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Abstract
Background and Objective Infliximab, an anti-tumour necrosis factor (TNF)-α monoclonal antibody, has been approved in 
chronic inflammatory disease, including rheumatoid arthritis, Crohn’s disease and ankylosing spondylitis. This study aimed 
to investigate and characterise target-mediated drug disposition of infliximab and antigen mass turnover during infliximab 
treatment.
Methods In this retrospective cohort of 186 patients treated with infliximab for rheumatoid arthritis, Crohn’s disease or 
ankylosing spondylitis, trough infliximab concentrations were determined from samples collected between weeks 0 and 22 
after treatment initiation. Target-mediated pharmacokinetics of infliximab was described using target-mediated drug dis-
position modelling. Target-mediated elimination parameters were determined for rheumatoid arthritis and Crohn’s disease, 
assuming ankylosing spondylitis with no target-mediated elimination.
Results The quasi-equilibrium approximation of a target-mediated drug disposition model allowed a satisfactory description 
of infliximab concentration–time data. Estimated baseline TNF-α amounts were similar in Crohn’s disease and rheumatoid 
arthritis (R0 = 0.39 vs 0.46 nM, respectively), but infliximab-TNF complex elimination was slower in Crohn’s disease than 
in rheumatoid arthritis (kint = 0.024 vs 0.061  day−1, respectively). Terminal elimination half-lives were 13.5, 21.5 and 16.5 
days for rheumatoid arthritis, Crohn’s disease and ankylosing spondylitis, respectively. Estimated amounts of free target 
were close to baseline values before the next infusion suggesting that TNF-α inhibition may not be sustained over the entire 
dose interval.
Conclusions The present study is the first to quantify the influence of target antigen dynamics on infliximab pharmacokinet-
ics. Target-mediated elimination of infliximab may be complex, involving a multi-scale turnover of TNF-α, especially in 
patients with Crohn’s disease. Additional clinical studies are warranted to further evaluate and fine-tune dosing approaches 
to ensure sustained TNF-α inhibition.
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1 Introduction

Infliximab is a chimeric IgG1 monoclonal antibody (mAb) 
that targets tumour necrosis factor (TNF-α). It was approved 
in chronic inflammatory rheumatisms such as rheumatoid 
arthritis (RA), ankylosing spondylitis (AS) and psori-
atic arthritis, and in inflammatory bowel diseases such as 
Crohn’s disease (CD) and ulcerative colitis (UC). As for 
a majority of mAbs, infliximab has a high interindividual 
pharmacokinetic variability. Known factors of variability 

include body weight, sex and the presence of anti-drug anti-
bodies [1].

Monoclonal antibodies bind to their target with high affin-
ity, leading to the formation of mAb target complexes that 
are cleared by the immune system. This target-mediated 
elimination therefore increases with target levels and leads to 
decreased serum concentrations of unbound (active) mAbs. 
The joint kinetics of the mAb and the target antigen can be 
described using target-mediated drug disposition (TMDD) 
models. Infliximab pharmacokinetics was described in more 
than 30 studies [2], only a few of them investigated target-
mediated pharmacokinetics of infliximab [3–7]. We previ-
ously showed that infliximab pharmacokinetics was influ-
enced by the treated disease, with, for a given dose, lower 
infliximab concentrations in RA and CD than in AS. This 
might be due to TNF-α-mediated elimination of infliximab, 
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Key Points 

Previous studies reported differences in the pharmacoki-
netics of infliximab, an anti-tumour necrosis factor-α 
monoclonal antibody, between treated diseases, and 
other studies reported target-mediated pharmacokinet-
ics. However, the link between these pharmacokinetic 
differences and the target antigen level has never been 
described.

The present study is the first to quantify the influence of 
target antigen dynamics on infliximab pharmacokinetics. 
It suggested that current infliximab dosing approaches 
may not sustain tumour necrosis factor-α inhibition over 
the entire dose interval, which nevertheless may not lead 
to a systematic loss of response.

The pharmacokinetics of infliximab appears complex, 
involving a multi-scale turnover of tumour necrosis 
factor-α and may explain, at least in part, the large dis-
parity of previously reported pharmacokinetic parameter 
estimations.

database to develop a TMDD model quantifying free target 
and complex amounts and target-mediated elimination of 
infliximab in patients with RA and CD, taking patients with 
AS a reference.

2  Methods

2.1  Data

The present study was conducted using concentration–time 
data from a retrospective cohort of 363 routine practice 
patients treated with infliximab between 2005 and 2012 in 
the Tours University Hospital (Tours, France). As part of 
the routine daily therapeutic drug monitoring of infliximab, 
blood samples were collected to measure infliximab trough 
concentrations. Individual results were interpreted, sent to 
the prescriber and discussed in clinical rounds. Infliximab 
concentrations were therefore not obtained specifically for 
this study and were already used in previous publications 
[12–18].

As described elsewhere [13, 14, 17], we assessed a sub-
group of patients that met the following criteria to allow a 
robust estimation of pharmacokinetic parameters: patients 
with AS, RA and CD, for whom infliximab concentrations 
were available before the first infusion and at each visit and 
in whom no anti-drug antibodies were detected during the 
follow-up. As the number of patients with RA in this cohort 
subgroup was low (18 patients), we added patients who ben-
efited from infliximab therapeutic drug monitoring between 
2012 and 2019. Of the 85 patients with RA treated dur-
ing this period, only five met the inclusion criteria. Finally, 
data were available for 186 patients, including 91, 23 and 72 
patients with AS, RA and CD, respectively (Table 1).

Infliximab concentrations were measured using a vali-
dated enzyme-linked immunosorbent assay. Limit of detec-
tion and the lower and upper limits of quantitation were 
0.031, 0.103 and 15 mg/L, respectively. This technique was 
shown to measure the concentrations of unbound infliximab 
[19].

2.2  Pharmacokinetic Analysis

2.2.1  Software

Concentration–time data were analysed using the nonlin-
ear mixed-effects modelling software Monolix Suite 2019 
 (Lixoft®, Antony, France). A large number of iterations 
(1000 and 400 iteration kernels 1 and 2, respectively) and 
five Markov chains were used. The Fisher information matrix 
and objective function (− 2.likelihood) were computed using 
stochastic approximation and importance sampling, respec-
tively. All parameters were estimated simultaneously.

as TNF-α blood concentrations are higher in UC and CD (27 
and 16 pg/mL, respectively [8, 9]) than in RA (10.7 pg/mL 
[10]), and higher in RA than in AS (2.3 pg/mL [10]), with a 
very large interindividual variability.

