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Abstract In Japan, the recommended dosage regimens of
infliximab (IFX) for treatment of rheumatoid arthritis (RA)
and Crohn’s disease (CD) are different. However, the dif-
ferences have not been analyzed theoretically. In a previous
study, we constructed a pharmacokinetic—pharmacodynamic
model to investigate the effects of IFX for CD and found it
useful to establish a rational dosage regimen of IFX for
individual patients with CD. In the present study, we
investigated whether the theory-based model could be used
for cases of RA and also used it to evaluate the validity of
the dosage regimen. The results obtained with our model
were in good agreement with observed tender joint count
(TJC) ratio data, which was considered to show the validity
of our analysis. Thus, we concluded that the model could
be used for patients with RA. Furthermore, a second
administration of IFX given 2 weeks after the first infusion
was important to achieve remission in the early stage of
RA. We also compared the estimated pharmacodynamic
parameters of RA with those of CD. The elimination rate
constant of inflammation in RA was greater than that in
CD, suggesting that the recovery from inflammation in RA
is faster than that in CD, and indicating a reason for the
difference in dosage between RA and CD. In conclusion,
use of our model in light of the individual quantitative
factor of tumor necrosis factor (TNF)-o allows establish-
ment of IFX dosage regimens for individual patients.
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Introduction

Rheumatoid arthritis (RA) is an autoimmune disease
characterized by chronic inflammation and progressive
joint destruction [1]. In affected individuals, the destruction
of cartilage and bone occurs by erosion mainly in the
junction of cartilage, bone, and synovium, a region known
as the pannus [2]. The peak age at onset ranges from 30 to
60 years, with a preponderance in females ranging from
3:1 to 4:1 [3].

Tumor necrosis factor (TNF)-o is a mediator of immu-
nity and inflammation, with proinflammatory cytokines,
such as IL-1, IL-6, and GM-CSF, linked in a network with
TNF-« at its apex [2]. TNF-« induces a number of proin-
flammatory changes in endothelial cells and has been
detected in the synovial fluid of patients with RA [4]. Thus,
TNF-« plays a major role in RA and is a therapeutic target.

It has been reported that measurement of stool TNF-o
concentrations may provide a valuable means of monitoring
intestinal disease activity in patients with inflammatory
bowel disease [5]. Crohn’s disease (CD) is characterized by
chronic transmural inflammation in any part of the gastro-
intestinal tract [6], with major symptoms including diarrhea,
abdominal pain, fistulas, and weight loss, and a peak age at
onset ranging from the late teens to 20 years of age [3, 6].

Infliximab (IFX), a chimeric murine-human monoclonal
IgG, antibody, targets TNF-o and is used as a therapeutic
agent for RA and CD, as it binds with a high affinity to
TNF-o and neutralizes its effects [2, 7-9]. In Japan, the
recommended dosage regimens of IFX for treatment of RA
and CD are 3 and 5 mg/kg of body weight, respectively, at
weeks 2 and 6 after the initial dose, and then every 8 weeks
thereafter [10]. Although these dosage regimens have been
established through clinical trial experience, they have not
been analyzed theoretically.
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In a previous study, we constructed a pharmacokinetic—
pharmacodynamic model to determine the effects of IFX
for CD and found it useful to establish a rational dosage
regimen of IFX for individual patients [11]. In the present
study, we investigated whether the model could be applied
to cases of RA and also used it to evaluate the validity of
the dosage regimen.

