anti-IFXAb
calibrator commercially available, all anti-IFX Ab concentrations
referred to in this paper are (i) relative measurements and (ii)
reported in assay specific units, which cannot be directly
compared.

IFX concentrations determined by HMSA and RGA
have been shown to correlate well (42). In this analysis, IFX
concentrations quantified by HMSA were selected for phar-
macokinetic model development. Conversely, anti-IFX Ab
concentrations from these assays do not correlate well and
both assays were thus investigated to evaluate which anti-IFX
Ab concentration proved most informative with respect to
prediction of IFX clearance.

Handling of Missing Data

Three samples had been analyzed by RGA only. A
regression analysis was performed on all samples with an IFX
concentration >LLOQ for which both assays had been utilized,
in order to impute the missingHMSAvalues based on the RGA
values (see Supplementary Material). As for the anti-IFX Ab
concentration, the three missing HMSA anti-IFX Ab concen-
trations were imputed as having a concentration <LLOQ since
they (i) were quantified as <LLOQ by RGA and (ii) all other
samples from these individuals were <LLOQ by both assays.

One sample had only been analyzed by HMSA. The
missing anti-IFX Ab value for RGA was imputed as <LLOQ
although it had quantifiable anti-IFX Ab concentration by
HMSA. The impact of this imputation was investigated
during model development.

Pharmacokinetic Analysis

Derivation and Development of Prior Model

The clinical study forming the basis of this analysis was
not originally designed for pharmacokinetic analysis and
included sparse IFX sampling. To enable model development,
two published population pharmacokinetic models of IFX in
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Crohn’s disease were exploited (5,37). For comparability, the
two models were re-parameterized and the parameters
normalized to a body weight of 65 kg (see Supplementary
Material). The models were compared internally as well as to
general traits of pharmacokinetics of mAbs (1,43). The
resulting model and model parameters were implemented
using the prior functionality in NONMEM (v. 7.3), i.e., using
a frequentist’s prior (38,39).

The parameter precision of the structural parameters in the
prior model was set to the reported values. The degree of
freedom (df) of the (inverseWishart distributed) between-subject
variability parameters were calculated according to Eq. 1, in
whichΩprior is the prior estimate of the variability and SEΩ,prior is
the standard error of Ωprior. The maximum df was equal to the
number of patients in the dataset of the prior analysis (39).

df ¼ 2⋅
Ωprior

SEΩprior

� �2
þ 1 ð1Þ

IFX serum concentrations were transformed to a logarith-
mic scale for the analysis. Samples with an IFX concentration

<LLOQ were accounted for using a likelihood-based approach
(44,45), in which the <LLOQ samples were modeled as a
probability of being <LLOQ. The estimation method was
Laplacian conditional estimation with interaction. The standard
errors of the parameter estimates were obtained from the
variance-covariance matrix estimated in NONMEM.

Residual variability models approximating proportional
and combined additive-proportional variability on the normal
scale were explored. No prior estimate was incorporated for
the residual variability because the IFX quantification assays
differed between the present and the two published studies.

Standard goodness-of-fit plots were generated to evaluate
model performance, including observed IFX concentration vs.
population and individual predicted concentrations, and plots
assessing the conditional weighted residuals (CWRES) and the
normalized prediction distribution errors (NPDE). Visual predic-
tive checks (n= 500) were performed to ensure that simulations
from the model generate plausible concentrations (46). Outlier
and influence analysis was performed using case deletion diagnos-
tics. Perl speaks NONMEM (PsN, v. 4.2), Pirana (v. 2.9), and R (v.
3.1) with the packages Xpose and ggplot2 were used for model
diagnostics and/or to facilitate the modeling process (47–49).
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Fig. 1. Dosing algorithm based on IFX serum concentrations and anti-IFX Abs used in
the clinical trial. anti-IFXAbs anti-infliximab antibodies, CDCrohn’s disease, IFX infliximab,
iv intravenous, sc subcutaneous, TNF tumor necrosis factor. Adapted from (15,18).
Reproduced and modified with permission from BMJ Publishing Group Ltd from: (18)
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Covariate Model Development

