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Pharmacokinetic Drug Interaction Between Cyclosporine
and Imatinib in Bone Marrow Transplant Children
and Model-Based Reappraisal of Imatinib Drug
Interaction Profile
Nathalie Bleyzac, PharmD, PhD,*† Kamila Kebaili, MD,* Valérie Mialou, MD,‡
Yves Bertrand, MD, PhD,* and Sylvain Goutelle, PharmD, PhD†§

Background: Previous reports have suggested that imatinib
may increase cyclosporine exposure by CYP3A4 inhibition. However,
the magnitude of this drug interaction remains unclear. At present,
quantitative information about the interaction proﬁle of imatinib is scarce.

Methods: The authors report the effect of imatinib on cyclosporine
exposure in 6 pediatric patients with Philadelphia chromosome–positive
acute lymphoblastic leukemia who received cyclosporine after hematopoietic stem-cell transplantation. Dose-normalized cyclosporine
trough blood concentrations (TBC) were obtained before and after
imatinib introduction. In addition, a validated model-based approach
was used to derive quantitative predictions of CYP3A4-mediated drug
interactions with imatinib as a victim or precipitant drug.
Results: The mean dose-normalized cyclosporine TBC signiﬁcantly increased after 3 to 7 days of imatinib therapy. The modeling
approach predicted weak-to-moderate effect of major CYP3A4
inhibitors on imatinib exposure. However, the inhibitory potency
of imatinib was found to be similar to that of verapamil, suggesting
signiﬁcant inﬂuence of imatinib on the pharmacokinetics of drugs
highly metabolized by CYP3A4. Observed increases in cyclosporine
dose-normalized TBC of the 6 patients were compatible with model
predictions. The observations and predictions suggest that imatinib
may substantially increase cyclosporine exposure.
Conclusions: Cyclosporine dose reduction may be necessary to
avoid excessive immunosuppressive effect in case of coadministration of imatinib.
Key Words: cyclosporine, imatinib, drug interaction, children, bone
marrow transplantation
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INTRODUCTION
Imatinib has become the standard therapy for chronic
myeloid leukemia. In addition, it has been successfully
introduced in chemotherapy regimens for Philadelphia chromosome–positive (Ph+) acute lymphoblastic leukemia
(ALL).1,2 Despite this progress, hematopoietic stem-cell transplantation (HSCT) is still required in patients with high-risk
ALL. Until recent years, long-term survival rates after myeloablative HSCT in Ph+ ALL did not exceed 40% to 45%
in adults and children, and relapse was the most frequent
cause of failure.3,4 Minimal residual disease was frequently
observed in patients after HSCT for Ph+ ALL and was associated with an increased risk of relapse.3,5,6 It has been shown
that imatinib can reduce post-transplant minimal residual disease, and therefore prevent recurrent ALL after HSCT, with
an increase in overall survival up to 60%.7,8
Imatinib is metabolized in the liver by cytochromes
P450 3A4 (CYP3A4) and 2C8.9 Imatinib and its N-desmethyl
metabolite are also moderate competitive inhibitors of
CYP2C8 and CYP3A4/5. Imatinib may also inhibit CYP3A4
through a potent irreversible mechanism.10 Also, it has been
shown that imatinib is both a substrate and a modulator of
P-glycoprotein (P-gp).11 As a result, imatinib may be
involved in a number of drug–drug interactions, as a victim
or precipitant drug.12 Although interactions between imatinib
and cytochrome P450 or P-gp inhibitors have been well documented,13,14 little is known about the inﬂuence of imatinib on
the exposure to other drugs, except for simvastatin.15
Cyclosporine A (CsA) is an immunosuppressant agent
that is still widely used in HSCT recipients, and it may be
administered in combination with imatinib in transplanted
Ph+ ALL patients. Similar to imatinib, cyclosporine is a substrate of both CYP3A4 and P-gp, and it is also a CYP3A4 and
P-gp inhibitor.16 As a result, a reciprocal interaction is expected between imatinib and CsA: on the one hand inhibition
of CYP3A4 and P-gp by CsA may increase imatinib exposure; on the other hand, imatinib may also increase the exposure to CsA through the same mechanisms.12 However, little
is known about the clinical implications of such an interaction
between imatinib and cyclosporine, and no data are available
for children.
We report a case series suggesting a substantial effect of
imatinib on CsA blood levels in young patients with Ph+ ALL
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after HSCT. In addition, we reassess the effect of induction
and inhibition of CYP3A4 on imatinib exposure, as well as
the inhibition of CYP3A4 caused by imatinib using a validated modeling approach and published data.