However, TNF-α blood concentrations (approximately 
0.0005 nM [8–10]) are negligible compared with inflixi-
mab trough concentrations (approximately 10–100 nM), 
suggesting a large and durable stoichiometric excess of inf-
liximab. This observation leads to important issues. First, 
the large excess of infliximab would lead to a negligible 
target-mediated clearance, which is not in agreement with 
previous descriptions of infliximab target-mediated elimi-
nation [3–7]. Second, this excess would lead to a durable 
neutralisation of antigenic targets, which is not in agreement 
with the fact that infliximab concentrations associated with a 
good clinical response (approximately 20 nM [11]) are more 
than 10,000 fold higher than TNF-α blood concentrations 
[8–10]. Indeed, being an IgG, infliximab is distributed in 
almost all tissues and organs by transcytosis. This phenom-
enon is due to the neonatal Fc receptor, whose role is IgG 
transcytosis and protection against endogenous catabolism. 
Thus, TNF-α blood concentration may not be a good sur-
rogate for the TNF-α total amount, i.e. the total amount of 
TNF-α targeted by infliximab may be much higher than its 
amount in blood.

In previous works, we described infliximab pharmacoki-
netics using a real-life database of patients treated with inf-
liximab [12–14]. In the present study, we used this real-life 
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2.2.2  Structural Model Design

We developed a TMDD model [20] with quasi-equilibrium 
(QE) approximation [21], accounting for the influence of 
TNF-α concentrations and turnover in patients with both 
RA and CD (Fig. 1). This approximation was the more effec-
tive method to describe our data (Electronic Supplementary 
Material [ESM]). We assumed negligible target-mediated 
elimination in patients with AS and that differences in inf-
liximab pharmacokinetics between patients with RA or CD 
on the one hand, and patients with AS on the other hand, 
were only due to target antigens. Concentrations of TNF-α 
were not measured and thus considered as latent, which did 
not hamper TMDD parameter estimation. The QE model 
described total infliximab (i.e. unbound plus infliximab-TNF 
complexes) and total latent TNF-α (i.e. free targets plus 
complexes) as follows:

 where In(t) is the infliximab input function, CT and RT are 
total infliximab and total TNF-α concentrations, respec-
tively, C is the unbound infliximab concentration, ke is the 
elimination rate constant, kin and kout are TNF-α zero-order 
input and first-order output, respectively, R0 is the base-
line antigen mass, i.e. TNF-α concentration available for 
infliximab binding, with R

T (0) = R0 = kin/kout , kint is the 
infliximab-TNF-α complex destruction rate constant and 

dC
T

dt
= In(t) − ke ⋅ C −

RT ⋅ kint ⋅ C

KD + C
,

dRT

dt
= kin − kout ⋅ RT −

(

kint − kout

)

⋅

RT ⋅ C

KD + C
,

C =
1

2

[

(

CT − RT − KD

)

+

√

(

CT − RT − KD

)2
− 4 ⋅ KD ⋅ CT

]

,

KD is the dissociation constant. The pharmacokinetic model 
was parameterised using volume (V) and clearance (CL).

Our model accounted for different TNF-α turnover and 
interaction with infliximab between patients with RA and 
CD. Model parameters were noted with “ra” and “cd” in 
the exponent for rheumatoid arthritis and Crohn’s disease, 
respectively. The model was developed in four steps.

2.2.2.1 Step 1: TMDD Model in Patients with RA In RA, the 
TNF-α reservoir is considered as mainly circulating [22–
24]. Several values of Kra

D
 were previously reported: 0.027 

nM [25], 1.93 nM [26] and 0.43 nM [27]. We performed 
several parameter estimations utilising all these values, and 
a value of 10 nM for a sensitivity analysis.

2.2.2.2 Step 2: TMDD Model in Patients with CD In CD, it 
is admitted that the TNF-α reservoir is both circulating and 
expressed on intestine inflammatory cells (monocytes, mac-
rophages) [28–30]. Several values of Kcd

D
 were found in the 

literature and tested in our parameter estimation: 0.046 nM 
[31], 0.45 nM [32], 0.468 nM [25] and 5.9 nM [25], and a 
value of 10 nM for a sensitivity analysis.

2.2.2.3 Step 3: Simultaneous RA and CD TMDD Models Kra

D
 

and Kcd

D
 values that led to the best data fit in steps 1 and 2 

were retained. In addition, early attempts showed a high cor-
relation between kra

out
 and kcd

out
 estimates. Therefore, we esti-

mated only one value of the TNF-α elimination rate constant 
for both RA and CD.

2.2.2.4 Step 4: Covariate Selection Covariates [13] were 
added in the TMDD model designed in step 3.

2.2.3  Statistical Models

2.2.3.1 Interindividual and  Error Models The statistical 
model of interindividual variability was exponential, with 
interindividual standard deviations fixed to 0 when the rela-
tive standard error and/or shrinkages were high. The error 
model was proportional.

2.2.3.2 Influence of  Covariates The categorical covari-
ates (CAT) were sex (SX), underlying disease (DIS = 
RA or CD vs AS), methotrexate cotreatment (MTX) and 
age ≤ 15 years (AGE ≤ 15). These covariates were tested 
in the one-compartment and the QE models. The influ-
ence of CAT on a given parameter was implemented as: 
ln
(

�TV
)

= ln
(

�CAT=0
)

+ �CAT=1 , where �TV is the typical 
value of structural parameter θ, θCAT  = 0 is the value of θ for 
the reference category and βCAT  = 1 is the parameter leading 
to the value for the other category. The continuous covariate 
was body weight (BW), which was centred on its median 
and implemented using a power model.

Table 1  Summary of patients’ characteristics

Results are given either as median (interquartile range) or as n (%)

Characteristics Patients (N = 186)

Starting dose (mg) 300 (250–400)
Body weight (kg) 65 (54–77)
Age (years) 39 (28–49)
Sex (female/male) 69 (37)
Disease
 Ankylosing spondylitis 91 (49)
 Rheumatoid arthritis 72 (39)
 Crohn’s diease 23 (12)
  Methotrexate cotreatment in rheumatoid 

arthritis
11 (28)

  Age ≤ 15 years in Crohn’s disease 15 (22)
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2.2.3.3 Covariate Selection We implemented the influence 
of BW, SX, MTX and AGE ≤ 15 on V and CL. In addition, 
as MTX acts as an anti-inflammatory drug, it may decrease 
TNF-α concentrations. Thus, during step 3, the influence 
of MTX was implemented on Rra

0
 and compared to MTX 

on CL. Because we suspected an association of age with 
TNF-α concentrations, the influence of AGE  ≤  15 was 
implemented on Rcd

0
 and was compared to AGE  ≤  15 on 

VD. Values of R0 with MTX and AGE ≤ 15 covariates were 
implemented as follows:

where Rra

0
 is the reference value of antigen mass (without 

MTX and age > 15 years), and βAGE and βMTX are param-
eters leading to the value if age ≤ 15 years and with MTX 
cotreatment, respectively.

2.2.4  Model Evaluation

2.2.4.1 Model Comparison Structural models were com-
pared using Akaike’s information criterion (AIC), which 
combines the − 2 ln-likelihood and the number of param-
eters to be estimated. For each relationship, the model with 
the lowest AIC was chosen. The −  2 ln-likelihood of the 
interindividual, residual and covariate models were com-
pared using the likelihood ratio test; the difference in − 2 
ln-likelihood (∆LL) between two models was assumed to 
follow a χ2 distribution.