The influence of patient-specific characteristics (=covar-
iates) was investigated on IFX clearance. The impact of anti-
IFX Abs was considered first. The anti-IFX Ab information
from the two quantification assays was investigated separately
using three different mathematical relationships:

(I) As a fractional change in clearance using anti-IFX
Ab information as a binary covariate on the patient
level (Banti-IFX Ab+/Ab− patient^). A patient was
considered anti-IFX Ab+ if exhibiting ≥1 sample with
quantifiable anti-IFX Abs.

(II) As a fractional change of clearance using anti-IFX
Ab information as a binary covariate on the sample
level. That is, similar to item (I) but adding a time-
varying aspect.

(III) Anti-IFX Ab concentration included as a continu-
ous covariate with a linear relationship to clear-
ance. Anti-IFX Ab concentrations reported as
<LLOQ were considered to be zero, which would
correspond to no immune reaction (i.e., anti-IFX
Ab−).

Model discrimination was performed using the objective
function value, computed as −2 times the log-likelihood, and
graphical evaluation including standard goodness-of-fit plots
and visual predictive checks. A reduction in objective
function value of 3.84 when adding one parameter (df = 1)
into a nested model was considered significant on the α level
of 0.05 (χ2-distributed).

Next, other clinically plausible covariates were screened
by graphical analysis (individual clearance estimates vs.
covariate). Covariates with an apparent relationship were
subsequently evaluated in a stepwise inclusion (α = 0.05) and
exclusion (α = 0.001) procedure (50). Categorical covariates
were included as fractional change of clearance. Continuous
covariates were modeled as power functions and/or linear
functions on clearance, normalized to the population median
values of the covariates.

Clinical Impact of Identified Covariates

Deterministic simulations were performed using the
selected pharmacokinetic model in order to illustrate the
impact of identified covariates on IFX exposure. The
simulated dosing regimen was the standard maintenance
regimen of 5 mg/kg every 8 weeks. The covariate values used
for simulation were selected from the observed distributions
of that covariate (median, 5th and 95th percentiles); anti-IFX
Abs were assumed to arise at the 3rd IFX infusion for
illustration purposes.

RESULTS

Study Population and Serum Samples

The characteristics of the 68 Crohn’s disease patients
included for data analysis are detailed in Table I. The
numbers of patients on different IFX dosing regimens per
visit are depicted in Fig. 2 (left). As a result of the dosing
algorithm (Fig. 1), the number of patients on an every 4 weeks

regimen decreases over time; these patients either
discontinued IFX or returned to longer dosing intervals of
IFX. In total, 152 IFX and anti-IFX Abs concentrations
(including imputed values) were available for the pharmaco-
kinetics analysis (1–3 samples/patient). The distribution of
time after dose of the serum samples is provided in Fig. 2
(right). Of the IFX samples, 21.1% were <LLOQ, out of
which 37.5% were anti-IFX Ab+ by HMSA and 31.3% by
RGA (21.9% identified by both).

Pharmacokinetic Model Development

Prior Model

Although reporting different structural models, the two
models available in literature showed good agreement, both

Table I. Summary of Patient Characteristics

Characteristic (unit) Value

Sex, women (n (%)) 27 (39.7)
Age (years) 35.5 (19.6–60.0)
Body weight (kg) 73.1 (54.4–104)
Anti-IFX Ab+ patient status (n (%))

Homogenous mobility shift assay 25 (36.8)
Reporter gene assay 9 (13.2)

Anti-IFX Ab concentration (if >LLOQ)
Homogenous mobility shift assay (nsamples = 30) 12.6 (4.06–23.5)
Reporter gene assay (nsamples = 11) 34.0 (20.0–155)

