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Abstract
Monitoring inosine monophosphate dehydrogenase (IMPDH) activity as a biomarker of
mycophenolic acid (MPA)–induced immunosuppression may serve as a novel approach in
pharmacokinetics (PK)/pharmacodynamics (PD)–guided therapy. The authors prospectively
studied MPA pharmacokinetics and IMPDH inhibition in 28 pediatric de novo kidney transplant
recipients. Pretransplant IMPDH activity and full PK/PD profiles were obtained at 3 different
occasions: 1 to 3 days, 4 to 9 days, and approximately 6 months after transplant. Large intra- and
interpatient variability was noted in MPA pharmacokinetics and exposure and IMPDH inhibition.
MPA exposure (AUC0-12 h) was low early posttransplant and increased over time and stabilized at
months 3 to 6. Mean pretransplant IMPDH activity (6.4 ± 4.6 nmol/h/mg protein) was lower than
previously reported in adults. In most of the patients, IMPDH enzyme activity decreased with
increasing MPA plasma concentration, with maximum inhibition coinciding with maximum MPA
concentration. The overall relationship between MPA concentration and IMPDH activity was
described by a direct inhibitory Emax model (EC50 = 0.97 mg/L). This study suggests the
importance of early PK/PD monitoring to improve drug exposure. Because IMPDH inhibition is
well correlated to MPA concentration, pre-transplant IMPDH activity may serve as an early
marker to guide the initial level of MPA exposure required in a pediatric population.
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There exists a clinical need to better understand intra-and interpatient variability inthe dose-
concentration response to mycophenolate mofetil (MMF, CellCept) and in the susceptibility
to adverse events related to this drug in pediatric kidney transplant recipients.1–3 MMF is a
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prodrug that is rapidly converted presystemically to its active immunosup-pressive moiety,
mycophenolic acid (MPA). MPA exhibits its immunosuppressive effect through reversible
noncompetitive inhibition of inosine monophosphate dehydrogenase (IMPDH), a key
enzyme in the de novo synthesis of guanosine nucleotides in T and B lymphocytes.4,5

According to the Scientific Registry for Transplant Recipients (SRTR) in 2007,
approximately 70% of pediatric renal transplant recipients with functioning grafts 30 days
posttrans-plant were treated with some form of MPA.6 The recommended MMF dose in
children is 600 to 1200 mg/m2 divided in 2 doses, depending on comedication.1,7,8 Earlier
clinical studies in pediatric patients showed large intra- and interpatient variability in MPA
pharmacokinetics (PK) and exposure, despite dosing normalization to body surface area.
Accordingly, possible benefits of therapeutic drug monitoring of MMF therapy have been
outlined by several groups.9–11 In addition, data from adult populations indicate that
concentration-controlled dosing strategies with an exposure target of 30 to 60 mg·h/L are
associated with improved clinical outcomes and reduced drug-related toxicity.12–15

However, MPA PK are quite complex both in adult and pediatric transplant recipients
because of variable absorption profiles, enterohepatic recycling, and changing drug
clearance over time.3,16,17 Drug exposure in plasma may also not be directly reflective of
intracellular pharmacodynamics (PD) in the immune system. Therefore, plasma drug
concentrations alone may not fully predict freedom from rejection or side effects or long-
term graft function.18,19

Recently, assays for measuring the pharmacodynamic effect of MPA by evaluating the level
of IMPDH inhibition in mononuclear cells during MPA therapy have been introduced,20–22

adding a potential new dimension to the optimization of individual MPA therapy. To date,
only few data on the PK-IMPDH relationship are available in MPA-treated adult kidney
transplant patients,23,24 and no data have been reported in children. In adults, IMPDH
activity displays wide interpatient but relatively small intrapatient variability even after
long-term administration of MPA.25 Targeting IMPDH activity as a surrogate
pharmacodynamic marker of MPA-induced immunosuppression may thus allow increased
precision when used in an integrated PK/PD fashion, providing a more accurate assessment
of efficacy and aid in limiting toxicity.25,26 In adult transplant patients, an association
between pretransplant IMPDH activity and outcome of therapy has in fact been
documented,24 but the impact of MPA PK on IMPDH activity variations posttrans-plant and
the relationship between the level of post-transplant IMPDH inhibition and clinical
outcomes have not been well established. In addition, the advent of calcineurin inhibitor-
and corticosteroid-sparing immunosuppressive regimens may necessitate more patient- and
protocol-specific PK/PD targets.27 Assessment of posttransplant IMPDH inhibition may
thus serve as a useful pharmacodynamic marker of MPA-induced immunosuppression when
combined with current PK monitoring strategies.