Imatinib Drug Interactions

The possible role of the drugs coadministered in the
alteration of drug exposure was examined for each patient
using the Horn drug interaction probability scale.18

Prediction of Drug Interactions With Imatinib
PATIENTS AND METHODS
Patients
Six patients aged 8 to 19 years underwent allogeneic
stem-cell transplantation for Ph+ ALL in ﬁrst (n = 4) or second complete remission (n = 1) and Ph+ lymphoblastic lymphoma (n = 1) in the Paediatric Haematology and Oncology
Institute of Lyon, France, between 2003 and 2012. Children
received matched (n = 3) or mismatched (n = 3) unrelated
donor grafts after conditioning with total-body irradiation,
etoposide (60 mg/kg), and rabbit antithymocyte globulins
(7.5 mg/kg) combined with CsA for graft-versus-host disease
(GVHD) prophylaxis.
Trough blood concentrations (TBC) of CsA were
measured twice weekly during the ﬁrst month after transplantation, and then once weekly by antibody-conjugated
magnetic immunoassay. CsA dosing regimens were individually adjusted using a Bayesian approach as described elsewhere.17 CsA trough blood levels at the steady-state were
available for all patients before imatinib was started. Imatinib
was introduced between day 40 and day 74 after transplantation, at a dose of 280 mg$m22$d21. At the time of imatinib
starting, all but 1 patient received CsA orally. Other concomitant drugs were acyclovir, phenoxymethylpenicillin, and cotrimoxazole used for the prevention of infectious diseases. Dosage
regimens of these drugs were constant, and no other drug was
added during the studied period. CsA TBC were measured in
all patients within the ﬁrst week (between day 3 and day 7) after
imatinib onset. In 5 of 6 patients, a second measurement of CsA
trough concentration was performed during the second week
after imatinib introduction (between day 8 and day 15). Imatinib was stopped after the third week of treatment in 3 patients
because of poor response, and CsA TBC were measured within
the week after imatinib withdrawal in those patients.
Slight dose adjustments were performed to control CsA
blood concentration at the individual target for each patient
over the study period. Target TBC was set at 120 ng/mL in
patients without GVHD and 150 to 200 ng/mL in case of
GVHD occurrence, depending on the GVHD severity.17
Because of those individual changes in CsA dose over the
study period, we did not examine the actual CsA trough concentrations but dose-normalized trough concentrations, expressed as the ratios of CsA TBC (in units of microgram of
CsA per liter) over CsA daily dose (in milligram of CsA per
kilogram of body weight). Daily doses were expressed per
kilogram of actual body weight, which may also have changed
a little over the study period in some patients. Although the
unit of dose-normalized TBC is (mcg · kg)/(L · mg), the
respective results are reported without unit throughout the article for ease of reading. Dose-normalized TBC were compared
before and after introduction of imatinib using the Wilcoxon
signed-rank test for matched samples, with statistical signiﬁcance set at a P value of 5%.
 2014 Lippincott Williams & Wilkins

We assessed the potency of imatinib to inhibit CYP3A4
using a quantitative approach described in detail elsewhere.19–22
Brieﬂy, it may be shown that the alteration in the AUC of
a substrate drug of CYP3A4 caused by an inhibitor of this
cytochrome can be described by the following equation:
AUC*
1
¼
AUC
1 2 CRCYP3A4 *IRCYP3A4