Reason for IFX failure: (n (%))
Luminal disease activity 54 (79.4)
Fistulizing disease activity 7 (10.3)
Both luminal and fistulizing disease activity 7 (10.3)

Disease locationa (n (%))
Colon only 27 (40.3)
Small bowel only 6 (8.96)
Colon and small bowel 10 (14.9)
Colon and ileocoecal 17 (25.4)
Limited ileocoecal 2 (2.99)
Colon, small bowel and upper GI 2 (2.99)
Colon, ileocoecal and upper GI 3 (4.48)

Crohn’s disease activity indexa 266 (169–421)
Perianal disease activity indexb 8.50 (5.75–12.3)
C-reactive protein concentrationa (mg/L) 7.00 (0–80.2)
Serum albumin concentration (g/L) 41.0 (33.0–45.7)
Disease duration (years) 6.52 (1.23–26.1)
Previous segmental surgery, yes (n (%)) 19 (27.9)
Number of IFX infusions 8.5 (4.0–30.8)
Previously episodic IFX, yes (n (%)) 14 (20.6)
Pre-medication before infusion (n (%)):

Not applicable or no pre-medication 40 (58.8)
Hydrocortisone only 7 (10.3)
Hydrocortisone and antihistamine 21 (30.9)

Concomitant immunosuppressive therapy (n (%))
None 41 (60.3)
Methotrexate 4 (5.88)
Thiopurine 23 (33.8)

Continuous data are expressed as median (5–95th percentile) unless
otherwise specified
Ab antibody, GI gastrointestinal, IFX infliximab
a ntot = 67
b ntot = 16
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when compared internally as well as with typical traits of the
mAb drug class. The Fasanmade model included body weight
as a covariate on all structural parameters, while in the
Ternant model it was included on volume of distribution only.
For consistency with pharmacokinetics of the mAb drug class
and in agreement with allometric scaling principles, the
derived prior model was a linear two-compartment drug
disposition model with all structural parameters scaled with
body weight (BW) with fixed exponents (Eq. 2). Two priors
were used for clearance (θpriors). See Supplementary Material
for exhaustive comparison and rational of the selection.

CL ¼ θpriors⋅
BW
65

� �0:75

⋅exp η1ð Þ

V1 ¼ 3:41⋅
BW
65

� �1

⋅exp η2ð Þ

Q ¼ 0:147⋅
BW
65

� �0:75

V2 ¼ 1:27⋅
BW
65

� �1

⋅exp η3ð Þ

ð2Þ

The relative standard error for the structural parameters
was low (<10%) and the df for the variability parameters was
equal to the number of patients in the two prior datasets (692
and 111, respectively), meaning that the prior model can be

considered highly informative. When estimating using the
prior functionality, the estimates of central and peripheral
volumes of distribution (V1, V2), the inter-compartmental
clearance (Q), and their respective between-subject variabil-
ity parameters did not deviate from the original prior
parameter values. Consequently, these parameters were fixed
during further model development. The estimates of clear-
ance and between-subject variability of clearance were
approximately equal to the mean of the two original prior
estimates (Table II). See BDISCUSSION^ for comments on
information content in data.

The goodness-of-fit plots showed overall adequate
agreement of predicted and observed IFX concentrations
and no notable trend was apparent in the CWRES distribu-
tion (Fig. 3). The NPDE distribution was similar to the
CWRES (not shown). However, there was a trend in the
deviation between individual and typical parameter values
(ηClearance) with increasing anti-IFX Ab concentrations (Fig. 4,
left). Indeed, a visual predictive check stratified on anti-IFX
Ab+/Ab− samples demonstrated that the model under-
predicted for anti-IFX Ab− samples and over-predicted for
anti-IFX Ab+ samples (Fig. 5, top).