The objective of this investigation was to study for the first time the PK and PD of MPA
using IMPDH inhibition as a PD marker in pediatric renal transplant recipients early
posttransplant and during maintenance treatment.

Methods
Patients

This was a multicenter open-label, inpatient/outpatient PK/PD study of mycophenolate-
mofetil in de novo pediatric kidney transplant recipients aged 2 to 18 years during the early
posttransplant period and stable treatment after approximately 6 months. Patients were
treated as per institutional protocols with a fixed MMF dose of 450 to 600 mg/m2 (as
CellCept, 250-mg capsule or 500-mg tablet) twice a day up to a maximum dose of 2 g daily
in combination with tacrolimus and corticosteroids. Intravenous administration and oral
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suspension (200 mg/mL) were allowed early posttransplant and documented in the case
report form (CRF). Patients on concomitant cyclosporine were excluded. Basiliximab
(Simulect) or rabbit antithymocyte globulin (Thymo-globulin, Genzyme, Inc) was used as
induction therapy in all patients according to clinical protocols. MMF dose adjustments were
at the discretion of the treating physician and were not based on drug concentration
measurements.

Patients with any medical condition (active or chronic) or prior surgery that could interfere
with the pharmacokinetic behavior of MMF (absorption, distribution, and elimination) were
not eligible. Concurrent use of antacids, cholestyramine, and iron supplements was not
allowed. The study was approved by the institutional review boards of the participating
institutions, and parents/guardians and patients provided written consent and assent as
required.

Cincinnati Children’s Hospital Medical Center (CCHMC) was the lead site with 2 additional
sites from the National Institute of Child Health and Human Development (NICHD)
Pediatric Pharmacology Research Units (PPRU) network participating: Dallas South
Western and University of Utah. The goal was to enroll a total of 24 patients (72 PK/ PD
profiles), with participants being stratified into 3 age categories: ≥2 and <6, ≥6 and <12, and
≥12 to ≤18 years of age.28

PK/PD Evaluation
Full PK/PD profiles were collected early posttrans-plant (days 1–3), at discharge from the
hospital (days 5–9), and during stable MMF treatment (at least 3–6 months posttransplant).
For PK sampling, the schedule included predose (trough), 20 minutes, 40 minutes, and 1,
1.5, 2, 3, 4, 6, and 9 hours after the morning MMF dose. An alternate sparse sampling
schedule was offered for incidental patients coming from afar where a 9-hour profile posed a
problem either by interfering with the clinical visit and/or travel arrangements: predose
(trough), 20 minutes, and 1 and 3 hours postdose and a fifth sample at one additional later
time point, randomly selected from those of the full sampling schedule according to the
Limoges University Hospital schedule.29

For the PD sampling, IMPDH activity measurements were obtained pretransplant (baseline),
pre-dose, and 1, 3, 4, 6, and 9 hours postdose on all sampling days. An abbreviated profile
consisting of predose, 20 minutes, and 1, 3, and 4 hours on the sample day was offered as an
alternative for select patients during the final visit. The times for the samples during each
study day were allowed to vary by ±5 minutes for samples before the 1-hour sample and by
±10 minutes for all samples after 1 hour. Exact time points were recorded in the CRF. For
the youngest patients, fewer samples (abbreviated sampling schedule) were collected
because of restrictions in total blood volume allowed to draw.