The influence of potential covariates on structural param-
eters was assessed in two steps: (1) a univariate step in which 
the influence of each covariate on structural parameters asso-
ciated with interindividual variability was tested separately 
from the others. Covariates showing a significant influence 
(α < 0.1) were kept for the (2) multivariate step, in which a 
forward-backward stepwise selection process was made. In 
the forward stepwise, covariates showing a significant asso-
ciation with pharmacokinetic parameters (α < 0.05) were 
added individually to the base model. In the backward step-
wise, covariates whose removal resulted in a statistically sig-
nificant re-increase (α < 0.02) were kept in the final model.

2.2.4.2 Model Goodness of Fit Target-mediated drug dispo-
sition models were evaluated graphically using goodness-
of-fit diagnostic plots: observed vs population predicted 
and individual predicted fitted concentrations; population 
and individual weighted residuals vs population predictions 
and individual predictions, respectively. Visual predictive 
checks and normalised prediction distribution errors were 

R
cd

0,AGE15
= R

cd

0
⋅ e−�AGE⋅AGE15,

R
ra

0,MTX
= R

ra

0
⋅ e−�MTX⋅MTX,

also performed by simulating 1000 replicates using both 
fixed-effect and random-effect final parameters.

2.2.5  Model‑Based Simulations

The typical parameter values of the final model were used 
to simulate typical profiles of unbound infliximab concen-
trations for AS, RA and CD, and total target (RT) and free/
baseline target ratio (RF/R0) in time for RA and CD. The 
simulated dosing regimen was 300 mg at weeks 0, 2, 6 and 
14. Simulated profiles corresponded to population parameter 
estimates, i.e. for a female subject aged > 15 years with 
median BW and not co-treated with MTX. In addition, we 
simulated these profiles for a patient with RA with MTX 
cotreatment, as well as for a patient with CD aged ≤ 15 
years. Terminal elimination half-lives (T½R) were derived 
from terminal elimination slopes.

3  Results

3.1  Base Model

Infliximab concentration–time data were satisfactorily 
described by the QE model (ESM). In patients with RA, 
the best Kra

D
 value was 0.43 nM [27]. Other values led to 

an increase in AIC; kra
int

 estimate was sensitive to the fixed 
K

ra

D
 value (Table 2). In patients with CD, the best Kcd

D
 value 

was 0.45 nM [32]. Lower values led to an increase in AIC, 
whereas upper values led to unlikely kcd

out
 estimates, cor-

responding to TNF-α elimination half-lives (ln(2)/kout) of 
17–26 h, much higher than what was previously reported in 
the literature [33–36] (0.1–1.7 h, depending on species and 
TNF-α amounts, Table 2).

Estimating a unique kout value for both RA and CD did 
not decrease model performances (model 3 vs 4, ∆AIC 
= 0.37, Table 3), and avoided a correlation between both 
kout estimates. The QE model led to a better description of 
concentration–time data than the simple one-compartment 
model, which supports our assumption of TNF-mediated 
pharmacokinetics: reductions in AIC were 7.94 and 18.98 
between base and final one-compartment vs TMDD models, 
respectively (ESM).

Interindividual variances of V and CL were estimable, 
while those of all other structural parameters had to be 
fixed to 0. All model parameters were estimated with good 
accuracy (Table 4). Diagnostic plots were obtained from the 
final QE model (ESM), which showed a good agreement 
between observed and predicted infliximab concentrations. 
Individual-weighted residuals, normalised prediction distri-
bution errors and VPCs showed no obvious bias or model 
misspecification.
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3.2  Covariate Selection

Both V and CL increased with body weight (BW) and were 
higher in male than in female patients (Table 4). Young age 
(AGE ≤ 15 years) in patients with CD and MTX cotreat-
ment (MTX) in patients with RA led to decreased V and 
CL, respectively. The association of MTX was stronger with 
R
ra

0
 (model 7 vs 5 ∆LL = − 8.15) than with CL (model 6 

vs 5 ∆LL = − 5.67), which suggests an effect of MTX on 
the TNF-α amount rather than on infliximab elimination. 
Methotrexate cotreatment was associated with a value of Rra

0
 

decreased to 14% the value without cotreatment. The influ-
ence of young age on Rcd

0
 (model 8, ∆LL = − 17.24) was 

stronger than that on V (model 7, ∆LL = − 8.13). Similarly 
to the influence of MTX, this suggests an influence of age on 
antigen mass rather than on infliximab elimination (Table 3). 
In our cohort, young patients with CD (aged ≤ 15 years) had 
an Rcd

0
 value of 3% of that of adults (Table 4). The final QE 

model included influences of MTX and age on Rra

0
 and Rcd

0
 , 

respectively (model 17, Tables 3 and 4).

3.3  Model‑Based Simulations

Simulations of typical unbound infliximab concentrations, 
total target amounts and the RF/R0 ratio in time showed sub-
stantial differences between diseases (Fig. 2A). In RA and 
CD, infliximab input was followed by a dramatic increase in 
total target amounts, with a maximum increase of 130- and 
220-fold from the initial value in RA and CD, respectively. 
Despite comparable baseline target amounts, different kint 
values led to different kinetics of total target and RF/R0 ratios 
between RA and CD. Indeed, target occupancy is higher and 
more delayed in RA than in CD despite a lower total target 
amount in RA than in CD. These differences in kint values 

led to altered unbound infliximab kinetics: T½R was lower in 
RA (13.5 days) and higher in CD (21.5 days) compared with 
AS (16.5 days). Furthermore, RF/R0 ratios returned to almost 
1 before infliximab infusion at steady state, suggesting that 
infliximab does not provide a sufficient target inhibition. 
In patients with RA, MTX cotreatment led to total target 
amounts divided by almost 7 and an increased terminal T½ 
(15.5 days, Fig. 2B). In patients with CD, young patients 
(aged ≤ 15 years) had total target amounts divided by 26 and 
a pharmacokinetic profile almost identical to AS (Fig. 2C).

4  Discussion

To our knowledge, this is the first study that investigated 
the influence of total antigen mass on infliximab pharma-
cokinetics in both patients with RA and CD. We used a QE 
TMDD model and it suggests that the differences in inflixi-
mab pharmacokinetics between RA and CD were explained 
by TMDD. This model not only captured the effect of dis-
ease on infliximab pharmacokinetics, but also was able to 
provide an estimation of the total antigen amount available 
for infliximab binding.

Among therapeutic mAbs, infliximab is the one that phar-
macokinetics was the most extensively studied using com-
partmental modelling, with 32 publications till today, most 
of them dealing with, at least in part, inflammatory bowel 
diseases (24 publications). The influence of the target anti-
gen was suggested in nine studies [1, 37], in which increased 
inflammatory activity was associated with higher CL. Inf-
liximab target-mediated pharmacokinetics was investigated 
in five studies: one measuring blood TNF-α concentrations 
in individual UC data [3], whereas four were made without 
TNF-α concentration measurements [4–7]. Our kint estimates 
are comparable to values reported by these studies, except 
for Berends et al, who reported a higher value (0.98  day−1). 
This may be explained by the fact that their study specifi-
cally focused on blood TNF-α concentrations as a target.