Anti-IFX Ab Covariate Model

All evaluated anti-IFX Ab covariate models (3 models × 2
anti-IFX Ab fractions) improved the prediction of IFX
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concentrations compared to the fitted prior model (Table II).
Comparisons of the mathematical relationships of anti-IFX Abs
and clearance (see section BCovariate Model Development^
items I-III) revealed similar trends for the two anti-IFX fractions:
the anti-IFX Ab concentration provided the best predictor of
increased IFX clearance (item III) followed by the fractional
change on the sample level (item II) and lastly on the patient level
(item I). Comparison of the two different anti-IFX Ab concen-
trations revealed similar trends for the three mathematical
relationships: the total anti-IFX Ab concentration yielded a
larger reduction in objective function value as well as better
improvement in model evaluation plots as compared to the
unbound neutralizing anti-IFX Ab concentration. As expected,
the population estimate of clearance was lower in all the anti-IFX
Ab covariate models as compared to the prior model since this
value represents the entire population in the prior model and the
anti-IFX Ab− subgroup in the covariate model. The decreases
were larger utilizing the total as compared to the unbound
neutralizing anti-IFX concentration.

Taken together, the total anti-IFX Ab concentration most
adequately described the observed increase of IFX clearance.
The visual predictive checks (Fig. 5, bottom), which also depict
the proportion <LLOQ, shows that incorporation of the total
anti-IFX Ab concentration largely corrected for the
misspecification of the prior model. Moreover, the trend toward
more positive ηClearance values with higher anti-IFX Ab
concentration is no longer present, with ηClearance values being
scattered around zero after inclusion (Fig. 4, right).

Evaluation of Additional Covariates

η-shrinkage in clearance in the selected anti-IFX Ab
covariate model was 17%. Graphical screening of covariates

(listed in Table I) vs. individual parameters identified the
following candidates (in alphabetic order): age; concomitant
immunosuppressive therapy; C-reactive protein concentra-
tion; disease location; disease duration; luminal vs. fistulizing
disease; previous segmental surgery; serum albumin concen-
tration; sex; smoking status; and weeks on IFX therapy. None
of these covariates were found to be statistically significant
after the backward deletion step.

Consequently, the selected model was a two-compartment
disposition model with body weight included according to
allometric principles on all structural parameters and total
anti-IFX Ab concentration included on clearance (Eq. 3). The
residual variability model was additive on the log-scale.

CL ¼ 0:289⋅
BW
65

� �0:75

þ 0:175⋅
Anti‐IFX Ab

12:6

� �" #
⋅exp η1ð Þ

V1 ¼ 3:41⋅
BW
65

� �1

⋅exp η2ð Þ

Q ¼ 0:147⋅
BW
65

� �0:75

V2 ¼ 1:27⋅
BW
65

� �1

⋅exp η3ð Þ

ð3Þ

Case deletion diagnostics identified two individuals
having high impact on parameter estimates, particularly on
the residual variability (decreased if removed). However, the
conclusions for the covariate analysis were the same when
repeating the estimation without these individuals. As the
highest impact was on the residual variability parameter,
which is of minor relevance for the research question, the
influential individuals were kept for final parameter estima-
tion. Estimation with and without the imputed anti-IFX Ab
value for RGA did not affect parameter estimates.

Table II. Parameter Estimates from the Prior Model and All Evaluated Anti-IFX Ab Covariate Models

Parameter Prior model Models estimated using total anti-IFX Ab Models estimated using unbound neutralizing
anti-IFX Ab

I: Anti-IFX
Ab+ patient

II: Anti-IFX
Ab+ sample

III: Anti-IFX Ab
concentration

I: Anti-IFX
Ab+ patient

II: Anti-IFX
Ab+ sample

III: Anti-IFX
Ab concentration

OFV −413 −439 −440 −447 −419 −423 −440
ΔOFV (prior) −26.1 −27.0 −34.5 −5.86 −9.89 −27.2
CLa, L/day 0.317 (4.5) 0.267 (5.5) 0.276 (5.1) 0.289 (4.2) 0.304 (5.1) 0.298 (5.6) 0.305 (4.3)
V1a, L 3.41b