(1)

where AUC is the reference AUC of the drug when
administered alone, AUC* is the AUC of the drug when coadministered with a CYP3A4 inhibitor, CRCYP3A4 is the contribution ratio of the substrate drug (ie, the fraction of the
apparent oral drug clearance due to CYP3A4, ranging from
0 to 1), IRCYP3A4 is the inhibition ratio, a measure of the
inhibitor potency. The inhibition ratio ranges from 0 (the inhibitor has no effect on CYP3A4-mediated clearance of the victim
drug) to 1 (the inhibitor reduces CYP3A4-mediated clearance
of the victim drug to zero). As a result, for a substrate drug
metabolized by CYP3A4, the increase in the drug exposure
caused by an inhibitor and quantiﬁed by the AUC ratio
(AUC*/AUC) is a function of the inhibitor potency (IRCYP3A4)
and the relative contribution of the CYP3A4 pathway in the
metabolism of the victim drug (CRCYP3A4). Of note, this equation only applies for drug–drug interactions occurring in extensive metabolizers for a given cytochrome, and for substrate
drugs administered by the oral route, with linear pharmacokinetics.19,21 This equation has been successfully applied to quantify drug–drug interactions for a number of drugs metabolized
by CYP3A4,19,20 CY2D6,21 CYP2C9,23 and CYP2C19.22
In case of CYP3A4 induction, the equation describing
the alteration in substrate drug exposure is as follows20:
AUC*
1
¼
AUC
1 þ CRCYP3A4 *ICCYP3A4

(2)

where ICCYP3A4 represents the apparent increase in the clearance of substrates produced by induction of CYP3A4. This
parameter is a real positive number and quantiﬁes the inducer
potency.
We used equations 1 and 2, as well as published data
from several drug interaction studies to estimate the CRCYP3A4
of imatinib as a CYP3A4 substrate and its IRCYP3A4 as
a CYP3A4 inhibitor. First, results from a drug interaction study
of imatinib and rifampicin were used to obtain an initial estimate of imatinib CRCYP3A4.24 The AUC ratio of imatinib
(AUC*/AUC) found in this study and the ICCYP3A4 of rifampicin (7.7)20 were used to derive imatinib CRCYP3A4 using
Equation 2. Then, an initial estimate of IRCYP3A4 of imatinib
was calculated using data from a study that assessed the inhibitory effect of imatinib on the pharmacokinetics of simvastatin.15 The AUC ratio of simvastatin (AUC*/AUC) found in this
study, as well the simvastatin CRCYP3A4 value of 1 reported by
Ohno et al19 were used to derive IRCYP3A4 using Equation 1.
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Then, Bayesian orthogonal regression was performed in
the WinBUGS software, version 1.4.325 to derive ﬁnal estimates of CRCYP3A4 and IRCYP3A4 for imatinib, as well as
AUC ratios for a number of drug–drug interactions with imatinib as the victim drug (effect of known CYP3A4 inhibitors
on imatinib exposure) or the precipitant drug (inhibitory
effect of imatinib on CYP3A4 substrate drugs). Orthogonal
regression is a standard linear regression technique that may
be used when the independent variables (predictors) are
known with errors, which was the case of published AUC
ratios.26,27 This Bayesian approach has been described in
detail elsewhere.21,22 The full database used in the Bayesian
analysis included published drug interaction data for 27
CYP3A4 substrate drugs and 18 CYP3A4 inhibitors. This
article reports the quantitative predictions of drug–drug interactions calculated for imatinib only. Two Markov chains were
used in the Bayesian estimation. A total of 80,000 iterations
were performed to estimate the Bayesian posterior distributions of the parameters. Convergence was checked by visual
inspection of the trace plots of the parameters and stability of
the posterior distributions. The Monte Carlo error provided by
WinBUGS was used to assess the accuracy of posterior estimates. Goodness-of-ﬁt was assessed by visual examination of
the residual scatter plots and the shape of posterior distributions (a unimodal distribution was expected and eventually
observed for all parameters).

RESULTS
Patients
CsA daily doses and TBC over the study period are
reported in Table 1. The mean dose-normalized TBC signiﬁcantly increased from 33.5 6 12.8 (range, 17.9–51.2) to
58.8 6 23.6 (range, 28.2–100.8) after 3 to 7 days of imatinib
therapy (P = 0.028). The mean percent increase in CsA
dose-normalized TBC was 78.3% 6 39.1% (range, 17.7%–
129.7%). Intraindividual variability in dose-normalized TBC
observed in the 6 patients over the 3 weeks before introduction
of imatinib was much lower (4.7 6 2.6, estimated on 5.3 6 0.8
occasions per patient) than the alteration observed after imatinib introduction.