Methods

Pharmacokinetic and pharmacodynamic data
for analysis

We collected the data about the time course of serum
concentrations of IFX after administration of a single
infusion of IFX in patients with RA at doses of 1, 3, or
5 mg/kg, [12] as well as in patients with CD at doses of 5,
10, or 20 mg/kg [13]. Clinical responsiveness of RA was
evaluated by tender joint count (TJC), which has been used
in clinical studies to determine the severity of RA activity.
Values representing sequential changes in TJC after repe-
ated intravenous infusions of 1, 3, or 5 mg/kg of IFX at
0, 2, and 6 weeks, were obtained at 0, 3, 7, 14, 42, and
70 days after starting administration [10]. In addition, the
clinical responsiveness of CD was evaluated using Crohn’s
disease activity index (CDAI), which is commonly utilized
in clinical studies to determine the severity of CD activity.
In another previous study [11], values for sequential
changes in CDAI with repeated IFX treatments were used
to investigate 2 groups of patients who responded to a
single infusion of IFX within 2 weeks, according to the
following protocol [14]. Following assessment of response
after week 2, all patients were randomly grouped with
those who received repeated infusions of 5 mg/kg of IFX at
weeks 2 and 6, and then every 8 weeks thereafter until
week 46 (group 1), or those who received 5 mg/kg of IFX
at weeks 2 and 6, followed by a single administration of
10 mg/kg (group 2).

Analysis of time courses of serum concentration of IFX

Previous findings showed that with dosage amounts rang-
ing from 1 to 20 mg/kg, the clearance of IFX is unchanged
by increasing the dose, whereas linear relationships can be
observed among the dose administered, maximum serum
concentration (Cp,.), and area under the curve (AUC) [15].
Therefore, in the present study, the time courses of serum
concentration after a single infusion of IFX were analyzed
using the following one-compartment pharmacokinetic
model.

Cirx = Clpx - exp(—ke - 1) -0.2-D (1)
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where Crx (WM), ng (LM), k. (dayfl), and D (mg/kg)
represented the serum concentration of IFX, serum con-
centration of IFX immediately after administration of
5 mg/kg of IFX (¢t = 0), elimination rate constant, and
dose, respectively. To estimate the pharmacokinetic
parameters of ng and k. in patients with RA, the serum
concentration of IFX after a single infusion of IFX at a
dose of 1, 3, or 5 mg/kg was simultaneously fitted to Eq. 1
using the nonlinear least squares methods. On the other
hand, those of patients with CD were derived from previ-
ous study [11]. We used the nonlinear least squares pro-
gram MLAB (Civilized Software) for analysis.

Pharmacodynamic model of IFX administered
for patients with RA and CD

The pharmacodynamic model derived from the pharma-
cokinetic profile of IFX and turnover rate of TNF-a are
shown in Fig. 1. With this model, we assumed that the
degree of inflammation was changed by the binding of
IFX to TNF-o, which served to neutralize its biological
activity.

TNF-o is generated at a rate constant of k; (UM day_l)
and eliminated at a rate constant of kt (dayfl). It forms a
complex with IFX at a binding rate constant of kg,
(uM™! dayfl) and is dissociated from the TNF-IFX com-
plex at a dissociation rate constant of kg (dayfl). Thus, the
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Fig. 1 Pharmacokinetic and pharmacodynamic model for anti-
inflammatory effects of infliximab (IFX). IFX was shown to be
eliminated at the rate constant of k. (day_l), while tumor necrosis
factor (TNF)-o was generated at the rate constant of &, (UM dayfl)
and eliminated at the rate constant of kt (day_l). TNF-o forms a
complex with IFX at the binding rate constant of ko, (WM™ day™")
and is dissociated from the TNF-IFX complex at a dissociation rate
constant of kg (dayfl), Inflammation occurs at the rate constants of
K (day_l) and K’ (day_l) and is remitted in vivo at the rate constant
of k. (day ™)
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concentration of TNF-« (Ctng) and TNF-IFX complex
(Ctnrarx) Was represented as follows:

dC
% = —kon - C1INF - Cipx — k1 - C1np + ks + Kot
- CTNF-TFX (2)
dCrNE—
% = kon - CInF - Cirx — k1 - CrNp—1rX — Koff
- CTNF-TFX (3)
koff - kl : kon (4)

where k; ( qul) is the dissociation constant. In the absence
of IFX, Crnr was expressed as Crng = ky/kr.