Qa, L/day 0.147b

V2a, L 1.27b

Anti-IFX Ab impactc 0.647 (24.6) 0.424 (22.4) 0:175⋅Anti‐IFX Ab
12:6 (22.9) 0.416 (49.8) 0.287 (38.7) 1:61⋅Anti‐IFX Ab

34:0 (65.4)
BSV CL, % 33.8 (3.3) 33.1 (3.4) 33.4 (3.3) 33.3 (3.2) 33.6 (3.3) 33.6 (3.4) 33.4 (3.3)
BSV V1, % 12.6b

BSV V2, % 55.3b

Residual variance 0.245 (21.3) 0.227 (20.7) 0.203 (20.2) 0.183 (20.3) 0.249 (21.6) 0.247 (22.2) 0.215 (22.0)

Values in columns 3-5 are parameter estimates based on total anti-IFX Ab concentration (i.e., HMSA) and values in columns 6-8 are based on
unbound neutralizing anti-IFX Ab concentration (i.e., RGA). Values are estimates (%RSE)
Anti-IFX Ab+ anti-infliximab antibody positive, BSV between-subject variability, CL clearance for anti-IFX Ab− (I, II) or median anti-IFX Ab
concentration (III), HMSA homogenous mobility shift assay, ΔOFV change in OFV, OFV objective function value, Q inter-compartmental
clearance, RGA reporter gene assay, RSE relative standard error, V1 central volume of distribution, V2 peripheral volume of distribution
aNormalized to a body weight of 65 kg
b Fixed
cBinary covariate (I and II) implies fractional change in CL (e.g., 64.7% increase) for anti-IFX Ab+ . Linear continuous covariate (III) implies
the change in CL per additional unit of (median normalized) anti-IFX Ab concentration
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Impact of Identified Covariates

Based on the developed pharmacokinetic model, a
total anti-IFX Ab concentration of 12.6 U/mL (=median
in dataset) as quantified by HMSA leads to a 60.6%

increase of clearance compared to the clearance of IFX in
anti-IFX Ab− patients (0.464 vs. 0.289 L/day). The impact
of different anti-IFX Ab concentrations on IFX concen-
trations after the standard dosing of 5 mg/kg every
8 weeks is depicted in Fig. 6.
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Fig. 3. Scatter plots of ln-transformed observations vs. population predictions (a, d) and individual predictions (b, e) as well as CWRES vs.
weeks after last dose (c, f), for prior model (a–c) and selected anti-IFX Ab covariate model (d–f), respectively. Inset plots in c and f show the
distribution of CWRES. Black line in a, b, d, e—line of identity. Black line in c, f—CWRES = 0. Gray line—median CWRES. Diamond shaped
data—one anti-IFX Ab+ patient showing low clearance. It should be noted that only the IFX data above LLOQ can be depicted in these plots.
Ab antibody, CWRES conditional weighted residuals, IFX infliximab, LLOQ lower limit of quantification

Fig. 4. Scatter plots of random parameters of clearance (ηClearance) vs. total anti-IFX Ab
concentration as quantified by homogenous mobility shift assay, for prior model (a) and
anti-IFX Ab covariate model (b), respectively. Diamond shaped data—one anti-IFX Ab
positive patient showing low clearance. Black line—loess smooth, shaded area—95%
confidence interval around smooth. Ab antibody, IFX infliximab
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DISCUSSION

IFX maintenance therapy induces an undesirable immu-
nological reaction, characterized by generation of anti-IFX
Abs, in about one third of IBD patients and with similar
frequencies in other chronic inflammatory diseases (32). Anti-
IFX Abs typically inhibit the binding of IFX to TNFα and can
lead to increased IFX clearance, insufficient TNFα inhibition,
and ultimately result in treatment failure (5–7,10–14,51,52).
Thus far, anti-IFX Abs and their impact on pharmacokinetics
have generally been reported as a binary variable according
to the detection limit of the assay utilized (4–6,33–35). By
combining data collected as part of a randomized clinical trial
with prior knowledge of the pharmacokinetics of IFX, this
analysis shows that the magnitude of increased IFX clearance
relates to the concentration of anti-IFX Abs. Furthermore,
this analysis suggests that quantification of total anti-IFX Ab
concentration as compared to measurement of the unbound
neutralizing anti-IFX Ab fraction alone more accurately
identifies high IFX clearance individuals.