A standard light meal was offered 1 and 4 hours postdose, and intake was recorded.
Demographic data collected included age, gender, weight, height, race, ethnicity, and donor
type. Concentrations of serum creatinine were obtained, and creatinine clearance (CrCL)
was used as a predictor of renal function calculated using Schwartz’s formula.30

Measurement of MPA Concentrations
MPA and its metabolite MPA-glucuronide (MPAG) were analyzed in plasma using a
validated high-performance liquid chromatography (HPLC) assay according to a
modification of a previously described method.31,32 In short, plasma samples were extracted
using solid-phase extraction (Oasis HLB 15 μm 2.1 × 20 mm; Waters, Milford,
Massachusetts) and separated on a Synergi reversed-phase column (4 μm Hydro-RP 80 Å
250 × 3.0 mm; Phenomenex, Torrance, California) using an Agilent 1100 HPLC system
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with diode array detection at 215 nm with a semigradient elution (Agilent Technologies,
Santa Clara, California). The method was selective and reproducible in the range of 0.25 to
25.0 mg/L for MPA and 1.0 to 250 mg/L for MPAG. Extraction efficiencies were between
91% and 100% over the working range for both analyses. The lower limit of quantification
(LLOQ) was 0.25 mg/L for MPA and 1.0 mg/L for MPAG, respectively. The level of
detection (LOD) was 0.03 mg/L for both analyses. Intra- and interday precision and
accuracy for quality control (QC) samples was always <5%.

Measurement of IMPDH Activity
IMPDH activity in mononuclear cells (MNCs) was determined according to the method
described by Glander et al.20 Whole blood samples (2.5 mL) were collected in 4-mL Li-
heparin-containing tubes and stored at room temperature (12-hour maximum). MNCs were
isolated using Ficoll-Hypaque gradient centrifugation and lysed after being counted. At
remote sites, LeucoSep tubes (Greiner Bio-one, Monroe, North Carolina) were allowed for
MNC isolation after validation of this method versus Ficoll workup.33 The lysate was
incubated with inosine 5'-monophosphate (IMP), and the product xantho-sine 5'-
monophosphate (XMP) and intracellular adenosine 5'-monophosphate (AMP) were
measured by reversed-phase HPLC (Synergi column, 4 μm Hydro-RP 80 Å 250 × 3.0 mm;
Phenomenex) with UV detection (1100 Series, Agilent Technologies). The flow rate was 0.7
mL/min at a column temperature of 45°C. Detection was at 254 nm.

The method was reproducible over the working range of 90 to 4800 pmol/sample. Extraction
efficiencies were between 96% and 100% over the working range. The LLOQ was 90 pmol/
sample for both XMP and AMP. The LOD was 45 pmol/sample for XMP and 11 pmol/
sample for AMP. Intra- and interday precision and accuracy for XMP and AMP quality
control samples was between 0.5% and 6.7% throughout. Cross-validation was achieved by
exchanging QC samples with the Glander laboratory.22 Enzyme activity was expressed as
produced XMP (nmol) per time unit (h) per mg protein (nmol/h/ mg protein). To date, this
activity measure has been used most frequently and is therefore reported here. For quality
assurance purposes, enzyme activity was also expressed as produced XMP per pmol of
measured intracellular AMP (XMP/AMP activity ratio).

Pharmacokinetic Analysis
Individual and mean pharmacokinetic parameter estimates for MPA and MPAG were
generated using noncompartmental analysis (WinNonlin, Version 5.2, Pharsight
Corporation, Mountain View, California). Parameters obtained included (1) actual and dose-
normalized plasma MPA concentrations at each sampling time; (2) time to peak
concentration (tmax); (3) actual and dose-normalized peak (Cmax), minimum (Cmin), and
predose (Ctrough) concentrations; (4) actual and dose-normalized AUC (AUC0-12 h); and (5)
oral clearance (CL/F) and weight-normalized CL/F. The extrapolated AUC0-12 h was
estimated by using the method described by Hale et al18,34 as described before. CL/F was
calculated using an adjusted MPA dose calculated from the MMF dose according to MPA
dose = 0.739 · MMF dose, where 0.739 is the fractional difference in molecular mass
between MPA and MMF.

Pharmacokinetic-Pharmacodynamic Modeling
The relationship between MPA concentrations and IMPDH inhibition was explored
graphically by plotting all MPA concentration data (linear and log scale) versus IMPDH
activity data. The MPA concentration-IMPDH activity relationship was described according
to
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where E0 is IMPDH baseline activity (no inhibition), Emax is the maximum IMPDH
inhibition, C is MPA concentration, and EC50 is the concentration C when 50% of
maximum IMPDH inhibition is reached. Correlations between MPA and IMPDH activity
parameters were explored visually with nonlinear regression models by using GraphPad
Prism 4.03 (GraphPad Software, La Jolla, California). The model fit was evaluated
graphically with consideration of standard error (SE) and 95% confidence intervals.

