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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

AIMS

The long-term disposition of tacrolimus following kidney transplanta-
tion is characterized by a gradual decrease in dose requirements and
increase in dose-corrected exposure. This phenomenon has been
attributed to a progressive decline in cytochrome P450 3A4 (CYP3A4)
activity, although this has never been demonstrated in vivo.

METHODS

Sixty-five tacrolimus- and 10 cyclosporine-treated renal transplant recipients
underwent pharmacokinetic testing at day 7 and months 1, 3, 6 and 12 after
transplantation, including 8-h area under the concentration-time curve
(AUC) for tacrolimus or cyclosporine and assessment of CYP3A4 activity
using oral and intravenous midazolam (MDZ) drug probes.

WHAT THIS STUDY ADDS RESULTS

Tacrolimus clearance decreased gradually throughout the entire first
year but only in CYP3A5*3/*3 homozygous recipients (25.6+11.11h™'
atday 7;17+9.11h™" at month 12; P < 0.001). In mixed model analysis,
decreasing CYP3A4 activity, measured by apparent oral MDZ clearance
(924 + 443 ml min™" at day 7 vs. 730 + 344 ml min™" at month 1; P < 0.001),
explained 55.4% of the decline in tacrolimus clearance in the first month.
CYP3A4 activity decreased by 18.9ml min™' for every milligram of
methylprednisolone dose tapering within the first month; beyond this
point it remained stable. A gradual rise in haematocrit throughout the
entire first year explained 31.7% of the decrease in tacrolimus clearance in
the first month and 23.6% of the decrease between months 1 and 12.
Cyclosporine clearance did not change over time.

CONCLUSIONS

The maturation of tacrolimus disposition in the first year after renal
transplantation observed in CYP3A5%*3/*3 homozygous patients can partly
be explained by a (steroid tapering-related) decline in CYP3A4 activity and a
progressive increase in haematocrit.
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Introduction

The calcineurin inhibitors (CNIs) tacrolimus and cyclo-
sporine are characterized by highly variable pharmacoki-
netics and a narrow therapeutic index, and display a wide
range of potentially severe drug-related toxicities [1, 2].
Despite these unfavourable characteristics, they have
become cornerstones of immunosuppressive therapy in
solid organ transplantation [3].

In vitro studies have demonstrated that both cyclo-
sporine and tacrolimus are metabolized by CYP3A4 and
CYP3A5, and that both drugs are substrates of the drug
transporter p-glycoprotein [p-GP, also known as ATP-binding
cassette subfamily B member 1 (ABCB1), encoded by the
multidrug resistance 1 (MDRT) gene] [2, 4-8]. As CYP3A4
and CYP3A5, as well as ABCB1, are expressed in the gastroin-
testinal tract and the liver, and because of the important
transporter-enzyme interplay occurring at both sites
of drug metabolism, CYP3A isoenzymes and ABCB1 are
expected to be major determinants of tacrolimus and
cyclosporine pharmacokinetics in vivo [2, 7, 9-11].

Long-term tacrolimus disposition in renal transplant re-
cipients is characterized by a progressive decline in appar-
ent oral steady-state clearance (CLs,), which continues up to
at least 5years post-transplantation [12, 13]. As a conse-
guence, tacrolimus dose requirements gradually decrease,
while dose-corrected exposure [i.e. initial concentration
(Co) and area under the plasma concentration-time curve
from 0 to 12 h [AUCy_;5]) increases, as time after transplan-
tation elapses [12-15]. Importantly, the recipient’'s CYP3A5
genotype, which is known to have a major impact on tacro-
limus CL and dose requirements [13, 16, 17], not only
explains interindividual variability, but also affects these
time-related changes in tacrolimus disposition. It has,
indeed, been shown that the progressive decline in tacroli-
mus CL is only present in CYP3A5*3/*3 homozygous
patients (i.e. patients not expressing CYP3A5), whereas it
is absent in CYP3A5*1-allele carriers (i.e. patients expressing
CYP3AD5) [13, 14]. Moreover, for cyclosporine, in contrast to
tacrolimus, no time-related changes in its disposition have
been documented.

Currently, it is unclear how to explain the time-related
decrease in tacrolimus CL following transplantation. It
has been hypothesized that it might be attributed to a
progressive decline in in vivo CYP3A4 activity, caused
by steroid tapering and other (unidentified) factors [12-15].
However, this has never been investigated in vivo in a
clinically relevant setting. Furthermore, it is unclear why
this phenomenon is only apparent in tacrolimus-treated
patients not expressing CYP3A5 and seems to be absent
in tacrolimus-treated patients expressing CYP3A5 and
cyclosporine-treated patients. Therefore, we performed
a longitudinal follow-up study in 65 tacrolimus- and ten
cyclosporine-treated renal transplant recipients, in whom
we investigated the evolution of in vivo CYP3A4 activity,
using midazolam (MDZ) as a drug probe [18-23], and

tacrolimus/cyclosporine pharmacokinetics in the first
year after transplantation.

Methods
Study population

De novo renal transplant recipients were considered for
participation in the present study. The minimum age for in-
clusion was 18years. Exclusion criteria included those with
combined organ transplants; women with child-bearing
potential not using an acceptable method of birth control,
or pregnant or breastfeeding women; patients with medi-
cal or surgical gastrointestinal or hepatic disorders or with
significant comorbidity (severe chronic lung disease or
heart failure with or without respiratory insufficiency);
those who had experienced an acute rejection in the first
week after transplantation; severe anaemia (Hb < 7g dl™")
and hypoalbuminaemia (<259 I"); documented noncom-
pliance; addiction to any known drug, nicotine or alcohol
(>7 units week™); the use of opioid or antipsychotic drugs;
and known allergy or intolerance to MDZ. The use of drugs
and substances that are known to either induce or inhibit
CYP3A isoenzymes or to interfere with the absorption,
distribution, metabolism or excretion of the CNIs, other
than corticosteroids and the CNIs themselves, was
prohibited. All participating patients were treated with ei-
ther tacrolimus (Astellas Pharma Europe Ltd., Staines, UK)
or cyclosporine (Novartis, Basel, Switzerland), combined
with mycophenolic acid, either administered as its prodrug
mycophenolate mofetil (Roche, Basel, Switzerland) or as
enteric-coated mycophenolate sodium (Novartis, Basel,
Switzerland), and methylprednisolone (Pfizer, New York,
NY, USA). Tacrolimus dosing was adjusted to achieve target
Co levels of 12-15ng ml™" in the first 3months after
grafting and 10-12ng ml™' for the remainder of the first
year. For cyclosporine, Cy levels of 130-220ng ml™" were
targeted in the first 2months, followed by 120-180ng
ml™" in month 3 and 100-150ng ml™' thereafter. All pa-
tients received 500mg intravenous methylprednisolone
perioperatively, 40 mg intravenously (IV), on the first post-
operative day and were started on oral methylprednisolone
from the second day onwards, which was gradually tapered
from 16 to 4mg day ™' over the first 3 months. At that time
point, methylprednisolone was either discontinued or a
low dose (2-4mg day“) was maintained.