In the second week of concomitant administration of
imatinib (days 8–14), the mean dose-normalized TBC was
slightly increased compared with that of the ﬁrst week (62.8 6
31.8), although this value decreased in 2 subjects. During coadministration with imatinib, CsA dose reductions ranging
from 248% to 278% were necessary to maintain CsA TBC
to levels similar to those observed before imatinib introduction.
In the 3 patients in whom imatinib was stopped because
of poor tolerance (headache or edemia), a large decrease in
CsA TBC was observed (TBC were measured between 3 and
7 days after imatinib discontinuation). Dose-normalized TBC
decreased from 38.7 to 23.1 in patient 3, from 83.9 to 26.5 in
patient 4, and from 55.6 to 33.3 in patient 6.
The Horn drug interaction probability scale18 indicated
a probable interaction (total score = 6) between CsA and
imatinib, whereas the interaction with other coadministered
drugs was found as doubtful (total score ,2) for each case.

Prediction of Drug Interactions With Imatinib
A summary of drug interaction studies with imatinib
performed in humans is presented in Table 2. Bolton et al24
reported a signiﬁcant decrease in imatinib exposure (AUC*/
AUC = 0.26) caused by rifampicin (600 mg/d over 7 days),
a known CYP34A inducer with an ICCYP3A4 of 7.7.20 Using
these data in Equation 2, an initial CRCYP3A4 estimate of 0.37
was calculated for imatinib. Using the 3.5-fold mean increase
in simvastatin AUC observed after 7 days of coadministration
with imatinib (400 mg daily) reported by O’Brien et al,15 and
a CRCYP3A4 of 1.0 estimated by Ohno et al for simvastatin,
we estimated an initial estimate of imatinib IRCYP3A4 of 0.71
using Equation 1.
Bayesian orthogonal regression analysis provided ﬁnal
estimates of CRCYP3A4 and IRCYP3A4 for imatinib of 0.35
[95% conﬁdence interval (CI), 0.17–0.54] and 0.70 (95%
CI, 0.59–0.79), respectively, which were very close to initial
estimates.
The predicted AUC ratio of imatinib when coadministered with 17 CYP3A4 inhibitors are shown in Figure 1. Our
model-based approach predicted limited effect of strong
CYP3A4 inhibitors such as triazole antifungal agents, ritonavir, or clarithromycin on imatinib exposure, with a maximum
AUC increase about 1.5-fold. Figure 2 shows the predicted

TABLE 1. Variations in CsA TBC Associated With Imatinib Treatment
Patient
1
2
3
4
5
6
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CsA Dose and TBC
Before Imatinib Onset

CsA Dose and TBC After
3–7 Days of Imatinib Therapy

CsA Dose and TBC After
8–14 Days of Imatinib Therapy

Adjusted CsA Dose and
TBC During Imatinib Therapy

3.9 mg$kg21$d21
200 ng/mL
3.2 mg$kg21$d21
150 ng/mL
3.8 mg$kg21$d21
100 ng/mL
3.7 mg$kg21$d21
110 ng/mL
7.8 mg$kg21$d21
140 ng/mL
4.8 mg$kg21$d21
140 ng/mL

4.0 mg$kg21$d21
403 ng/mL
2.9 mg$kg21$d21
160 ng/mL
4.8 mg$kg21$d21
290 ng/mL
4.6 mg$kg21$d21
230 ng/mL
7.8 mg$kg21$d21
220 ng/mL
4.8 mg$kg21$d21
280 ng/mL

3.5 mg$kg21$d21 (PO),
396 ng/mL
2.5 mg$kg21$d21 (PO),
180 ng/mL
3.8 mg$kg21$d21 (PO),
150 ng/mL
not documented

2.3 mg$kg21$d21 (PO),
200 ng/mL
2.1 mg$kg21$d21 (PO),
130 ng/mL
3.1 mg$kg21$d21 (PO),
120 ng/mL
not documented

7.7 mg$kg21$d21 (PO),
260 ng/mL
4.3 mg$kg21$d21 (PO),
240 ng/mL

4.8 mg$kg21$d21 (PO),
150 ng/mL
2.5 mg$kg21$d21 (PO),
150 ng/mL

(PO),
(PO),
(PO),
(IV),
(PO),
(PO),

(PO),
(PO),
(PO),
(IV),
(PO),
(PO),
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TABLE 2. Summary of Human Drug Interaction Studies With Imatinib
Victim Drug