Clinical outcomes
Clinical outcomes were assessed by reviewing the clinical information collected in the case
report forms of all participating patients. Rejection episodes and side effects (diarrhea and
leucopenia) observed during the course of the study were recorded and compared to MPA
exposure and pre- and posttrans-plant levels of IMPDH activity/inhibition.

Statistical Analysis
Descriptive statistics were used to characterize the demographics of the patients.
Noncategorical variables are presented as mean with standard deviation. Categorical
variables were reported using frequency and proportions. Statistical significance was defined
as P < .05. A 1-way analysis of variance (ANOVA) and Kruskal-Wallis test were used to
compare MMF doses and PK parameter estimates among different sampling days. Separate
analyses by paired t test and Wilcoxon signed-rank test were conducted for subgroups where
appropriate. Between-subject and between-occasion variability, relationships between
parameters, and influence of covariates were described visually and with statistical methods.
The descriptive analyses were performed with MINITAB statistic software (Release
15.1.1.0, MINITAB Inc., State College, Pennsylvania) and GraphPad Prism for Windows
(Version 4.03, GraphPad Software).

As the main objective of the study was to collect preliminary PK/PD data in children aged 2
years or older, determination of the sample size was not solely based on statistical power
considerations.

Results
Enrollment and Immunosuppressive Regimen

A total of 28 pediatric patients were enrolled in the study from February 2006 through
December 2008. Patient demographic data are summarized in Table I. One patient with
severe growth retardation was enrolled as her developmental age was considered much
younger than her actual age (20 years). Two patients withdrew from the study after the first
day of sampling, 1 due to acute graft rejection and 1 for personal reasons. The PK/PD
profiles of these 2 patients were analyzed with the data for the first sampling day. One
patient with focal segmental glomerulosclerosis was temporarily switched to cyclosporine
and excluded when she was on it. Despite efforts to recruit patients in the 6- to 12-year age
group, we were not able to enroll more than 2, with 6 patients being enrolled in the youngest
2- to 5-year age category.

MMF dosage at the different sampling days is summarized in Table II. Two patients
received intravenous MMF on the first day of PK sampling (on days 1 and 3 after their
transplantation, respectively). The youngest patients (age <6 years; n = 8) received MMF
suspension throughout the study. Three patients received MMF suspension via a nasogastric
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tube while in the hospital. In all other instances, MMF was administered orally as MMF
(CellCept) capsules or tablets in combination with tacrolimus and steroids. Five patients
were switched from tacrolimus to sirolimus (Rapamune) once stable.

Pharmacokinetic Data
Table II summarizes the number of PK/PD profiles obtained across the different sampling
days. A total of 620 blood samples were available for PK analysis. For the final evaluation,
71 PK (MPA and MPAG) and IMPDH activity (PD) profiles obtained in 28 patients were
available: 27 PK/PD profiles early posttransplant (1–3 days posttransplant), 25 at discharge
from the hospital, and 19 in the maintenance phase (approximately 6 months posttransplant).

Large interpatient PK variability was observed early posttransplant, with concentrations
throughout the dosing interval and total exposure remaining rather low (mean AUC 20.7
mg·h/L; range, 4.0–48.1; Figure 1A and Table II). Over time, MPA exposure gradually
increased (mean AUC 25.2 and 41.6 mg·h/L, respectively; Figure 1B,C and Table II). The
MPA concentration-time profiles in this pediatric population exhibited both single peak and
multiple peak profiles with early or later secondary peaks likely due to enterohepatic
recycling. Substantial intrapatient variability was noted in the individual PK profiles (eg,
changes and delay in absorption and/or appearance of secondary peaks) early post-transplant
that stabilized over time.

Pharmacokinetic parameters such as Cmax, Cmin, Ctrough, tmax, AUC0-12 h, and CL/F are
summarized in Table II. In most of our patients, MPA and MPAG concentration-time
profiles were in parallel with a short delay in the occurrence of the MPAG peak
concentration. In several patients, low MPA as well as low MPAG concentrations were
observed suggestive of low bioavailability.