The clinical trial forming the basis for this analysis was not
designed for pharmacokinetic analysis. The use of previously
published population pharmacokinetic models enabled further
model development and covariate analysis. Two population
pharmacokinetic models of IFX in Crohn’s disease were
available in literature (5,37). The present population comprised
Crohn’s disease patients who had manifest treatment failure on
IFX maintenance therapy and differed from those in the prior
models, which were based on patients with moderately to
severely active disease and naïve to IFX or patients in remission,
respectively. Although differences in disease activity potentially
could influence the pharmacokinetics of IFX, the estimates of
the reported models were similar (Supplementary Material).
Further, the use of a prior allows the parameter values to change
with the information from the present data reducing the risk of
biased parameter estimates.

In the fitted prior model, parameter estimates for central
and peripheral volumes of distribution, the inter-compartmental
clearance and their respective between-subject variability
parameters did not deviate from the original prior estimates.

Fig. 5. Visual predictive checks for derived prior model (a–d) and anti-IFX Abs
covariate model (e–h) stratified by anti-IFX Ab−/Ab+ samples (a, c, e, g vs. b, d, f,
h). a, b, e, and f show IFX concentration vs. weeks after last dose. c, d, g, and h show
the fraction below the quantification limit. Lines—10th, 50th, and 90th percentiles
(blue, observed; black, simulated). Shaded areas—95% confidence interval of the
respective percentiles. Anti-IFX Ab+/Ab− anti-drug antibody (positive/negative),
BQL below the lower limit of quantification, IFX infliximab
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This indicates that most information for these parameters was
provided by the prior models rather than the available data; an
expected result since no samples were available early after dose.
Clearance and between-subject variability of clearance were
estimated approximately to the mean of the two original priors.
This could be a result of two equally strong priors and limited
information in the data. However, when estimating clearance
using one prior at the time, the values deviated from the prior
similarly to when using both suggesting that the data do contain
information for this parameter (data not shown). Considering
the information content of the available data, covariate analysis
was only performed on clearance. The impact of anti-IFX Abs
was explored before any other covariate because it has been
reported to have a large impact (4–6,13,21).

In general, the impact of anti-IFX Abs on drug clearance is
intricate to predict, partly due to challenges related to quantifi-
cation of anti-IFX Abs (22,32). For example, the commonly used
bridging enzyme-linked immunosorbent assays cannot detect
anti-drug Abs if the mAb is present in the sample (32).
Consequently, the anti-IFX Ab status of a serum sample has
often been defined as Banti-IFX Ab+,^ Banti-IFX Ab−,^ or
Binconclusive^ (11,12,53). This crude classification does not allow
for proper characterization of the anti-IFXAb response and may
confound the results (22)—potentially explaining the wide range
of reported increase of IFX clearance (1.3–2.7-fold) in anti-IFX
Ab+ patients. Recently, newer assays have been developed
aiming to deal with this unsatisfactory situation (32,40–42). The
anti-IFXAb samples in the present studywere quantified by both
HMSA and RGA, providing the Btotal^ concentration (unbound
and IFX-bound, neutralizing and non-neutralizing) and the
Bunbound neutralizing^ anti-IFX Ab concentration, respectively
(40,41), enabling a more sophisticated evaluation of the impact of
anti-IFX Abs on IFX clearance.