Precipitant Drug Daily Dose

Study Design

Mechanism

AUC*/AUC of Victim Drug

Reference

Imatinib
Imatinib
Imatinib
Simvastatin
Cyclosporine

Rifampicin 600 mg
St John’s wort 900 mg
Ketoconazole 400 mg
Imatinib 400 mg
Imatinib 200 mg

Multiple dose
Multiple dose
Single dose
Multiple dose
Single dose

Induction
Induction
Inhibition
Inhibition
Inhibition

0.26
0.70
1.38
3.5
1.23

24
26
13
15
27

AUC ratios for 26 CYP3A4 substrates when coadministered
with imatinib at a daily dose of 400 mg. With an estimated
IRCYP3A4 of 0.70, the inhibitor potency of imatinib is similar
to that of verapamil.19 Weak-to-moderate increases in drug
exposure are expected for most agents, but coadministration
with imatinib may result in signiﬁcant overexposure (predicted AUC*/AUC greater than 3) for drugs that are highly
metabolized by CYP3A4 such as simvastatin, dronedarone, or
triazolam.

DISCUSSION
Because both CsA and imatinib are substrate and
inhibitor drugs of CYP3A4 and P-gp, a reciprocal interaction
has been expected between those 2 drugs.28 However, little is
known about the magnitude of this interaction, especially on
the inhibitor potency of imatinib. In a single dose study in
healthy volunteers who were administered 200 mg of oral
imatinib in combination with 175 mg of CsA, Peng et al28
observed relatively small variations in exposure of both
drugs: the AUC0–inf of imatinib was increased by 10%, and
that of CsA was increased by 23%. However, as pointed out
by the authors, imatinib was used at a subtherapeutic dose,
and so the effect of imatinib on cyclosporine exposure may be

FIGURE 1. Predicted change in imatinib exposure (AUC*/AUC)
caused by drug interactions with various CYP3A4 inhibitors. The
bars are the mean point estimates of the AUC ratios, and the
black lines are the 95 percent CIs of the AUC ratios.
 2014 Lippincott Williams & Wilkins

greater at therapeutic steady-state concentrations of imatinib.
The authors recommended performing therapeutic drug monitoring to adjust CsA dose in case of coadministration with
imatinib.
Since this abstract was published, very few data have
been reported on CsA dosing during imatinib treatment.
Yamada et al29 reported an increase in the CsA levels in 2
adults after allogeneic HSCT. However, there were 2 limitations in this study: CsA concentrations were assayed in serum
instead of blood, and these observations were made during
switch from intravenous to oral CsA, which is known to be
an important source of pharmacokinetic variability. Also, the
interaction was suggested in a renal transplant patient who
presented CsA-related renal toxicity during concomitant
administration with imatinib treatment.30 Carpenter et al31
observed that imatinib did not affect calcineurin inhibitor levels
in transplanted patients, but they pooled CsA blood concentrations without taking into account individual variations,