IMPDH Activity
Out of a total of 377 PD samples from 28 patients, 285 IMPDH activity measurements were
available for analysis. Twenty-one individual PD profiles were available from 1 to 3 days
posttransplant, 19 from 5 to 9 days posttransplant, and 13 from approximately 6 months
posttransplant. Reasons for having to exclude samples were low white blood cell count (<1.0
× 106/mL) due to thymoglobulin induction and, in several cases, stability issues during
transport that interfered with reliable IMPDH activity measurement. In the 3- to 6-month
evaluation group, 4 patients were lost for final follow-up. IMPDH activity profiles expressed
as XMP/AMP activity ratio or as nmol/h/mg protein were very similar as judged from
individual graphs and mean values. Mean IMPDH activity and MPA concentration profiles
at each consecutive sampling day are shown in Figure 2. IMPDH activity was inversely
related to MPA plasma concentration, with the highest level of inhibition associated with the
highest concentration (Cmax), after which activity returned to near predose values. Over
time, the overall IMPDH inhibition curve shifted downward as a result of increasing MPA
exposure. Table III summarizes IMPDH activity, including baseline (pre-transplant),
predose, and nadir values. In our pediatric patients, mean baseline IMPDH activity was 6.4
nmol/h/mg protein and revealed large interpatient variability (range, 1.0–18.4 nmol/h/mg
protein). Pretransplant (baseline) IMPDH activity measurements could not be obtained in all
patients as several were started on MMF at home 1 or more days prior to transplantation. As
judged by the IMPDH inhibition profiles (Figure 2) and by the mean percentage inhibition
(Table III), pharmacodynamic effects were not as pronounced very early after
transplantation as compared to predischarge and several months post-transplant. Mean
IMPDH inhibition ranged from 53% early posttransplant to 65% and 62%, at discharge and
steady treatment, respectively, and revealed large interpatient differences.
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Pharmacokinetic-Pharmacodynamic Data and Modeling
As illustrated by Figure 3, early posttransplant, 23 of 27 patients had AUCs below the lower
consensus target for optimal effect of 30 mg·h/L. Increased AUC and trough levels, as a
result of decreasing CL/F, were observed over time after transplantation, whereas between-
subject variation in exposure (AUC) also decreased over time.

IMPDH enzyme activity decreased with increasing MPA plasma concentration, with
maximum inhibition coinciding with maximum MPA concentration indicating a direct effect
relationship (Figure 3). When analyzing all 285 PK/PD data points, the IMPDH-MPA
concentration effect relationship could be well described by an inhibitory direct effect Emax
model (Figure 4). This relationship was stable over time as judged by comparing EC50
estimates at each separate study day. The final model-based EC50 estimate was 0.97 mg/mL
(SE 0.22; 95% confidence interval [CI]: 0.55–1.41 mg/L).

Clinical outcomes
Although our study was not specifically designed to track outcomes, acute rejection and
adverse event data were collected throughout. One patient who had received a deceased
donor kidney lost his transplant 5 days posttransplant associated with histo-logical evidence
of acute rejection and in the context of substantial MPA underexposure: immediately
posttransplant, he had high IMPDH activity (~6.0–10.8 nmol/h/mg protein) and a low MPA
AUC (<5.0 mg·h/L) despite a daily MMF dose of 1200 mg/m2. He also received induction
therapy (basiliximab 20 mg) and a combination with tacrolimus 5 mg bid (trough level 8.0
ng/mL) and prednisone (60 mg/d). Another patient experienced an acute rejection after
discharge before the last sampling day due to nonadherence. MPA therapy was stopped in 1
patient due to severe diarrhea, whereas in 6 patients, dose reduction was necessary due to
leucopenia. No clear relation to PK/PD data could be detected in these cases.

Discussion
This study is the first to document the pharmacokinetics of MPA in relation to inhibition of
the pharmacological target enzyme IMPDH in pediatric kidney transplant recipients.
IMPDH activity assessment proved feasible and provided an attractive pharmacodynamic
marker of MPA-induced immunosuppression at the lymphocyte level. As reported by other
investigators, we also observed large intra- and interpatient variability in MPA PK as a
function of time after transplantation.3,35,36 Variability was especially pronounced in the
first week after transplantation and, as expected, not preventable by body surface area–based
dosing.37,38 This might point toward a special need for early monitoring. As illustrated in
Figures 1 to 3 and indicated in Table II, the complexity in MPA concentration-time profiles
(eg, delayed Cmax or existence of pronounced secondary peaks) decreases and MPA
exposure increases over time after transplantation. This gradual increase in AUC0-12 h can be
explained by a transient decrease in MPA clearance, as has been reported in adult patients.39