Assuming that the inflammation caused by TNF-u at the
rate constant of K (day ') was according to the proportion
of the unbound TNF-«, K was determined according to
Eq. 5, as follows:

C
K=Ky - TNF 5)

Crnr-1rx + CTNF

where K.« (dayfl) is K in the absence of IFX. We
considered that inflammation caused by factors other than
TNF-o at the rate constant of K’ (day_l), as well as
inflammation caused by K and K’, would be remitted in
vivo at the rate constant of kr (day_l). Therefore, the value
of the number of tender joints at ¢t (weeks) (Et) in the
presence of IFX was represented as follows:

dEt /

~——K+K —k-E 6

P + i (6)
Furthermore, the value for TJC in the absence of IFX

(Eo) was expressed by the following equation:
_ Kmax + K’

Ey k.

(7)
In addition, the values for sequential changes of TIC were
represented by the ratio (TJC/ER) of TIC at ¢ (weeks) (E,)
to Ey were expressed by:

ER =
Eqy

(8)
Analysis of clinical response of IFX administered
for patients with RA and CD

Since k,, and kt represented binding rate constants of IFX
with TNF-o. and the elimination rate constant of TNF-o,
respectively, we concluded that these were common values
between CD and RA. Then, to estimate ko, k1, ks, Kinax> K'»
and k, values, we simultaneously fitted ER data from
patients administered repeated infusions of IFX at the
tested doses to the aforementioned Eqs. 2—-8. A previously
reported k; value (0.046 nM) [8] was adopted for this study.
We used the nonlinear least squares program MLAB
(Civilized Software) for analysis.
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Fig. 2 Dosage intervals of infliximab

Simulation of values for sequential changes of TIC
following administrations of IFX at various intervals

Changes in ER following repeated infusions of IFX at a
dose of 3 mg/kg at various intervals (Fig. 2) were simu-
lated using the estimated pharmacokinetic and pharmaco-
dynamic parameters and assessed to determine a rational
dosage regimen. For the present study, the threshold of
positive clinical remission was defined as a decrease in TJIC
of 50%.

Results
Time course analysis of serum concentration of IFX

The time courses of serum concentrations of IFX fol-
lowing a single infusion at a dose of 1, 3, or 10 mg/kg for
patients with RA, along with fitted curves based on the
nonlinear least squares methods, are shown in Fig. 3.
The fitted curves were well matched to the observed data.
The estimated pharmacokinetic parameters of IFX
administered for RA and pharmacokinetic parameters of
IFX administered for CD, which were reported previously,
[11] are shown in Table 1. The pharmacokinetic parameters
of CI(;X and k. were not significantly different between RA
and CD.

Analysis of sequential changes of TJC and CDAI

The sequential changes in the TJC and CDAI ratios fol-
lowing repeated infusions of IFX and the fitted curves
based on the simultaneous nonlinear least squares methods
are shown in Fig. 4. The estimated pharmacodynamic
parameters are shown in Table 2. The relationships
between the time course effects of IFX derived from the
pharmacodynamic model in the present study were mat-
ched to data reported for TIC and CDAI, while the esti-
mated pharmacodynamic parameters of CD were matched
to reported values [11]. As a result, we found that K" and &,
for patients with RA were greater than those for patients
with CD.
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Fig. 3 Serum concentration time profiles of infliximab (IFX) fol-
lowing a single infusion. Symbols represent reported data (median)
from a summary of applications for REMICADE®. The regression
lines were calculated simultaneously using the nonlinear least squares
method

Table 1 The estimated pharmacokinetic parameters of IFX admin-
istered for RA and CD [11]

Parameter Estimated value (£SE)

RA CD
C[‘;X (UM) 0.749 (£0.032) 0.778 (£0.015)
ke (day™h 0.122 (£0.014) 0.101 (£0.005)

Simulation of values for sequential changes of TIC
following administrations of IFX at two intervals

The time courses of TJC ratios following repeated infu-
sions of IFX at a dose of 3 mg/kg at the tested intervals
were simulated from the estimated pharmacokinetic
parameters (Fig. 5). With Schedule 2 a greater therapeutic
effect was required to reach clinical remission than with
Schedule 1. Therefore, our results confirmed the impor-
tance of administration at 2 weeks after the first infusion to
maintain the therapeutic effect.