The present study was performed according to the
Declaration of Helsinki and was approved by the ethics
committee of the University Hospitals Leuven; the
Faculty of Medicine, Catholic University Leuven, Belgium
and the Belgian Federal Agency for Medicines and Health
Products (EudraCT 2007-004069-16, https://eudract.ema.
europa.eu). All study participants provided written in-
formed consent, and ethical approval was granted by
the University Hospitals Leuven ethics committee (study
number S51157).

Br) Clin Pharmacol / 80:3 / 549


https://eudract.ema.europa.eu
https://eudract.ema.europa.eu

BJCP H. de Jonge et al.

Study design

Longitudinal follow-up study in 65 tacrolimus- and 10
cyclosporine-treated adult renal transplant recipients.
Patients were tested 7 days, and 1, 3, 6 and 12 months
after transplantation. At each of these time points
systemic and apparent oral MDZ CL, reflecting hepatic
and first-pass in vivo CYP3A4 activity [18-23], respec-
tively, and CNI pharmacokinetic parameters (i.e. dose
requirements; dose-corrected Co and AUCy_;; and CL)
were assessed.

Pharmacokinetic study

Following an overnight fast, patients were evaluated
either on our ward or at our outpatient clinic. A full phys-
ical examination was performed and an intravenous
citrate-locked nonpolyurethane catheter was placed in
an antecubital vein for blood sampling. Blood samples
were drawn for a full biochemical analysis, including
haematology, serum creatinine, serum albumin, liver tests,
electrolytes and lipids. Estimated glomerular filtration rate
(eGFR) was calculated using the Modification of Diet in
Renal Disease (MDRD) formula [24]. All concomitant
medication was registered. Prior to testing, participants
had to abstain from consuming alcohol and grapefruit-
containing products for at least 7 days. In addition, they
were not allowed to take any herbal products or over-
the-counter medication. On day 1 of the study, 2mg of
MDZ [2ml of a 1Tmg ml™" MDZ solution (Roche, Basel,
Switzerland)] mixed in 30 ml of a glucose 5% solution
was administered orally from a glass container followed
by 100 ml of water to rinse the glass. Inmediately there-
after, patients took their usual morning dose of tacroli-
mus and their other immunosuppressive medication.
Two 4ml blood samples were collected in ethylenedi-
aminetetraacetic acid tubes before and at 0.25, 0.5, 1,
1.5,2,3,4,5,6 and 8 h after MDZ administration. For each
time point, one sample was centrifuged for 10 min at
18609, 4°C and plasma was stored at —80°C pending
analysis of MDZ plasma concentrations. The other sam-
ple was stored as whole blood at —80°C pending anal-
ysis of CNI whole blood concentrations. On the second
day, 1mg of MDZ (1ml of a 1Tmg ml™' MDZ solution)
diluted in 4ml of a 0.9% sodium chloride solution
was injected slowly over 15-30s through a second
intravenous access. Plasma was obtained from blood
samples drawn at the same 11 time points as on day
1. On both days, the subject’s blood pressure, pulse
and oxygen saturation were monitored throughout
the first hour after MDZ administration. Patients were
kept fasting until 2h after the tests were initiated,
but were allowed to drink water. At that time, a standard
breakfast was provided and patients were allowed to take
their concomitant non-immunosuppressive medication.
Patients were not allowed to perform any exercise during
the entire duration of the test.
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Identification of selected CYP3AS5, CYP3A4 and
MDR-1 single nucleotide polymorphisms (SNPs)
Genomic DNA was isolated from whole blood samples using
a salting-out procedure [25]. Participants were genotyped
for the CYP3A5*1/*3 SNP using a previously published poly-
merase chain reaction-restriction fragment length polymor-
phism method [13]. In addition, all participants were
genotyped for CYP3A4*1/*1b, CYP3A4*22, MDR1 —-129T>C,
MDR1 1236C>T, MDR1 2677G>T/A and MDRT 3435C>T.

Quantification of MDZ plasma concentrations
MDZ plasma concentrations were measured using a recently
published high-performance liquid chromatography-
tandem mass spectrometry method [26]. Analytes were
quantified by use of peak area ratios of analyte over internal
standard using nonweighted linear regression. The calibra-
tion curves were linear over the range 0.10-50.0ng ml™'
(R?> > 0.999). The lower limit of quantification was 0.10ng
ml™". Imprecision was assessed according to the National
Committee on Clinical Laboratory Standards (NCCLS) EP5-T
guideline. The within-run precision was 1.6%, 1.7% and
1.7%, the between-run precision was 1.3%, 0.9% and 0.7%
and the between-day precision was 3.5%, 3.6% and 2.9%,
at low, intermediate and high MDZ concentrations, respec-
tively. The accuracy was also acceptable, as mean recoveries
were 95.2%, 101.2% and 101.1% at low, intermediate and
high MDZ concentrations, respectively.