Our R0 estimates were 100-fold greater than circulating 
TNF-α concentrations: in RA and CD, Rs

0
 and Rm

0
 were 0.39 

and 0.46 nM, respectively, while circulating TNF-α con-
centrations were approximately 0.0003 nM in RA [10, 38] 
and 0.0004 in CD [8, 9]. Therefore, our model may have 
captured the influence of the target antigen located outside 
the bloodstream but still able to interact with infliximab, 
this part of TNF-α available for infliximab binding being the 
largest. This tissular TNF-α may explain the apparent lack of 
association between circulating TNF-α concentrations and 
the infliximab concentration–response relationship. In RA, 
this could explain the controversial association of circulat-
ing TNF-α concentrations and clinical response [39, 40]. In 
inflammatory bowel diseases, this could explain the large 
difference in kint estimates between Berends et al. [3] and our 

Fig. 1  Target-mediated drug disposition with quasi-equilibrium 
approximation. Base parameters are estimated for rheumatoid arthri-
tis, Crohn’s disease and ankylosing spondylitis, the latter being used 
as a reference, while target-mediated drug disposition parameters are 
estimated for rheumatoid arthritis (left, “s” exponent) and Crohn’s 
disease (right, “m” exponent). CL (endogenous) clearance, In(t) 
infliximab input function, KD dissociation constant, kin zero-order 
unbound target production rate constant, kint infliximab-TNF complex 
elimination rate constant, kout first-order destruction rate constant, R0 
baseline TNF-α amount, TNF tumour necrosis factor, V volume of 
distribution
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study (0.98 vs 0.024  day−1). Indeed, these authors may have 
quantified a “fast” target-mediated, involving circulating 
TNF-α concentrations [3], while we and others quantified 
a “slow” target-mediated component of elimination [4–6], 
involving a whole TNF-α amount.

Even if our kint values are similar to those previously 
reported for infliximab [4–6], these values are substantially 
lower than what was reported across all antibodies (1.5 
 day−1 in median) [1]. Indeed, increased kint values corre-
spond to an increased elimination of mAb-target complexes, 
and therefore a sharper nonlinear elimination shape. Con-
versely, low kint values correspond to a disappearance of 
this nonlinearity, as well as a longer terminal T½. These 
elimination features are even more pronounced for high or 
low R0 values, respectively [41].

In addition, we found a lower value of kint for CD ( kcd
int

 = 
0.024  day−1) than for RA ( kra

int
 = 0.061  day−1), which sug-

gests that the infliximab-TNF complex elimination is slower 
for CD than for RA. As the proportion of cell-expressed 
TNF-α is higher in CD than in RA [22–24, 28, 30], the CL 
complexes may be lower after the binding of infliximab to 
cell-expressed TNF-α than to circulating TNF-α. This differ-
ence in kint values is consistent with previous publications, 
which report shorter terminal T½ in RA than CD (inter-
publication median Tt = 9.7 vs 13.7 days [2]). As a result, if 
elimination T½ is unchanged over time in patients with AS 
(16.5 days), elimination T½ in both RA and CD changes 
over time because of target-mediated elimination, and tends 
towards 13.5 and 21.5 days, respectively. Interestingly, ter-
minal estimation T½ is very variable across publications, 
varying from 9.3 days [42] to 16.0 days [43] in RA (four 
publications) and from 9.7 days [3] to 51.5 days [44] in CD. 

Of note, four publications in patients with inflammatory 
bowel disease reported a terminal T½ of more than 20 days 
[2]. This disparity may be due to data paucity, even more so 
because terminal T½ varies across time.

The slow elimination of complexes compared with those 
of other mAbs [37] indicates a large retention of TNF-α by 
infliximab, even larger in CD than in RA. Indeed, our model 
shows a dramatic increase of the total amount of targets dur-
ing infliximab treatment (up to 220-fold and 130-fold for CD 
and RA, respectively). Furthermore, this retention explains 
the higher terminal T½ in CD than in RA. An increase in the 
total target amount has already been observed and explained 
for mAbs in general [1, 37, 45], as well as for infliximab in 
particular [3]. This is due to an elimination T½ of unbound 
TNF-α (1.7 h in the present study) that is much shorter than 
the elimination T½ of unbound infliximab (17 days). As 
unbound infliximab, infliximab-TNF complexes are recycled 
by the neonatal Fc receptor, which leads to a decrease in the 
global elimination of TNF-α and therefore to an increase in 
the total TNF-α amount.

For treatment with mAbs, it is considered that the relevant 
dosing regime is associated with sufficient target inhibition 
[46]. Therefore, we evaluated the free/baseline target ratio 
(RF/R0) during infliximab treatment. We observed that RF/R0 
was decreased to almost 0 after the first administration, but 
this ratio returns to almost 1 before the fourth injection of 
infliximab, which suggests a lack of sustained TNF-α inhibi-
tion during the between-infusion interval. A similar result 
was reported by Berends et al. in patients with UC treated 
with infliximab: free soluble TNF-α returned to two-thirds 
of its baseline concentration 1 month after the last dose [3].

Table 3  Comparison of target-mediated drug disposition models

2LL −  2 ln-likelihood, AGE  <  15 age below 15 years in CD, AIC Akaike’s information criterion, CD Crohn’s disease, CL clearance, kout 
unbound target elimination rate constant, “m” and “s” stand for “membrane” for CD and “serum” for rheumatoid arthritis, respectively, MTX 
methotrexate cotreatment in rheumatoid arthritis, QE quasi-equilibrium approximation, QSS quasi-steady-state approximation, R0 baseline 
TNF-α amount, RA rheumatoid arthritis, TNF tumour necrosis factor, V volume of distribution, WT body weight

Model number Base model Covariates − 2LL AIC

Disease WT, CL MTX, AGE ≤ 15

1 QSS 4559.55 4581.55
2 QSS, ks

out
 = km

out
4560.55 4580.55

3 QE 4560.85 4581.85
4 QE, ks

out
 = km

out
4562.48 4581.48

5 QE, ks
out

 = km
out

WT and SEX on V and CL 4498.76 4526.76
6 QE, ks

out
 = km

out
WT and SEX on V and CL MTX on CL 4493.09 4523.09

7 QE, ks
out

 = km
out

WT and SEX on V and CL MTX on Rs

0
4490.61 4522.61

8 QE, ks
out

 = km
out

WT and SEX on V and CL AGE ≤ 15 on V 4490.63 4520.63
9 QE, ks

out
 = km

out
WT and SEX on V and CL AGE ≤ 15 on Rm

0
4481.52 4513.52

10 QE, ks
out

 = km
out

WT and SEX on V and CL MTX on CL, AGE ≤ 15 on V 4485.13 4517.13
11 QE, ks

out
 = km

out
WT and SEX on V and CL MTX on Rs

0
 , AGE ≤ 15 on Rm

0
4475.78 4507.78
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However, as no systematic loss of response at this time 
was reported, a full blockade of TNF may not be neces-
sary to reach a clinically relevant response. It can moreo-
ver be hypothesised that the effect of infliximab is related 
to its binding to a deep TNF-α compartment, e.g. TNF-α 
expressed at the cell surface (monocytes, macrophages) in 
RA [24] and in CD [29, 30]. The kinetics of this deep com-
partment may differ from that estimated in the present study, 
and could not be detected in our data. Therefore, additional 

clinical studies would be needed, where inflammatory cells 
would be counted repeatedly in time.