The reason for this gradual decrease in clearance is not fully understood, but improving graft
function, a rise in albumin concentrations, and tapering of the corticosteroid dose are all
considered contributing factors.17,40 Of clinical importance is the observation that current
dosing recommendations (1200 mg/m2/d of MMF in a cyclosporine-based regimen) lead to
MPA underexposure early posttransplant in many patients.3 This finding is in agreement
with recent observations by Filler et al,41 who have recommended higher starting doses of
1800 mg/m2/d when combined with cyclosporine and 1200 mg/m2/d with tacrolimus in
older children that are now being implemented at our institution.

The within- and between-patient differences in the rate and extent of absorption and
occurrence of reabsorption and secondary peaks after the initial absorption phase resulted in
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large variability in MPA exposure. Capturing this variability using therapeutic drug
monitoring represents a major challenge in the clinical management of these patients
because several blood samples drawn over a number of hours would be required to
determine accurate AUCs.

Moreover, no true mechanism-based approaches that would accurately predict the
absorption and likelihood of enterohepatic recycling (EHC) are currently available. The
double-peak phenomenon can in part be explained by the degree of EHC. EHC is most
likely influenced by the interplay between UGT drug-metabolizing enzymes, transporters
such as MRP2 and P-glycoprotein, and bile physiology.42 Because these proteins play a key
role in the handling of MPA, a physiological modeling approach may provide insight into
these important contributing factors.43,44 In addition, study of underlying developmental
changes and pharmacogenetic differences resulting in different phenotypes will further aid
in these efforts. Several single nucleotide polymorphisms have been associated with
differences in MPA clearance45–47 and can be used in prospective dosing.

Similar to PK variability, the present study revealed large interpatient variability in PD
response (Figures 2–4). Mean predose IMPDH activity changed from 4.1 to 3.1 and 1.6
nmol/h/mg protein, respectively, at the different sampling occasions. IMPDH inhibition
paralleled MPA plasma concentration and exposure. Accordingly, a direct effect Emax model
was applied to describe the concentration-effect relationship. The EC50 value of 1.0 mg/L is
well aligned with the clinically established predose (trough) concentration target range of
1.0 to 3.5 mg/L.15,48 The EC50 is also in line with a recently reported value of 1.6 mg/L
using a similar modeling approach.26 This relationship was constant over time, with EC50
values ranging from 1.0 to 1.5 mg/L at the different evaluation days. Interestingly, the
IMPDH activity data revealed what might be considered clinically relevant differences in
baseline activity predictive of susceptibility and response. Our data showed a fairly wide
range in baseline IMPDH activity in our population (range, 1.0–18.4). Of note, IMPDH
activity in our pediatric population appears significantly lower than baseline IMPDH activity
in 79 adult kidney transplant recipients (9.6 ± 4.4 nmol/h/mg protein) measured with an
almost identical IMPDH assay method.24 Inspection of individual MPA-IMPDH profiles
indicated that in patients with lower IMPDH activity, less MPA exposure would suffice for
equivalent IMPDH inhibition as compared to patients who exhibited higher initial IMPDH
activity. The observed mean percentage IMPDH inhibition was 53% directly after transplant
and increased to 67% and 62% at discharge and steady treatment, respectively. These values
are in concordance with the mean maximum inhibition of 67% as observed in 21 adult
kidney transplant recipients.49

During the course of the study, we encountered 1 patient experiencing graft rejection 1 week
post-transplant who had high IMPDH activity and low MPA exposure. Previously, it has
been suggested that baseline IMPDH activity could be predictive of clinical outcome, with
low and high initial IMPDH activity predisposing for toxicity and graft rejection,
respectively.24 Recently, it was also demonstrated that higher IMPDH activity over 12 hours
on day 6 posttransplant could be a risk factor for more acute rejection together with the
observation of low IMPDH messenger RNA expressions predose on day 6 and high IMPDH
mRNA pretransplant in patients with acute rejection.50 Based on these initial results, it is
tempting to postulate that baseline IMPDH activity and/or mRNA in children may serve as
an initial marker to guide the level and aggressiveness of required MPA exposure.