Quantification of tacrolimus whole blood
concentrations

Tacrolimus whole blood concentrations were measured
using a commercially available and, according to NCCLS
and Food and Drug Administration guidelines, validated
liquid chromatography-tandem mass spectrometry
kit designed specifically for tacrolimus therapeutic drug
monitoring in transplant recipients (MassTrak Immuno-
suppressants Kit, Waters, Zellik, Belgium) [27]. Tacrolimus
was quantified by use of peak area ratios of analyte over
internal standard using nonweighted linear regression.
Imprecision was assessed according to the NCCLS EP5-T
guideline (available at http://www.clsi.org). The within-
run precision was 5.7%, 3.5% and 2.4% and between-run
precision was 5.3%, 2.0% and 1.4%, at low, intermediate
and high tacrolimus concentrations, respectively. Accu-
racy was also acceptable, as mean recoveries were
98.8%, 102.4% and 105.2% at low, intermediate and high
tacrolimus concentrations, respectively. The analytical per-
formance of the kit was validated by successful participa-
tion of our laboratory in the International Tacrolimus
Proficiency Testing Scheme provided by Analytical Ser-
vices International Ltd. (London, UK).

Determination of pharmacokinetic parameters

The concentration-time data were evaluated by stan-
dard noncompartmental methods (WinNonlin 5.2.1,
Pharsight, Mountain View, CA, USA). The maximum
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concentration (Cp,.,) and time to reach maximum concen-
tration (T, after oral MDZ and CNI administration were
determined by visual inspection of the data. The terminal
elimination rate constant (Az) was determined by linear
regression of the log concentration vs. time data. The
AUC was calculated by a combination of linear and
logarithmic trapezoidal methods (linear up/log down’).
The MDZ AUCy_g was calculated from the time of drug
administration to the last sampling time (8h) and was
then extrapolated to infinity (AUCy_,.). The systemic
MDZ clearance (CL) of IV administered MDZ (MDZ IV CL)
= Dosey/AUCy_,.)y and the apparent oral CL of orally
administered MDZ (MDZ PO CL/F) = Dosepo/AUCo_,«po
(with F denoting the fraction of the drug that is absorbed).
The CNI AUCy_g and CNI AUC,_;, were calculated from the
time of drug administration to the last sampling time (8 h)
and assuming that C;, = Co, respectively. Estimates of CNI
CLs;)were obtained assuming C;, = Cy as well.

Statistical analysis

Data are expressed as mean + standard deviation (SD),
except when stated otherwise. The distribution of contin-
uous data was evaluated according to the Shapiro-Wilk
test, and parametric and nonparametric tests were
applied when appropriate. Linear mixed models with
random intercepts and random slopes were used to
estimate the effect of covariates on differences in MDZ,
tacrolimus and cyclosporine CL over time. A scaled
identity covariance structure was used as variance of
outcome parameters did not change significantly over
time. Calculation of estimates was based on restricted
maximum likelihoods. Fixed effects included (when
appropriate) CYP3A5 and CYP3A4*22 genotypes, type of
CNI (tacrolimus vs. cyclosporine), dose of methylprednis-
olone, age, gender, weight, body mass index, eGFR,
serum albumin, haematocrit, oral and intravenous
MDZ CL (absolute and weight-corrected). In the final
mixed model, we only included those terms which
were statistically significant using the F test and
improved the model according to Akaike’s information
criterion. A two-sided P value < 0.05 was considered
statistically significant. For collinearity diagnostics, a
variance inflation factor of >5 was considered indicative
of multicollinearity. IBM SPSS Statistics version 22 was
used for all statistical analyses.

Results

Patient characteristics, biochemistry and
corticosteroids over time

Seventy-five adult renal transplant recipients were en-
rolled in the current study. Sixty-five patients were treated
with tacrolimus and ten patients were treated with

cyclosporine. In the tacrolimus-treated subgroup, 13 patients
carried a CYP3A5*71 allele (i.e. were CYP3A5 expressers)
and 52 did not (i.e. were CYP3A5*3/*3 homozygotes
and thus CYP3A5 non-expressers). In the cyclosporine-
treated subgroup, no CYP3A5*1 allele carriers were
identified (i.e. they were all CYP3A5 non-expressers).
MDZ and CNI pharmacokinetics were assessed in 36,
29, 67, 22 and 50 renal transplant recipients at day 7
and months 1, 3, 6 and 12, respectively. Nineteen
patients were tested at all time points, whereas 20,
25, five and six patients were tested once, twice, three
times and four times, respectively, during the first year
following transplantation.

Patient demographics, haemoglobin/haematocrit, se-
rum creatinine/eGFR, serum albumin and corticosteroid
dose are summarized in Table 1. All patients were of
Caucasian ancestry. It should be noted that methylpred-
nisolone was systematically tapered from 16 mg day™' at
day 2 to 4mg day ' at month 3. At that time point, it
was discontinued in 14% of patients. Acute rejection
treated with high-dose steroids occurred in three patients:
one on day 8 and two during month 4.

Evolution of MDZ pharmacokinetics over time
Figure 1 shows the evolution of systemic (Figure 1A) and
apparent oral (Figure 1B) MDZ CL in the first year after
transplantation in all patients and within the subgroups
of tacrolimus- and cyclosporine-treated patients, respec-
tively. In the entire cohort (weight-corrected), systemic
and apparent oral MDZ CL decreased significantly over
time (P < 0.0001) (Figure 1, Table 2). This decrease was
largely driven by a marked difference in MDZ CLs be-
tween day 7 and the other time points (P < 0.005),
whereas MDZ CLs on months 1, 3, 6 and 12 did not differ
significantly. Of note, limiting the analysis to the 19 pa-
tients who were tested at all time points did not alter
the results (Friedman test, data not shown).