FIGURE 2. Predicted change in drug exposure for various
CYP3A4 substrates due to CYP3A4 inhibition by imatinib. The
gray bars are the mean point estimates of the AUC ratios, and
the black lines are the 95% CIs of the AUC ratios.
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intraindividual variability, and amounts administered. To the
best of our knowledge, our report covers the largest series of
cases supporting a clinically relevant interaction between imatinib and CsA, and our observations are also the ﬁrst to be
reported in children. In this series, we observed a statistically
signiﬁcant increase in dose-normalized CsA TBC associated
with the introduction of imatinib, with a mean increase of 78%
(range, 57%–130%) after 1 week of imatinib therapy.
To the best of our knowledge, quantitative data on the
inhibitory effect of imatinib are only available for 2 drugs:
cyclosporine28 and simvastatin.15 We used this drug interaction between imatinib and simvastatin as a reference to calculate the initial estimate of imatinib IRCYP3A4. It is
noteworthy that simvastatin exposure depends not only on
CYP3A4 but also on the hepatic uptake transporter
OATP1B1.32 However, it has been shown that imatinib does
not inhibit OATP1B1.33 Thus, the increase in simvastatin
exposure when coadministered with imatinib can be attributed
to CYP3A4 inhibition only.
Methods for quantitative prediction of CYP-mediated
drug–drug interactions based on in vivo data have been proposed and applied for a large number of CYP substrates and
inhibitors.19,21,22 We used this approach to predict the effect of
CYP3A4 inhibitors on imatinib exposure, as well as the effect
of imatinib on the exposure to various CYP3A4 substrate
drugs. This modeling approach is quite simple because only
2 parameters are necessary to predict the magnitude of
a drug–drug interaction: the contribution ratio of the substrate
drug (CRCYP3A4) and the inhibition ratio of the inhibitor
(IRCYP3A4) in case of a drug interaction by CYP inhibition.
Compared with the results reported by Peng et al28
(AUC*/AUC = 1.23), the model seems to overestimate the
effect of imatinib on CsA exposure (predicted AUC*/AUC =
2.27). However, as explained above, CsA was coadministered
with a subtherapeutic single dose of imatinib in the study from
Peng et al.19 Because the inhibitor potency is considered to be
dose-dependent, the use of imatinib at a higher dose and at the
steady-state should result in greater CYP3A4 inhibition. In our
case series, 1.78-fold and 1.81 mean increases in CsA dosenormalized TBC were observed after 1 week and 2 weeks of
imatinib therapy, respectively. Those results seem to be fairly
compatible with model predictions. However, because CsA
trough concentration does not correlate well with CsA AUC,
richer data and observed cyclosporine AUC would be necessary to fully conﬁrm the model predictions.
Our observations suggest a substantial effect of imatinib
on CsA blood concentrations, but this effect was variable
among patients. Factors explaining the interindividual susceptibility to imatinib drug interactions remain to be determined.
Obviously, available in vivo data on drug interactions
with imatinib were not sufﬁcient to perform a formal
validation of the predictions presented in this article. One
may note that the predicted increase in imatinib exposure due
to inhibition by ketoconazole (1.57; 95% CI, 1.21–2.02)
agrees well with the observed ratio of 1.38 reported by
Dutreix et al.13 In addition, this approach has already been
applied and validated for many drugs metabolized by
CYP3A4, CYP2D6, CYP2C9, and CYP2C19, providing very
good average predictive performance.19–23
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It is acknowledged that this approach is based on
a number of assumptions and has several limitations that have
been discussed in detail elsewhere.19,21 Of note, intestinal
metabolism has to be considered in addition to liver metabolism, and it is assumed that drug interactions alter both
mechanisms in the same proportion.19 Also, only drug interactions mediated by CYP are considered in this approach.
Other mechanisms such as drug transporters are not taken
into account. These simpliﬁcations may alter the accuracy
of model-based predictions for drugs that are substrates
of hepatic and intestinal CYP3A4, as well as substrate of
P-gp, such as CsA. One should also note that this approach
only provides an average prediction of the alteration in CYP
substrate drug exposure, and therefore the clinical alteration
may vary between individuals. As a result, model-based predictions of drug interactions with imatinib presented in this
study should only be considered as estimates, with a guidance
value. However, we believe that these predictions, which are
based on all the available prior knowledge about in vivo
CYP3A4-mediated drug interactions,19,20 are the most acceptable quantitative estimates to date.
With an estimated IRCYP3A4 of 0.70, the inhibition
potency of imatinib seems to be similar to that of verapamil.19
This suggests that imatinib may substantially alter the pharmacokinetics and pharmacodynamics of widely prescribed
drugs including statins and benzodiazepines. Regarding the
interaction between CsA and imatinib, although the inhibitory
effect of imatinib on CsA exposure is moderate, this interaction may have serious consequences because of the narrow
therapeutic index of CsA.

CONCLUSIONS
In HSCT patients, it is desirable to maintain posttransplant immunosuppression at the lowest possible level to
allow graft-versus-leukemia effect and lymphocyte subset
reconstitution. Recent data also suggest that a pharmacodynamics interaction may occur between CsA and imatinib and
modulate drug effect.34 In case of coadministration of imatinib, the CsA dose may be decreased to avoid excessive
immunosuppressive effect. Our data suggest that a 40% preemptive reduction in CsA dose may be performed before
imatinib introduction, but the magnitude of this dose reduction has to be conﬁrmed on a larger cohort. Individual dose
adjustment of CsA should be guided by therapeutic drug
monitoring in any case with TBC to be measured within the
ﬁrst week after imatinib introduction.
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