Conclusion
This study provides preliminary data exploring the potential utility of combining PK and
IMPDH biomarker data to optimize MMF therapy. Our results suggest the importance of
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early monitoring of MPA PK and IMPDH inhibition to improve drug exposure and
outcomes.

Baseline IMPDH activity in children may serve as a potential clinical marker to guide the
level of required MPA exposure. Given the complexities of PK-assisted dosing, a combined
PK/PD target strategy may provide an attractive new approach for tailoring MMF therapy to
individual needs in pediatric renal transplant recipients that warrants further study.
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Figure 1.
Individual mycophenolic acid (MPA) concentration-time profiles at the 3 sampling days
following oral administration are shown in the separate panels: (A) early posttransplant (n =
27), (B) prior to discharge (n = 25), and (C) at stable mycophenolate mofetil (MMF)
treatment (n = 19). Individual MPA concentration-time profiles at the 3 sampling days
following oral administration are shown in the separate panels A, B, and C. A tendency of
reduced complexity and increased concentrations is observed over time after transplantation.
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Figure 2.
Mean mycophenolic acid (MPA) concentration versus inosine monophosphate
dehydrogenase (IMPDH) activity on the 3 sampling days (A) early posttransplant (n = 27),
(B) prior to discharge (n = 25), and (C) at stable mycophenolate mofetil (MMF) treatment (n
= 19). MPA concentration is shown as squares and IMPDH activity as triangles. Bars
indicate standard error of the mean (SEM).
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Figure 3.
Box plots of mycophenolic acid (MPA) exposure as measured by the AUC with the current
target range (dotted lines)12–15 (A) and the effect as measured by inosine monophosphate
dehydrogenase (IMPDH) activity and inhibition (B) over time: (0) pretransplant, (1) early
posttransplant, (2) prior to discharge, and (3) at stable mycophenolate mofetil (MMF)
treatment. The bottom and top of the box represent the 25th and 75th percentiles,
respectively. The 50th percentile (median) is represented by the band near the middle of the
box. The ends of the whiskers represent the minimum and maximum data points. Data
points represented by a star are considered outliers, defined as outside 1.5 interquartile range
of the highest value of all values except the outlier.
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Figure 4.
The concentration-response relationship could be described by an inhibitory direct effect
Emax model. The E0 and EC50 estimates were 6.2 nmol/h/mg protein (SE 0.65; 95%
confidence interval [CI]: 4.9–7.5) and 0.97 mg/mL (SE 0.22; 95% CI: 0.55–1.41 mg/L),
respectively, when Emax was fixed (value of 0) and is based here on 285 appropriately
matched mycophenolic acid–inosine monophosphate dehydrogenase (MPA-IMPDH) data
pairs out of 377 measurements. The mean observed baseline IMPDH activity of 6.4 nmol/h/
mg protein (Table III) was close to the model-estimated E0.
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Table I

Patient Demographics (n = 28)

Mean (Number of Patients) Standard Deviation Range

Age, y 12.5 (28) 5.3 2.1–20.2

Age group, y

 ≥2 and <6 3.5 (6) 1.5 2.1–5.3

 ≥6 and <12 9.5 (2) - 8.3, 10.6

 ≥12 to 18 15.5 (20) 2.0 12.3–20.2a

Height, cm 140.5 (28) 30.5 81.2–175.8

Weight, kg 44.8 (28) 26.2 10.3–106.4

Pharmacokinetic/pharmacodynamic evaluation day (days after transplant)

 Early posttransplant 2.4 (27) 1.3 1–5

 Prior to discharge 7.0 (25) 3.0 3–17

 Stable period 193 (19) 138 81–611

Creatinine clearance (mL/min per 1.73 m3)

 Early posttransplant 102 (27) 67 14–243

 Prior to discharge 116 (25) 48 21–228

 Stable period 100 (19) 36 63–223

Number of Patients

Gender (female/male) 11/17

Race (African American/ white) 4/24

Ethnicity (Hispanic/ non-Hispanic) 2/26

Donor type (living/cadaver) 17/11

Parameter values are reported as means with standard deviations (SD) and ranges. Creatinine clearance (CrCL) was estimated with the Schwartz

equation.30

a
One patient >18 years with developmental delay, both physically and mentally, was accepted for enrollment.
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