Discussion

In the present study, we analyzed whether the present phar-
macokinetic—pharmacodynamic model of the effect of IFX on
CD was in good agreement with observed TJC ratio data, as
well as the validity of the IFX dosage regimen for patients with
RA. We found that results obtained with the model were in
good agreement with observed TJC ratio data, which was
considered to show the validity of our analysis. Thereafter, the
model was shown useful for patients with RA.

We also compared estimated pharmacodynamic para-
meters of RA with those of CD. The estimated K’ value of
RA was about 3 x 10° times greater than that of CD,
suggesting that inflammation associated with RA is more
affected by factors other than TNF-« than that associated
with CD. On the other hand, the estimated K., value of
RA was about 380 times greater than the K’ value, indi-
cating that TNF-o is the major factor of inflammation in
RA. This result is considered reasonable, as it has been
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—O—Group 2 (n=112) == RA 3mg/kg (n=26)
1 1 == RA 5mg/kg (n=29)
[
Groupl : 5mg/kgof IFX at weeks 2 and 6, and then every 8 weeks thereafter
—_ Group2 : 5mg/kgof IFX at weeks 2 and 6, and then 10 mg/kg atevery 8 weeks thereafter
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Fig. 4 Sequential changes in a CDAI ratio and b TJC ratio after repeated infusions. Symbols were derived from (a) data reported in literature
[14] or an interview form from patients receiving REMICADE® (b). The lines shown are fitted curves
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Table 2 Pharmacodynamic

RO Parameter
parameters for infliximab after

Estimated value (£SE)

repeated infusions RA

CD

kon (UM~ day™")
kr (day™")

ks (UM dayf')
Kinax (day™")

K' (day™")

ke (day™")

0.492 (+0.081)
0.0420 (£0.0047)

407 x 107 (£2.51 x 107%)
7.60 (£2.90)

0.0224 (£0.0076)

2.21 (+0.93)

1.51 x 1078 (20.60 x 107
174.1 (£63.2)

7431 x 1078 (£2.28 x 107%)
0.0501 (£0.0152)

Schedule 2

0.5 &j7 [
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t
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Fig. 5 Simulation of relationships between TJC ratio and time after
repeated infusion at tested intervals. The dashed line indicates the
TJC ratio corresponding to remission

reported that the disease state of RA is correlated with the
serum concentration of TNF-a [16]. The estimated &,
value of RA was also about 40 times greater than that of
CD, suggesting that the recovery from inflammation in
RA is faster than that in CD. Together, these findings
indicate a reason for the differences in dosage between
RA and CD.

The estimated half-life value of TNF-«o, calculated from
kt, was 16.5 days, which was greater than the half-life of
serum TNF-c¢, reported to be several minutes [17, 18].
Therefore, it is considered that IFX does interact not only
with soluble TNF-o but also with transmembrane TNF-o,
which is produced by monocytes, macrophages, and
T cells, and released from cells as soluble TNF-o by
metalloproteinase [12]. Although soluble TNF- is rapidly
inactivated and eliminated, transmembrane TNF-o may
exhibit the same behavior with these cells, whose lifetime
has been reported to be several months [19]. Thus, we
considered that the estimated value for kt obtained in the
present study consisted of the elimination rate constants for
both transmembrane and soluble TNF-c.

When IFX is given as repeated infusions for RA,
administration at 2 weeks after the initial infusion is
important. If not given at that 2-week time point, the
therapeutic effect is not maintained from weeks 2 to 6. Our
results confirmed the importance of administration at
2 weeks after the first infusion to maintain an adequate
therapeutic effect.

In conclusion, the present results indicated that our
theory-based model can be used for RA and is also useful
to establish a rational dosage regimen of IFX for patients
with RA and CD. Furthermore, we found that the amount
of TNF-« is correlated with inflammation associated with
RA and CD, as well as the therapeutic effect of IFX. It is
considered that a dosage regimen of IFX for individual
patients can be established with this model in view of the
individual quantitative factor of TNF-o.
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