In a linear mixed model, predictors of apparent oral
MDZ CL were type of CNI, methylprednisolone dose
and presence of the CYP3A4*22 allele (Table 3). MDZ CL
was significantly higher in patients treated with tacroli-
mus as opposed to cyclosporine; it also increased by
18.9ml min™' per 1mg methylprednisolone dose in-
crease. It should be noted, however, that this mixed
model does not include time as a fixed effect (i.e. no ran-
dom slope) because methylprednisolone dose and time
were highly correlated (Pearson coefficient —0.841; P <
0.001). Collinearity diagnostics for time and steroid dose
revealed a variance inflation factor (VIF) of 3.421 and,
when limiting this analysis to the first 3 months (when
standardized steroid tapering takes place), the VIF was
19.978. When time was included as a fixed effect, neither
methylprednisolone dose nor time remained significant
predictors. Five patients carried one CYP3A4*22 allele,
all of whom were treated with tacrolimus and were
CYP3A5*/*3 homozygous. Over the first year, two of these
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Table 1

Patient demographics, biochemistry and concomitant corticosteroid therapy over time

VELELI

Time after transplantation (months) 0.25 + 0.06
Age (years) 53.6+8.1
Gender: female/male (%) 33.3/66.7
Ethnicity: Caucasian/other (%) 100/0
Weight (kg) 72.4 +15.8
Height (m) 1.71+£0.10
Body mass index (kg m ™) 24,5+ 4.0
Haemoglobin (g dI™") 10.1+1.3
Haematocrit 0.32 +0.04
Creatinine (mg dI”") 1.64 +0.58
Estimated glomerular filtration rate (ml min~/1.73m™) 46.8 +20.7
Albumin (g ") 35.0+33
Methylprednisolone: yes/no (%) 100/0
Methylprednisolone dose (mg d’1) 16.4+1.3

M12 (n = 50)
1.06 £ 0.07 3.13+£0.21 6.12 £ 0.31 12.19+0.43
533 +8.1 53.7+10.8 55573 56.5+9.4
34.5/65.5 31.3/68.7 27.3/72.7 33.3/66.7
100/0 100/0 100/0 100/0
69.8 + 16.0 71.8+13.8 72.2 £16.0 73.0+£13.9
1.70+0.10 1.72+0.14 1.72 £ 0.09 1.71+0.10
239+37 243+4.0 241 +3.7 25.0+3.9
1M2+14 11.3+16 122 +1.1 128+ 1.3
0.35+0.04 0.36 + 0.05 0.38 +0.03 0.38 +£0.04
1.52+0.37 1.49 +0.42 1.39+0.37 1.42 +0.45
47.0+14.1 49.7 £17.1 53.6+18.1 51.4+14.7
422 %23 441 x2.7 437 +2.6 438 +2.3
100/0 100/0 86.4/13.6 86.3/13.7
10.7+1.9 4.1+0.7 3.3+0.8 32x13

patients underwent one pharmacokinetic assessment
and the others two, three and five assessments, respec-
tively. Mixed model estimates (correcting for methyl-
prednisolone dose and type of CNI) for apparent oral
MDZ CL were 677.4ml min™" in CYP3A4*1/*1 wild-type
patients vs. 346.4 ml min~" in CYP3A4*22 heterozygote re-
cipients (P < 0.001). The estimated decrease in MDZ CL
between day 7 and month 12 was 238.1ml min~' in
CYP3A4*22 carriers and 272.4ml min~' in CYP3A4*1/*1
patients.

Subgroup analysis revealed that MDZ CL only de-
creased in CYP3A5%*3/*3 homozygous patients treated with
tacrolimus (P < 0.001), but not in CYP3A5*1 allele carriers or
cyclosporine-treated patients (Figure 1, Table 2). Again,
significant differences were noted between day 7 and the
other time points, but not between months 1, 3, 6 and 12.
Of note, comparing the cyclosporine-treated patients,
who were all CYP3A5%*3/*3 homozygous, with the subgroup
of CYP3A5*3/*3 homozygous tacrolimus-treated patients
did not alter the result (data not shown).

Evolution of tacrolimus pharmacokinetics over
time

Figure 2 shows the evolution of (weight-corrected) tacro-
limus dose requirements (Figure 2A,B), dose-corrected
tacrolimus C, and AUCy_q, (Figure 2C,D) and (weight-
corrected) tacrolimus CLg (Figure 2E,F) in all tacrolimus-
treated patients in the first 12months following
transplantation. In contrast to MDZ CLs, (weight-
corrected) tacrolimus CL showed a more gradual decline
throughout the first year after transplantation (P <
0.0001). This resulted in a progressive decline in tacroli-
mus (weight-corrected) dose-requirements (P < 0.0001)
and an increase in tacrolimus dose-corrected exposure
(P < 0.005) (Figure 2, Table 2). Limiting the analysis to
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the 13 tacrolimus-treated patients who were tested at
all time points did not alter the results (data not shown).

In the subgroup of CYP3A5*3/*3 homozygous tacrolimus-
treated patients, similar gradual changes in tacrolimus
(weight-corrected) CL (P < 0.0001), (weight-corrected) dose
requirements (P < 0.001) and dose-corrected exposure
(P < 0.0001) over time were noted (Table 2).

In CYP3A5*1 allele carriers, however, the evolution in
tacrolimus disposition over time was less clear owing to
marked fluctuations in tacrolimus pharmacokinetic pa-
rameters (Table 2). For tacrolimus CL (P = 0.0358), dose-
corrected AUCy_1, (P = 0.0431) and (weight-corrected)
dose requirements (P = 0.0309 and P = 0.0517) (border-
line), significant changes over time were noted, whereas
this was not the case for dose-corrected C, (P = 0.1447)
and weight-corrected CL (P = 0.4708). As a result of these
inconsistent data and of the low number of CYP3A5*1 al-
lele carriers at months 1 and 6, we reanalyzed the data
after omitting these two suboptimal time points. In the
latter analysis, no significant changes in (weight-corrected)
tacrolimus CL (P = 0.2536 and P = 0.4455) and dose-
corrected C, (P = 0.3280) and AUC,_;, (P = 0.3072) were
noted. (Weight-corrected) tacrolimus dose requirements
decreased over time (P = 0.0201 and P = 0.0268), which is
consistent with the lower target tacrolimus predose trough
levels after month 3 (i.e. 12-15ng mlI™" in the first 3 months
after transplantation, and 10-12ng ml™' thereafter).

In a linear mixed model, predictors of tacrolimus CL
were CYP3A5 genotype (the estimated tacrolimus CL was
12.5371 h™" higher in CYP3A5 expressers), MDZ CL (0.01|
h™' increase in tacrolimus CL per ml min™' increase in
MDZ CL) and haematocrit (0.3981 h™' decrease in tacroli-
mus CL per 1% increase) (Table 4). The tacrolimus CL was
25131 h™" higher in men than in women, but this associa-
tion was only borderline significant (P = 0.062). The mean
decrease in apparent oral MDZ CL between day 7 and



CYP3A4 activity partially explains decline in tacrolimus clearance BJCP

MDZ IV CL (mImin™?