Of note, in CD, RF/R0 increases toward a value > 100% 
before stabilising towards 100%. This unexpected phenome-
non might be due to the fact that, in CD, kint (0.024  day−1) is 
inferior to the unbound infliximab elimination rate constant 
(ke = CL/V = 0.042  day−1), which is not the case for RA (kint 
= 0.061  day−1). Indeed, this phenomenon was observed by 
simulations of several sets of parameters with ke being set 
inferior, equal or superior to kint (data not shown). Neverthe-
less, this phenomenon shall have to be investigated in more 
detail, which is beyond the scope of the present study.

We previously reported a decreased CL in patients with 
RA treated with MTX [13, 42], which suggested that the 
anti-inflammatory activity of MTX could decrease the 
TNF-α amount and/or the immunosuppressive activity of 
MTX could decrease the risk of developing anti-drug anti-
bodies, both mechanisms leading to increased infliximab 
concentrations. In the present study, MTX cotreatment was 
more strongly associated with decreased Rra

0
 than CL, sug-

gesting a clear effect of MTX on the target amount; MTX 
would decrease TNF-α concentrations by more than six-
fold, which results in increased infliximab concentrations 
and terminal T½ (15.6 days). In addition, the fact that MTX 
does not alter infliximab pharmacokinetics in patients with 
AS may be due to a negligible amount of systemic TNF-α 
in these patients [47]. Moreover, in our previous study on 
these data [13], we found a decreased V in patients aged 
≤ 15 years that was never reported before [1]. Similarly to 
MTX, age ≤ 15 years was more strongly associated with 
decreased Rcd

0
 than V, suggesting that patients aged ≤ 15 

years presented with much lower target amounts, indepen-
dently from body weight. This effect was associated with 
infliximab concentrations and terminal T½ comparable to 
patients with AS. Nevertheless, no such effect was docu-
mented in previous publications of infliximab pharmacoki-
netics where children were included (six publications). It is 
possible that this effect concerns only our cohort and cannot 
be generalised, but it may be easily investigated in other 
patient cohorts that included children [48–50].

Our study has limitations. First, our model was developed 
using trough concentrations, which precluded the identifi-
cation of the peripheral compartment, as one third of pre-
vious infliximab pharmacokinetic modelling publications. 
Second, this study necessitated the fixing of  KD values for 
both RA and CD. Even if several values were found in the 
literature, attempted and compared, there may still remain a 
risk of misspecification, leading to biased values for TMDD 
parameter estimates. Third, we assumed the absence of tar-
get-mediated elimination in these patients and that differ-
ences between patients with RA/CD and AS were due to the 
target antigen only. Nevertheless, this assumption appears 
sustainable, as the nonlinear elimination shape of infliximab 

Table 4  Model parameter estimates

Parameters were obtained from base (with disease accounted as RA 
and CD covariates) and final one-compartment models, and from 
base and final QE models
− 2LL −2 ln-likelihood, AGE < 15 age below 15 years in CD, AIC 
Akaike’s information criterion, CD Crohn’s disease, CL clearance, 
kint infliximab-TNF complex elimination rate constant, kout unbound 
target elimination rate constant, MTX methotrexate cotreatment in 
rheumatoid arthritis, “m” and “s” stand for “membrane”, for CD 
and “serum” for rheumatoid arthritis, respectively, QE quasi-equilib-
rium approximation, QSS quasi-steady-state approximation, R0 base-
line TNF-α amount, RA rheumatoid arthritis, RSE relative standard 
error, TNF tumor necrosis factor, V volume of distribution, WT body 
weight, ω interindividual standard deviation, σprop proportional error 
standard deviation

Parameter Unit Model

QE base QE final

Estimate RSE% Estimate RSE%

V L 5.9 4.3 5.6 4.2
CL L⋅day−1 0.26 3.3 0.24 3.9
K

s

D
nM 0.43 (fixed) 0.43 (fixed)

R
s

0
nM 0.29 45 0.39 23

K
s

int
day−1 0.047 29 0.061 18

K
m

D
nM 0.45 (fixed) 0.45 (fixed)

R
m

0
nM 0.32 28.4 0.46 9.2

K
m

int
day−1 0.020 15 0.024 19

kout day−1 8.7 32 10.5 17
RA_CL – – – – –
CD_V – – – – –
CD_CL – – – – –
BW_V – – – 0.40 29
SEX_V – – – 0.21 30
BW_CL – – – 0.44 23
SEX_CL – – – 0.24 23
MTX_CL – – – – –
AGE < 15_V – – – – –
MTX_Rs

0
– – – 1.96 31

AGE < 15_Rm

0
– – – 3.37 29

ωV – 0.23 18 0.21 18
ωCL – 0.34 6.8 0.31 6.8
σprop – 0.31 3.7 0.29 3.6
− 2LL – 4562.48 – 4475.78 –
AIC – 4581.48 – 4507.78 –
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could have been detected in patients with AS [47, 51]. Taken 
together, these three limits may have led to biased R0 and 
kint estimations, which should be considered with caution. 
Fourth, we were not able to estimate interindividual vari-
ances of TMDD parameters. This prevented us simulating 
the interindividual distribution of infliximab concentrations, 
and notably quantifying the influence of target amounts on 
these. Fifth, TMDD in RA and CD was assessed in com-
parison with patients with AS. Sixth, no target measure-
ments were available (circulating cell-expressed TNF-α) 
precluding a clear interpretation of our estimates of target 
amounts. Nevertheless, it seems that the turnover of TNF-α 
is complex, with several levels of expression (circulating 
inflammatory cells, joints, organs) that cannot be described 

with simple TMDD models. As such, investigating inflixi-
mab target-mediated elimination of cell-expressed TNF-α is 
expected to further enhance our understanding of infliximab 
concentration–response relationships.