Using a population modeling approach, different mathe-
matical relationships as well as data from the two anti-IFX Ab
assays were explored to identify themost appropriate prediction
of increase in IFX clearance. Consistently for the two anti-IFX
Ab assays, the anti-IFX Ab concentration more adequately

predicted increased clearance as compared to the binary anti-
IFX Ab+/Ab− classifications. Hence, the concentration of anti-
IFX Abs appears to play an important role in how large the
effect on IFX elimination will be. A similar trend was reported
by Zhou et al. showing that higher anti-drug Ab titer correlated
with lower concentrations of the mAb AMG317 (anti-drug Ab
titer stratified into four groups) (54).

Comparison with respect to the data from the two different
anti-IFXAb assays identified the total anti-IFXAb concentration
as a more accurate descriptor of increased IFX clearance than the
unbound neutralizing concentration. This was consistent for the
threemathematical relationships. This suggests that quantification
of total anti-IFX Ab concentration is important to optimally
estimate the impact on IFX clearance and that measurements of
unboundneutralizing anti-IFXAbs underestimate this effect.One
explanation for this finding could be the lower detection rate of
anti-IFX Abs when quantifying the unbound neutralizing con-
centration as compared to the total (Table I): fewer (high
clearance) serum samples were identified as anti-IFX Ab+ (11
vs. 30). However, this randomized controlled study was relatively
small, including a total of 152 plasma samples from 68 patients.
Thus, the results need to be confirmed in a larger trial, preferably
with denser samples for IFX and anti-IFXAb concentrations. The
size of the study could also explain why no additional covariate
was found statistically significant. Figure 4 indicates that there is
remaining unexplained variability in clearance also in the anti-IFX
Ab negative population, which partly could be explained by other
factors although not identified in the present analysis. It is
important to note that serum albumin concentration, concomitant
immunosuppressive medication, and sex may still be of impor-
tance as identified in other population pharmacokinetic studies of
IFX in IBD (4–6,13,35).

Clinical trials and observational data support switching to a
different TNFα inhibitor in order to restore response in patients
with treatment failure in the presence of anti-IFX Abs and low
IFX concentration (15–20). Several studies have investigated
the lower effective concentration threshold for IFX in Crohn’s
disease, identifying that a minimal concentration (Cmin) above
0.5–4.2 μg/mL is associated with response or remission (53,55–
57). The present analysis shows that all anti-IFXAb+ patients in
this dataset, irrespectively of their anti-IFX Ab concentration,
would be in the risk zone of having Cmin below these values
(Fig. 6). Thus, the model supports the need of a treatment
intervention for these patients. It also explains why a switch to
another TNF-inhibitor for patients with insufficient effect in the
presence of anti-IFXAbs has been shown to be rational from an
efficacy, safety, and economic point of view (14,21,58).

The improved characterization of the impact of anti-IFX
Ab on IFX clearance provided in this analysis may serve as a
stepping stone to explore impact of other sources of variability
in the anti-IFX Ab response, such as differences in binding
characteristics to the TNFα inhibitor, immunoglobulin (sub)-
type, or transiency of anti-IFX response. Separate characteriza-
tion of these mechanisms could in the future extend to more
sophisticated recommendations on how to change the therapy
for an anti-IFX Ab+ patient in clinical practice.

CONCLUSION

By combining data from a randomized clinical trial with
prior knowledge of the pharmacokinetics of IFX, this analysis
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Fig. 6. Simulated IFX concentration-time profiles illustrating the
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shows that the magnitude of increase in IFX clearance imposed
by anti-IFX Abs closely relates to the concentration of the anti-
IFX Abs. However, irrespectively of their concentration, anti-
IFX Abs lead to sub-therapeutic IFX concentrations, which
support the need of treatment intervention in these patients.
Furthermore, quantification of total anti-IFX Ab concentration
more accurately identified high clearance individuals in this
study as compared to the unbound neutralizing anti-IFX Ab
concentration. The developed model can serve as a basis for
investigations to further refine recommendations for treatment
of anti-IFX Ab+ patients.
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