D7 M1 M3 M6 mi12

Time after transplantation

B 1400
1200
-
"c 1000 -
£
-E- 800 -
w
~
i
O
O 600 -
a.
N
a
S 400 -
200
0 4 T T T
D7 M1 M3 Me mMi12
Time after transplantation
Figure 1

Systemic (A) and apparent oral midazolam (MDZ) (B) clearance over
time. Evolution of systemic and apparent oral midazolam clearance
over time in all patients (black bars) and in tacrolimus (Tac)- (dark grey
bars) and cyclosporine (CsA)- (light gray bars) treated patients, respec-
tively. Systemic and apparent oral midazolam clearance are expressed
as mean + standard deviation. D, day; M, month

month 1 was 194ml min~', which corresponds with a
1941 h™' decrease in tacrolimus CL. This means that
55.4% of the decline in mean tacrolimus CL over this pe-
riod (3.51 h™") could be attributed to decreasing CYP3A4
activity. In tacrolimus-treated patients, haematocrit in-
creased an average of 2.79% between day 7 and month 1,
which corresponds with a decrease in tacrolimus CL of
1.111 h™', or an additional 31.7% of the decline in mean
tacrolimus CL over this period. Between months 1 and
12, the haematocrit continued to increase by an average
of 3.02%, which corresponds with a decrease in

tacrolimus CL of 1.201 h™', or 23.6% of the total 5.11 h™'
decrease in mean tacrolimus CL during this 11-month
period.

The presence of the CYP3A4*22 allele did not affect
tacrolimus pharmacokinetics (P = 0.229) or its evolution
over time when correcting for the other predictors in
the model, and nor did MDR1 SNPs (MDR1 -129T>C,
1236C>T, 2677G>T/A and 3435C>T) (data not shown).

Evolution of cyclosporine pharmacokinetics over
time

In the cyclosporine-treated patients, no significant changes
in (weight-corrected) cyclosporine CL (P = 0.1650 and P =
0.5011) and dose-corrected C, (P = 0.3317) and AUCy_1>
(P = 0.2390) were noted (data not shown). (Weight-
corrected) cyclosporine dose requirements decreased over
time (P = 0.0008 and P = 0.0033), which is consistent with
the declining target pre-dose trough levels (data not
shown).

Discussion

The present longitudinal follow-up study in renal transplant
recipients is in line with previous studies that have demon-
strated a progressive increase in dose-corrected tacrolimus
exposure (i.e. Cy or AUCy_;,) following kidney transplanta-
tion [12-15, 28, 29]. The present study therefore confirms
the so-called maturation of tacrolimus disposition, which
is explained by a progressive decline in tacrolimus CL as
time after transplantation elapses [12, 13]. It has been
hypothesized that the latter might be attributed to a pro-
gressive decline in hepatic and intestinal CYP3A activity
and that tapering and/or cessation of corticosteroids is
probably one of the most important determinants of this
phenomenon [12-15, 17, 30-32]. However, maturation of
tacrolimus disposition also occurs in patients treated with
a corticosteroid-free immunosuppressive regimen and has
been shown to continue up to 5 years after transplantation,
whereas steroid tapering and/or cessation generally takes
place in the first few months [13, 15]. The results of the
present study support the hypothesis that steroid tapering
is associated with lower in vivo CYP3A4 activity, with appar-
ent oral MDZ CL being almost 19 ml min~' lower per 1 mg
methylprednisolone dose decrease. However, because ste-
roid tapering was performed in a standardized fashion in
the majority of patients, steroid dose and time were highly
collinear. This can lead to strongly inflated variances and
may explain why time and steroid dose, when entered in
the same model, were no longer significant predictors of
CYP3A4 activity, even though they were individually. This
is a limitation that is a result of clinical practice and cannot
be circumvented. We opted to exclude time as a predictor
from this particular analysis, which warrants some caution
in interpreting the results. Furthermore, the present obser-
vational trial does not prove that steroid tapering is
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Table 2

(Weight-corrected) midazolam systemic and apparent oral clearance, (weight-corrected) tacrolimus dose requirements, dose-corrected tacrolimus ini-
tial concentration (Cp) and area under the plasma concentration-time curve from 0 to 12 h (AUCy_;5), and (weight-corrected) tacrolimus steady-state

clearance (CL) over time

MDZ IV CL (ml min™")
All
CsAt
Tact
Tac CYP3A5*1/+3
Tac CYP3A5*3/*31

All
CsAt
Tact
Tac CYP3A5*1/+3
Tac CYP3A5*3/*3t
MDZ PO CI/F (ml min™")
All
CsAt
Tac Allt
Tac CYP3A5*1/+3
Tac CYP3A5*3/*3t

All
CsAt
Tac All+
Tac CYP3A5*1/*3
Tac CYP3A5*3/*3%
Tac Gy (ng mlf1)
Tac All
Tac CYP3A5*1/*3§
Tac CYP3A5*3/*3§
Tac AUCy_12 (ng h ml™")
Tac All
Tac CYP3A5*1/*3§
Tac CYP3A5*3/*3§
Tac dose (mg day ™)
Tac All
Tac CY3A5*1/*3§
Tac CYP3A5*3/*38§

Tac All
Tac CYP3A5*1/*3§
Tac CYP3A5*3/*3§

Tac All
Tac CYP3A5%1/*3§
Tac CYP3A5*3/*38§

Tac
Tac CYP3A5*1/*3§
Tac CYP3A5*3/*3§

MDZ IV Cl/weight (ml min~

MDZ PO Cl/F/weight (ml min

Tac Cy/dose (ng mi™ mg_1)

Tac AUC,_qy/dose (ng h mi™ m

D7

494 + 204 (n = 35)°
290 + 98 (n = 6)°
535 + 196 (n = 29)°
460 + 258 (n = 5)°
552 + 184 (n = 24)°

1 kg—'\)

a

7.1 £3.2(n=35)
41+£17((n=6)
7.7 +3.1(n=29)°
67+44(n=5)
7.9+2.9(n=24)

a

El

924 + 443 (n=35)
579 + 227 (n = 6)°
996 + 445 (n = 29)°
833 + 494 (n = 5)°
1031 + 438 (n = 24)°
-1 kg_1)
13.2+6.5(n =35)°
85+4.2(n=6)
14.1 + 6.6 (n = 29)°
12.3+86(n=5)
14.5 + 6.2 (n = 24)°