5  Conclusions

This is the first study to report that inter-disease differences 
in infliximab pharmacokinetics may be explained by TMDD. 
In this “real-life” cohort, we were able to show a subtle but 
observable nonlinear component of infliximab elimina-
tion in patients with RA as well as in patients with CD. 
Target-mediated elimination of infliximab may be complex, 

Fig. 2  Simulated typical profiles of unbound infliximab concentra-
tion–time (left), total tumor necrosis factor (TNF)-α (unbound plus 
bound to infliximab) amount (middle) and TNF-α unbound/baseline 
ratio (right). No TNF-α total amount or ratio was simulated for anky-
losing spondylitis (AS) because it was assumed to have no target-
mediated drug disposition. Simulated profiles were made for: A a 
female subject with age > 15 years and no methotrexate cotreatment. 
Black, dark grey and light grey lines represent rheumatoid arthritis, 

Crohn’s disease and AS profiles, respectively; B rheumatoid arthri-
tis, comparing a female subject with no methotrexate (dark grey line) 
vs methotrexate cotreatment (black line); concentration–time profile 
for AS is represented as a reference; C Crohn’s disease, comparing a 
female subject with age ≤ 15 years (dark grey line) vs age > 15 years 
(black line); concentration–time profile for AS is represented as a ref-
erence
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involving a multi-scale turnover of TNF-α, especially in 
patients with CD. Additional clinical studies are warranted 
to further evaluate and fine tune dosing approaches to ensure 
sustained TNF-α inhibition across inflammatory diseases. 
Ideally, these studies will include dense sampling strategies 
[3, 47], with infliximab concentration using a unique meas-
urement technique.
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Acknowledgements The authors thank Drs. Saloua Mammou, Isa-
belle Griffoul-Espitalier and Alexandre Aubourg for patient follow-up, 
Celine Desvignes, Anne-Claire Duveau and Caroline Guerineau-Bro-
chon for technical assistance with infliximab assays, and the medical 
staff and nurses from the rheumatology, gastroenterology and paedi-
atrics departments.

Declarations 

Funding This study was partly supported by the Higher Education and 
Research Ministry under the programme ‘Investissements d’avenir’ 
Grant Agreement: LabEx MAbImprove ANR-10-LABX-53-01.

Conflict of interest David Ternant acted as a consultant and has given 
lectures on behalf of his institution for Amgen, Sanofi, Boehringer-In-
gelheim and Novartis. Marc Pfister is a part-time consultant at Certara, 
outside the submitted work. Denis Mulleman has acted as a consult-
ant and given lectures on behalf of his institution for Pfizer, Novartis 
and Grifols; he has been invited to attend an international congress 
by Janssen-Cilag. His institution received grants for research from 
the non-governmental organisation Lions Club Tours Val de France. 
Laurence Picon has acted as a consultant for Abbvie, Janssen-Cilag, 
Pfizer and Takeda, outside the submitted work. Stephanie Willot has 
given lectures to Abbvie, outside the submitted work. Theodora Bejan-
Angoulvant reports support for travel to congresses from Servier and 
BMS, outside the submitted work. She has given lectures on behalf of 
her institution to Amgen and Sanofi, outside the submitted work. Gilles 
Paintaud has received grants for his research team from Roche Pharma, 
Chugai, Pfizer, Novartis and Sanofi-Genzyme. Olivier le Tilly, Chris-
tophe Passot, Thierry Lecomte and Gilbert Koch have no conflicts of 
interest that are directly relevant to the content of this article.

Ethics approval Ethical approval was not sought in this retrospective 
analysis of routine patients, which is in accordance with institutional 
guidelines.

Consent to participate Informed consent was not sought in this ret-
rospective analysis of routine patients, which is in accordance with 
institutional guidelines.

Consent for publication Not applicable.

Availability of data and material Data and material are available on 
request to the corresponding author.

Code availability The code is available on request to the correspond-
ing author.

Author contributions DT designed the research, analysed the data, 
interpreted the results and wrote the manuscript. MP, GP and GK 
participated in the data analysis and interpretation of the results and 

reviewed the manuscript. OT contributed to the data analysis and 
interpretation of the results and reviewed the manuscript. DM, LP, 
SW CP and TL participated in the data acquisition and reviewed the 
manuscript.

References

 1. Bensalem A, Ternant D. Pharmacokinetic variability of therapeu-
tic antibodies in humans: a comprehensive review of population 
pharmacokinetic modeling publications. Clin Pharmacokinet. 
2020;59(7):857–74.

 2. Le Tilly O, Bejan-Angoulvant T, Paintaud G, et al. Letter to 
Dreesen et al. on their article “Modelling of the relationship 
between infliximab exposure, faecal calprotectin, and endoscopic 
remission in patients with Crohn’s disease”: a comprehensive 
review of infliximab population pharmacokinetic modelling pub-
lications. Br J Clin Pharmacol. 2020;2020:14554.

 3. Berends SE, van Steeg TJ, Ahsman MJ, et al. Tumor necrosis 
factor-mediated disposition of infliximab in ulcerative colitis 
patients. J Pharmacokinet Pharmacodyn. 2019;46:543–51.

 4. Furuya Y, Ozeki T, Takayanagi R, et al. Theory based analysis of 
anti-inflammatory effect of infliximab on Crohn’s disease. Drug 
Metab Pharmacokinet. 2007;22:20–5. https:// doi. org/ 10. 2133/ 
dmpk. 22. 20.

 5. Kimura K, Takayanagi R, Yokoyama H, et al. Theory-based analy-
sis of anti-inflammatory effect of infliximab on Crohn’s disease 
and rheumatoid arthritis. Rheumatol Int. 2012;32:145–50.

 6. Kimura K, Yoshida A, Katagiri F, et al. Prediction of clinical 
effects of infliximab administered for inflammatory bowel dis-
ease based on pharmacokinetic and pharmacodynamic modeling. 
Biopharm Drug Dispos. 2019;40:250–61.

 7. Kimura K, Takayanagi R, Yokoyama H, et al. Theory-based analy-
sis of the anti-inflammatory effect of TNF inhibitors on rheuma-
toid arthritis. Drug Metab Pharmacokinet. 2014;29:272–7. https:// 
doi. org/ 10. 2133/ dmpk. dmpk- 13- rg- 090.

 8. MacDonald TT, Hutchings P, Choy MY, et al. Tumour necrosis 
factor-alpha and interferon-gamma production measured at the 
single cell level in normal and inflamed human intestine. Clin Exp 
Immunol. 1990;81:301–5. https:// doi. org/ 10. 1111/j. 365- 2249. 
1990. tb033 34.x.

 9. Murch SH, Lamkin VA, Savage MO, et al. Serum concentrations 
of tumour necrosis factor alpha in childhood chronic inflammatory 
bowel disease. Gut. 1991;32:913–7. https:// doi. org/ 10. 1136/ gut. 
32.8. 913.

 10. Schulz M, Dotzlaw H, Neeck G. Ankylosing spondylitis and rheu-
matoid arthritis: serum levels of TNF-α and its soluble recep-
tors during the course of therapy with etanercept and infliximab. 
Biomed Res Int. 2014;2014:24.

 11. Passot C, Pouw MF, Mulleman D, et al. Therapeutic drug monitor-
ing of biopharmaceuticals may benefit from pharmacokinetic and 
pharmacokinetic-pharmacodynamic modeling. Ther Drug Monit. 
2017;39:322–6.

 12. Aubourg A, Picon L, Lecomte T, et al. A robust estimation of 
infliximab pharmacokinetic parameters in Crohn’s disease. Eur J 
Clin Pharmacol. 2015;71:1541–2.

 13. Passot C, Mulleman D, Bejan-Angoulvant T, et al. The underlying 
inflammatory chronic disease influences infliximab pharmacoki-
netics. MAbs. 2016;8:1407–16.