12.5+3.7 (n=29)°
109+32(n=5)
12.9+3.7 (n=24)°

248 £ 70 (n = 29)°
252 76 (n=5)°
231 £35(n=24)°

12.5+5.5 (n=29)°
17.0 £5.3 (n=5)°
11.6 +5.2 (n=24)°

Tac dose/weight (mg kg ' day™)

0.18 +0.07 (n = 29)°
0.24+0.06 (n=5)°
0.16 + 0.07 (n = 24)°
1.30 +0.88 (n = 29)°
0.72+0.31(n=5)°
1.42 +£0.92 (n = 24)°
g

47.0 +23.9 (n = 29)
29.6+7.8(n=5)"
50.6 + 24.6 (n = 24)

a

a

M1

369 + 135 (n = 28)°
250 + 77 (n = 5)°
395 + 131 (n = 23)°
274 £125(n=3)°
413125 (n = 20)°

55425 (n=28)’
34210(n=5)"
5922 (n=23)"
46+27(n=3)
6.1%2.1(n=20)"

730 + 344 (n=29)°
505 171 (n = 6)°
789 + 356 (n = 23)°
473 +305 (n = 3)°
836 + 344 (n = 20)°
10.7+52(n=29)
7.0£22(n=6)
11.7453(n=23)°
8062 (n=3)
123451 (n=20)°

13.0+3.3 (n=23)°
142+75(n=3)7
12.8 2.6 (n = 20)°

259 £ 59 (n=23)°
255 £ 54 (n=3)°
289 £ 96 (n=20)°

10.9+ 4.4 (n = 23)°
11.5+2.2 (=37
10.8 + 4.7 (n = 20)°

0.16  0.06 (n = 23)™

0.19+0.07 (1 =3)"
0.15 + 0.06 (n = 20)°

1.44 £ 0.89 (n = 23)°
1.14 £ 056 (n = 3)°
1.49 £ 0.94 (n = 20)°

54.7 +30.9 (n=23)°
439105 (n=3)"
56.4 +32.9 (n = 20)°

b

b

M3
373+ 141 (n = 64)°
255+58 (n=7)°

388 + 142 (n =57)
389+ 190 (n= 0)°
388 £ 132 (n=47)

b

b

53+2.1(n=64)
35+12(=7)

55+2.1(n=57)"
56+28(n=10)
55+1.9(n=47)"

685 + 285 (n=66)"
404 +89 (n=7)°
719 + 282 (n = 59)°
707 332 (n=10)°
721 + 274 (n = 49)°

9.8+ 4.4 (n=66)
56+1.9(n=7)

10.3 4.4 (n = 59)
10.1+5.1 (n=10)"
10.4+4.3 (0 =49)°

b

12.5+2.9 (n=59)°
116 +2.3 (n=10)°
12.6 + 2.6 (n = 49)°

250 + 53 (n = 59)°
248 £55 (n=10)°

259 + 47 (n = 49)°

9.8 +4.8(n=59)

15.8+3.8 (n =101

8.6+ 4.1(n=49)°

0.14 £ 0.08 (n = 59)°
0.23 +0.08 (n=10)°

0.12 + 0.06 (n = 49)

b

1.65 + 1.07 (n = 59)°
0.77 +0.24 (n = 10)°
1.83 £ 1.10 (n = 49)°

61.3+33.3(n=59)°
34.0£93(n=10"

67.0 +33.7 (n = 49)™

M6

341+ 134 (n=21)°
241 +83 (n=5)°
373+ 133 (n=16)°
262 +39(n=2)"
388 + 135 (n = 14)°

b

611 + 324 (=22)°

431+ 151 (n=5)"
664 + 345 (n=17)°
344 £35 (n=2)°

708 + 344 (n = 15)°
86+44(n= 22)
58+23(n=5)

95445 (=17
58+20(n=2)

10.0 5.0 (n=15)°
11.9+33(n=17)°
138+4.4(n=2)°
11.6+3.1(n=15)°

234+ 116 (n=17)°
230£59 (n=2)°
266 £ 97 (n = 15)°

7.6 £2.5(n=17)"
10.5+0.7 (n = 2)
73+24(n=15)"

0.11£0.05 (n = 17)
0.19%0.10 (n=2)°
0.100.03 (n=15)°
1.71+0.82 (n=17)"
1244024 (n=2)°
1.77 +0.85 (n = 15)°

64.1+18.7 (n=17)°
476+11.6(n=2)"
66.3+18.7 (n = 15)™

M12

341 + 125 (n = 46)°
279 +87 (n=9)°
356 + 129 (n = 37)°
368+ 108 (n=9)°
352+ 137 (n = 28)°

47+16(n=46)°
42+20(n=9)
47+15(=37°
54+15(n=9)
47+1.1(n=28)"

694 + 323 (n=50)"

531 + 240 (n = 10)°

735 + 331 (n = 40)°

797 + 266 (n = 10)°
(

715 + 351 P

n = 30)

9.7+4.3 (n=50)
8.1+53(n=10)"
10.1+3.9 (0 =40)°
11.6+3.7 (n=10)
9.6 3.9 (n =30)°

11.3+3.1 (n = 40)°
11.4+2.7 (n=10)°
11.2+3.2 (n=30)°

225 £ 54 (n = 40)°
222 £57 (n=10)°
232 + 43 (n = 30)°

73 +4.2 (n=40)°
13.2+3.7 (n=10)°
5.4 2.0 (n=30)

0.10 + 0.06 (n = 40)"
0.19 0.05 (n = 10)°
0.07 = 0.02 (n = 30)°
1.95 + 1.06 (n = 40)°
0.90 +0.23 (n = 10)°
2.30 £ 1.00 (n = 30)°

75.5 + 37.2 (n = 40)°

37.4+108 (n =10

88.2 + 34.1 (n = 30)°

P value

<0.001
0.843
<0.001
0.120
<0.001

<0.001
0.863
<0.001
0.127
<0.001

<0.001
0.605
<0.001
0.183
0.001

<0.001
0.584
0.001
0.314
<0.001

0.223
0.657
0.152

0.105
0.561
0.169

<0.001
0.031
<0.001

<0.001
0.052
<0.001

0.003
0.145
0.001

<0.001
0.043
<0.001
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Table 2

(Continued)

D7 M1 M3 M6 M12 Pvalue
TacClLs; (Ih )
Tac 256+ 11.1(n =29)° 22.1+7.8(n=23)" 20.1£9.0 (n = 59)° 16.9 4.4 (n = 17)° 17.0 £ 9.1 (n = 40)° <0.001
Tac CYP3A5*1/*3§ 357+92(n=5) 23.6+£5.0(n=3)" 31.4+85(n=10" 216+53(n=2)" 28.6+7.5(n=10" 0.036
Tac CYP3A5%3/*3§ 23.5+10.4 (n = 24)° 21.8+8.2 (n=20)" 17.8+7.2 (n = 49)° 162 £4.0 (n= 15" 13.1+5.6 (n=30)° <0.001

Tac CLy/weight (1h™ kg ™)

Tac 0.37+0.16 (n = 29)°
Tac CYP3A5*1/%3§ 0.51+0.15(n=5)"
Tac CYP3A5*3/%3§ 0.34£0.15 (n = 24)°

0.24 +0.13 (n = 40)° <0.001
0.42 £0.11 (n = 10)° 0.471
0.18 + 0.06 (n = 30)° <0.001

0.25+0.09 (n=17)"
0.36 +0.08 (1 =2)°
0.24+0.08 (n = 15)*

0.29 +0.14 (n = 59)
0.45 +0.15 (n = 10)°
0.26 £0.11 (n = 49)°

0.33+0.12 (n = 23)™
0.37 £0.09 (n =3)°
0.32 +0.13 (n = 20)°

Abbreviations are as follows: All, all patients; CsA, cyclosporine-treated patients; MDZ IV CL, systemic midazolam clearance; MDZ IV CL/weight, weight-corrected systemic
midazolam clearance; MDZ PO CL/F, apparent oral midazolam clearance; MDZ PO CL/F/weight, weight-corrected apparent oral midazolam clearance; Tac All, all tacrolimus-
treated patients; Tac AUCq_+,, tacrolimus dose-interval area under the concentration—time curve; Tac AUCq_,/dose, dose-corrected tacrolimus dose-interval area under the
concentration—time curve; Tac Co, tacrolimus predose trough level; Tac Clg, tacrolimus steady-state clearance; Tac Clss/weight, weight-corrected tacrolimus steady-state
clearance; Tac dose, tacrolimus daily dose-requirements; Tac dose/weight, weight-corrected tacrolimus daily dose requirements; Tac Co/dose, dose-corrected tacrolimus predose
trough level; Tac CYP3A5* 1/*3, tacrolimus-treated patients expressing CYP3AS5; Tac CYP3A5*3/*3, tacrolimus-treated patients not expressing CYP3A5; 1P < 0.01; P < 0.05 for
CsAvs. Tac all and for CsA vs. Tac CYP3A5*3/*3. §P < 0.0001 for Tac CYP3A5* 1/*3 vs. Tac CYP3A5*3/*3. Within a single row, values that have any superscript letter in common

do not differ significantly from each other (adjusted P value < 0.05 with Tukey-Kramer correction). P, P value for evolution over time.

causally related to diminishing CYP3A4 activity, but the
strong association between steroid dose and CYP3A4 ac-
tivity and biological plausibility lends support to this
hypothesis. Our data confirm earlier observations of a
strongly reduced in vivo CYP3A4 activity in patients
carrying the recently described CYP3A4*22 allele, which
has been linked with significantly reduced tacrolimus CL
[33, 34]. However, in our final model for tacrolimus CL
which included apparent oral MDZ CL, the inclusion of
CYP3A4*22 status did not improve predictive power. This
suggests that the MDZ probe accurately reflects geneti-
cally determined differences in in vivo CYP3A4 activity,
as expected. The low number of data points for these five
patients limit the conclusions that can be drawn regarding
the longitudinal evolution of CYP3A4 activity in this sub-
group, but the absolute decrease in apparent oral MDZ
CL seemed similar to that in CYP3A4*1/*1 wild-type pa-
tients. Given that the baseline value in CYP3A4*22 patients
was significantly lower, this corresponds with a higher
proportional reduction in CYP3A4 activity. As it has been
demonstrated that patients with low baseline CYP3A4
activity (measured using the erythromycin breath test)
are more susceptible to dexamethasone-related CYP3A4
induction [35], it is conceivable that CYP3A4 activity at
day 7 in CYP3A4*22 patients was more strongly induced

Table 3

by steroids, before returning to very low values after ste-
roid tapering.

Further, the current study demonstrates that in vivo
CYP3A4 activity is predictive of tacrolimus CL, together
with CYP3A5 genotype and haematocrit. This confirms
previous cross-sectional data, where we showed that
CYP3A4 activity, CYP3A5 genotype and haematocrit are
the main determinants of tacrolimus CL and explain
60-72% of variability in tacrolimus pharmacokinetics
[23]. However, CYP3A4 activity decreased predominantly
between day 7 and month 1 and remained relatively sta-
ble thereafter, whereas tacrolimus CL decreased more
gradually over the first 12 months after transplantation.
A linear mixed model could explain 87.1% of decline in
mean tacrolimus CL during the first month, with decreas-
ing CYP3A4 activity accounting for 55.4% and increasing
haematocrit for 31.7%. Between months 1 and 12, a con-
tinued increase in haematocrit explained 23.6% of the
further decline in mean tacrolimus CL. Our model could
not account for the residual variability beyond the first
month, so other factors must play a role. As tacrolimus
is metabolized by CYP3A4 and CYP3A5 and is a substrate
of the drug transporter ABCB1, and in light of the impor-
tant transporter-enzyme interplay occurring in both
enterocytes and hepatocytes, one could hypothesize

Mixed model estimates for fixed-effect predictors of apparent oral midazolam clearance (ml min™")

Standard error

95% Confidence interval

Parameter Estimate

Intercept 78.951 150.011
CYP3A4*1/*1t 321.074 124.670
Tacrolimus# 274.770 87.536
Methylprednisolone dose (mg) 18.897 3.282