 14. Ternant D, Passot C, Aubourg A, et al. Model-based therapeutic 
drug monitoring of infliximab using a single serum trough con-
centration. Clin Pharmacokinet. 2018;57:1173–84.

 15. Bejan-Angoulvant T, Ternant D, Daoued F, et al. Brief report: 
relationship between serum infliximab concentrations and risk 

https://doi.org/10.1007/s40262-021-01057-3
https://doi.org/10.2133/dmpk.22.20
https://doi.org/10.2133/dmpk.22.20
https://doi.org/10.2133/dmpk.dmpk-13-rg-090
https://doi.org/10.2133/dmpk.dmpk-13-rg-090
https://doi.org/10.1111/j.365-2249.1990.tb03334.x
https://doi.org/10.1111/j.365-2249.1990.tb03334.x
https://doi.org/10.1136/gut.32.8.913
https://doi.org/10.1136/gut.32.8.913


153Target-mediated drug disposition of infliximab

of infections in patients treated for spondyloarthritis. Arthritis 
Rheumatol. 2017;69:108–13.

 16. Mulleman D, Chu Miow Lin D, Ducourau E, et al. Trough inf-
liximab concentrations predict efficacy and sustained control 
of disease activity in rheumatoid arthritis. Ther Drug Monit. 
2010;32:232–6.

 17. Ternant D, Arnoult C, Pugniere M, et al. IgG1 allotypes influ-
ence the pharmacokinetics of therapeutic monoclonal antibodies 
through FcRn binding. J Immunol. 2016;196:607–13. https:// doi. 
org/ 10. 4049/ jimmu nol. 15017 80.

 18. Ternant D, Aubourg A, Magdelaine-Beuzelin C, et al. Infliximab 
pharmacokinetics in inflammatory bowel disease patients. Ther 
Drug Monit. 2008;30:523–9. https:// doi. org/ 10. 1097/ FTD. 0b013 
e3181 80e300.

 19. Ternant D, Mulleman D, Degenne D, et al. An enzyme-linked 
immunosorbent assay for therapeutic drug monitoring of inflixi-
mab. Ther Drug Monit. 2006;28:169–74.

 20. Mager DE, Jusko WJ. General pharmacokinetic model for drugs 
exhibiting target-mediated drug disposition. J Pharmacokinet 
Pharmacodyn. 2001;28:507–32.

 21. Gibiansky L, Gibiansky E. Target-mediated drug disposition 
model: approximations, identifiability of model parameters and 
applications to the population pharmacokinetic-pharmacody-
namic modeling of biologics. Expert Opin Drug Metab Toxicol. 
2009;5:803–12. https:// doi. org/ 10. 1517/ 17425 25090 29929 01.

 22. Maini RN, Feldmann M. How does infliximab work in rheumatoid 
arthritis? Arthritis Res. 2002;4(Suppl. 2):S22–8. https:// doi. org/ 
10. 1186/ ar549.

 23. Matsuno H, Yudoh K, Katayama R, et al. The role of TNF-alpha 
in the pathogenesis of inflammation and joint destruction in rheu-
matoid arthritis (RA): a study using a human RA/SCID mouse 
chimera. Rheumatology (Oxford). 2002;41:329–37. https:// doi. 
org/ 10. 1093/ rheum atolo gy/ 41.3. 329.

 24. Perdriger A. Infliximab in the treatment of rheumatoid arthritis. 
Biologics. 2009;3:183–91. https:// doi. org/ 10. 2147/ btt. 009. 3099.

 25. Kaymakcalan Z, Sakorafas P, Bose S, et al. Comparisons of affini-
ties, avidities, and complement activation of adalimumab, inflixi-
mab, and etanercept in binding to soluble and membrane tumor 
necrosis factor. Clin Immunol. 2009;131:308–16. https:// doi. org/ 
10. 1016/j. clim. 2009. 01. 002.

 26. Kim MS, Lee SH, Song MY, et al. Comparative analyses of com-
plex formation and binding sites between human tumor necrosis 
factor-alpha and its three antagonists elucidate their different neu-
tralizing mechanisms. J Mol Biol. 2007;374:1374–88. https:// doi. 
org/ 10. 1016/j. jmb. 2007. 10. 034.

 27. Chen X, DuBois DC, Almon RR, et al. Interrelationships between 
infliximab and recombinant tumor necrosis factor-α in plasma 
using minimal physiologically based pharmacokinetic models. 
Drug Metab Dispos. 2017;45:790–7.

 28. Buhl S, Dorn-Rasmussen M, Brynskov J, et  al. Therapeutic 
thresholds and mechanisms for primary non-response to inf-
liximab in inflammatory bowel disease. Scand J Gastroenterol. 
2020;55:884–90.

 29. Deora A, Hegde S, Lee J, et al. Transmembrane TNF-dependent 
uptake of anti-TNF antibodies. MAbs. 2017;9:680–95.

 30. Olesen CM, Coskun M, Peyrin-Biroulet L, et al. Mechanisms 
behind efficacy of tumor necrosis factor inhibitors in inflamma-
tory bowel diseases. Pharmacol Ther. 2016;159:110–9.

 31. Scallon BJ, Moore MA, Trinh H, et al. Chimeric anti-TNF-alpha 
monoclonal antibody cA2 binds recombinant transmembrane 
TNF-alpha and activates immune effector functions. Cytokine. 
1995;7:251–9. https:// doi. org/ 10. 1006/ cyto. 995. 0029.

 32. Scallon B, Cai A, Solowski N, et al. Binding and functional 
comparisons of two types of tumor necrosis factor antagonists. J 

Pharmacol Exp Ther. 2002;301:418–26. https:// doi. org/ 10. 1124/ 
jpet. 301.2. 418.

 33. Beutler BA, Milsark IW, Cerami A. Cachectin/tumor necrosis fac-
tor: production, distribution, and metabolic fate in vivo. J Immu-
nol. 1985;135:3972–7.

 34. Creaven PJ, Plager JE, Dupere S, et al. Phase I clinical trial of 
recombinant human tumor necrosis factor. Cancer Chemother 
Pharmacol. 1987;20:137–44. https:// doi. org/ 10. 1007/ BF002 
53968.

 35. Greischel A, Zahn G. Pharmacokinetics of recombinant human 
tumor necrosis factor alpha in rhesus monkeys after intravenous 
administration. J Pharmacol Exp Ther. 1989;251:358–61.

 36. Zahn G, Greischel A. Pharmacokinetics of tumor necrosis fac-
tor alpha after intravenous administration in rats: dose depend-
ence and influence of tumor necrosis factor beta. Arzneimittel-
forschung. 1989;39:1180–2.

 37. Ternant D, Azzopardi N, Raoul W, et al. Influence of antigen mass 
on the pharmacokinetics of therapeutic antibodies in humans. Clin 
Pharmacokinet. 2019;58:169–87.

 38. Thilagar S, Theyagarajan R, Sudhakar U, et al. Comparison of 
serum tumor necrosis factor-α levels in rheumatoid arthritis indi-
viduals with and without chronic periodontitis: a biochemical 
study. J Indian Soc Peridontal. 2018;22:116–21. https:// doi. org/ 
10. 4103/ jisp. jisp_ 362_ 17.

 39. Takeuchi T, Miyasaka N, Tatsuki Y, et al. Baseline tumour necro-
sis factor alpha levels predict the necessity for dose escalation 
of infliximab therapy in patients with rheumatoid arthritis. Ann 
Rheum Dis. 2011;70:1208–15.

 40. Tanaka Y, Oba K, Koike T, et al. Sustained discontinuation of inf-
liximab with a raising-dose strategy after obtaining remission in 
patients with rheumatoid arthritis: the RRRR study, a randomised 
controlled trial. Ann Rheum Dis. 2020;79:94–102.

 41. Peletier LA, Gabrielsson J. Dynamics of target-mediated drug 
disposition: characteristic profiles and parameter identification. J 
Pharmacokinet Pharmacodyn. 2012;39:429–51.

 42. Ternant D, Ducourau E, Perdriger A, et al. Relationship between 
inflammation and infliximab pharmacokinetics in rheumatoid 
arthritis. Br J Clin Pharmacol. 2014;78:118–28.

 43. Eser A, Reinisch W, Schreiber S, et al. Increased induction inflixi-
mab clearance predicts early antidrug antibody detection. J Clin 
Pharmacol. 2021;61:224–33.

 44. Buurman DJ, Maurer JM, Keizer RJ, et al. Population pharma-
cokinetics of infliximab in patients with inflammatory bowel dis-
ease: potential implications for dosing in clinical practice. Aliment 
Pharmacol Ther. 2015;42:529–39.

 45. Ternant D, Bejan-Angoulvant T, Passot C, et al. Clinical phar-
macokinetics and pharmacodynamics of monoclonal antibod-
ies approved to treat rheumatoid arthritis. Clin Pharmacokinet. 
2015;54:1107–23.

 46. Ait-Oudhia S, Ovacik MA, Mager DE. Systems pharmacology and 
enhanced pharmacodynamic models for understanding antibody-
based drug action and toxicity. MAbs. 2017;9:15–28.

 47. Ternant D, Mulleman D, Lauferon F, et  al. Influence of 
methotrexate on infliximab pharmacokinetics and pharma-
codynamics in ankylosing spondylitis. Br J Clin Pharmacol. 
2011;2011:1365–2125.

 48. Edlund H, Steenholdt C, Ainsworth MA, et al. Magnitude of 
increased infliximab clearance imposed by anti-infliximab anti-
bodies in Crohn’s disease is determined by their concentration. 
AAPS J. 2017;19:223–33.

 49. Fasanmade AA, Adedokun OJ, Blank M, et al. Pharmacokinetic 
properties of infliximab in children and adults with Crohn’s dis-
ease: a retrospective analysis of data from 2 phase III clinical 
trials. Clin Ther. 2011;33:946–64.

https://doi.org/10.4049/jimmunol.1501780
https://doi.org/10.4049/jimmunol.1501780
https://doi.org/10.1097/FTD.0b013e318180e300
https://doi.org/10.1097/FTD.0b013e318180e300
https://doi.org/10.1517/17425250902992901
https://doi.org/10.1186/ar549
https://doi.org/10.1186/ar549
https://doi.org/10.1093/rheumatology/41.3.329
https://doi.org/10.1093/rheumatology/41.3.329
https://doi.org/10.2147/btt.009.3099
https://doi.org/10.1016/j.clim.2009.01.002
https://doi.org/10.1016/j.clim.2009.01.002
https://doi.org/10.1016/j.jmb.2007.10.034
https://doi.org/10.1016/j.jmb.2007.10.034
https://doi.org/10.1006/cyto.995.0029
https://doi.org/10.1124/jpet.301.2.418
https://doi.org/10.1124/jpet.301.2.418
https://doi.org/10.1007/BF00253968
https://doi.org/10.1007/BF00253968
https://doi.org/10.4103/jisp.jisp_362_17
https://doi.org/10.4103/jisp.jisp_362_17


154 D. Ternant et al.

 50. Petitcollin A, Brochard C, Siproudhis L, et al. Pharmacokinetic 
parameters of infliximab influence the rate of relapse after de-
escalation in adults with inflammatory bowel diseases. Clin Phar-
macol Ther. 2019;106:605–15.

 51. Ternant D, Picon L, Cartron G, et al. Revisiting target-mediated 
elimination of therapeutic antibodies: the irreversible binding 
approximation. PAGE. 2019;28:abstract no. 9169. Available from: 
www. page- meeti ng. org/? abstr act= 9169. Accessed 11 Jul 2021.

Authors and Affiliations

David Ternant1,2,3,9  · Marc Pfister1 · Olivier Le Tilly2,3 · Denis Mulleman4,5 · Laurence Picon6 · Stéphanie Willot7 · 
Christophe Passot8 · Theodora Bejan‑Angoulvant2,3 · Thierry Lecomte4,6 · Gilles Paintaud2,3 · Gilbert Koch1

1 Pediatric Pharmacology and Pharmacometrics, University 
Children’s Hospital Basel (UKBB), University of Basel, 
Basel, Switzerland

2 EA 4245 ‘Transplantation, Immunology, Inflammation’, 
Université de Tours, Tours, France

3 Department of Clinical Pharmacology, CHRU de Tours, 
Tours, France

4 EA 7501 ‘Groupe Innovation et Ciblage Cellulaire’, 
Université de Tours, Tours, France

5 Department of Rheumatology, CHRU de Tours, Tours, 
France

6 Department of Gastroenterology, CHRU de Tours, Tours, 
France

7 Department of Paediatrics, CHRU de Tours, Tours, France
8 Département de Biopathologie, Institut de Cancérologie de 

l’Ouest, Angers, France
9 Laboratoire de Pharmacologie-Toxicologie, CHU de Tours, 2 

boulevard Tonnellé, 37044 Tours Cedex, France

http://www.page-meeting.org/?abstract=9169
http://orcid.org/0000-0003-4020-4545

	Infliximab Treatment Does Not Lead to Full TNF-α Inhibition: A Target-Mediated Drug Disposition Model
	Abstract
	Background and Objective 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Methods
	2.1 Data
	2.2 Pharmacokinetic Analysis
	2.2.1 Software
	2.2.2 Structural Model Design
	2.2.2.1 Step 1: TMDD Model in Patients with RA 
	2.2.2.2 Step 2: TMDD Model in Patients with CD 
	2.2.2.3 Step 3: Simultaneous RA and CD TMDD Models 
	2.2.2.4 Step 4: Covariate Selection 

	2.2.3 Statistical Models
	2.2.3.1 Interindividual and Error Models 
	2.2.3.2 Influence of Covariates 
	2.2.3.3 Covariate Selection 

	2.2.4 Model Evaluation
	2.2.4.1 Model Comparison 
	2.2.4.2 Model Goodness of Fit 

	2.2.5 Model-Based Simulations


	3 Results
	3.1 Base Model
	3.2 Covariate Selection
	3.3 Model-Based Simulations

	4 Discussion
	5 Conclusions
	Acknowledgements 
	References