Lower bound Upper bound P value
—219.742 377.644 0.6
72.851 569.296 0.012
100.001 449.531 <0.001
12.413 25.381 0.003

TVs. CYP3A4*22 carriers; $Vs. cyclosporine.
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Figure 2

The first three panels show (weight-corrected) tacrolimus (Tac) dose requirements (A), dose-corrected Tac tacrolimus predose trough level (Cy) and
dose-interval area under the concentration-time curve (AUCqy_;5) (B) and (weight-corrected) Tac steady-state clearance (CLg) over time (C). The final
three panels show the evolution of (weight-corrected) Tac dose requirements (D), dose-corrected Tac Cy and AUCq_;, (E) and (weight-corrected) Tac
CLss over time (F) in all Tac-treated patients. The various Tac pharmacokinetic parameters are expressed as mean + standard deviation
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Table 4

Mixed model estimates for fixed-effect predictors of tacrolimus clearance (I h_1)

Parameter Estimate Standard error
Intercept 39.499 5.054
CYP3AS5 expressert 12.537 1.660
Haematocrit (%) —0.398 0.096
Age (years) —0.090 0.053
Male gender+ 2.513 1.323
Apparent oral MDZ 0.010 0.002
CL (ml min™")

Time = day 7 5.518 1.539
Time = month 1 5718 1.461
Time = month 3 3.789 1.078
Time = month 6 3.472 1.588
Time = month 12§ 0 N/A

95% Confidence interval p
Lower bound Upper bound value
29.515 49.482 <0.001
9.209 15.868 <0.001
—0.588 —0.208 <0.001
—0.197 0.015 0.091
—0.135 5.161 0.062
0.007 0.013 <0.001
2.472 8.564 <0.001
2.825 8.611 <0.001
1.652 5.926 0.001
0.326 6.617 0.031
N/A N/A N/A

CL, clearance; MDZ, midazolam; NA, not applicable; 1Vs. CYP3A5 non-expressers; +Vs. female gender; §Redundant parameter (reference category).

that time-related changes in ABCB1 expression and/or
activity might explain the maturation of tacrolimus phar-
macokinetics [2, 5-11, 36]. Decreasing ABCB1 expression/
activity at the apical membrane of enterocytes could
reduce tacrolimus efflux to the gut lumen, which might
increase oral bioavailability either directly or indirectly
by limiting the access of tacrolimus to the intestinal
CYP3A isoenzymes [10, 36]. Hence, the net effect of these
intestinal processes could be a progressive increase in
tacrolimus oral bioavailability, despite unchanged in vivo
CYP3A activity. This hypothesis would also explain why
the CL of MDZ, which is not a substrate for ABCB1, does
not show further changes between months 1 and 12,
whereas tacrolimus CL does. Currently, no in vivo data
supporting this hypothesis are available and the present
study did not assess in vivo ABCB1 activity.

The present study also confirms that the progressive
decrease in tacrolimus CL and increase in dose-corrected
tacrolimus exposure is only present in CYP3A5*3/*3 homo-
zygous patients, but not in CYP3A5%1 allele carriers, which
display a markedly higher tacrolimus CL and lower dose-
corrected exposure throughout the first year following
transplantation [13, 14, 37]. This cannot be attributed to
differences in in vivo CYP3A4 activity, as MDZ CLs and the
evolution of MDZ CL over time do not differ between
CYP3A5*3/*3 homozygous patients and CYP3A5*1 allele
carriers [22, 23]. One could speculate that, if the maturation
of tacrolimus disposition could be explained by time-
related changes in ABCB1 expression and/or activity,
CYP3A5*1 allele carriers would be less susceptible to these
alterations. Indeed, the presence of both CYP3A4 and
CYP3A5 in the enterocytes of these individuals makes it less
likely that saturation of CYP3A-mediated tacrolimus metab-
olism would occur with increasing intracellular concentra-
tions of tacrolimus because of a reduced ABCB1-mediated
tacrolimus efflux to the gut lumen [10, 36]. In other words,

in CYP3A5*3/*3 homozygous patients, declining ABCBI1
expression/activity could result in saturation of intestinal
CYP3A-mediated tacrolimus metabolism, whereas this is
not the case in CYP3A5*1 allele carriers because of the pres-
ence of both CYP3A4 and CYP3AS5. Although our data are in
accordance with this hypothesis, our study does not allow
confirmation of this as in vivo ABCB1 expression and/or ac-
tivity were not assessed.

Finally, our data confirm that in vivo CYP3A4 activity,
reflected by systemic and apparent oral MDZ CL, is ap-
proximately 30-35% lower in cyclosporine- as compared
with tacrolimus-treated renal allograft recipients, indicat-
ing that, in vivo, at clinically used doses, cyclosporine is a
stronger CYP3A4 inhibitor than tacrolimus [38, 39]. More-
over, our study shows that in cyclosporine-treated pa-
tients, in contrast to tacrolimus-treated patients, in vivo
CYP3A4 activity does not change significantly in the first
year following transplantation, probably because inhibi-
tion of in vivo CYP3A4 activity by cyclosporine prevents
other factors from affecting in vivo CYP3A4 activity. Of
note, this might partially explain why no time-related
changes in cyclosporine disposition are observed.

In conclusion, the present longitudinal follow-up
study in renal allograft recipients demonstrates that
in vivo CYP3A4 activity, reflected by systemic and appar-
ent oral MDZ CL, decreases significantly in the first
month following transplantation but remains stable
thereafter. By contrast, tacrolimus CL decreases gradually
over the first 12 months, but only in CYP3A5*3/*3 homo-
zygous patients. Our data indicate that decreasing
CYP3A4 activity contributes significantly to the decline
in tacrolimus CL during the first month and that steroid
tapering could be the underlying cause. The continued
decline in tacrolimus CL beyond month 1 cannot be
attributed to changes in CYP3A4 activity, but is partly
explained by a gradual rise in haematocrit throughout
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the entire first year after transplantation. This indicates
that other, currently unidentified, processes play a role
in the maturation of tacrolimus disposition. Further
translational research, in a clinically relevant setting,
is warranted in order to identify and elucidate the
underlying mechanisms.
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