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Abstract
Background and Objective  Mycophenolate mofetil is widely used in kidney transplant recipients. Mycophenolate mofetil 
is hydrolysed by blood esterases to mycophenolic acid (MPA), the active drug. Although MPA therapeutic drug monitoring 
has been recommended to optimise the treatment efficacy by the area under the plasma concentration vs time curve, little is 
known regarding MPA concentrations in peripheral blood mononuclear cells, where MPA inhibits inosine monophosphate 
dehydrogenase. This study aimed to build a pharmacokinetic model using a population approach to describe MPA total 
and unbound concentrations in plasma and into peripheral blood mononuclear cells in 78 adult kidney transplant recipients 
receiving mycophenolate mofetil therapy combined with tacrolimus and prednisone.
Methods  Total and unbound plasma concentrations and peripheral blood mononuclear cell concentrations were assayed. 
A three-compartment model, two for plasma MPA and one for peripheral blood mononuclear cell MPA, with a zero-order 
absorption and a first-order elimination was used to describe the data.
Results  Mycophenolic acid average concentrations in peripheral blood mononuclear cells were well above half-maximal 
effective concentration for inosine monophosphate dehydrogenase and no relationship was found with the occurrence of graft 
rejection. Three covariates affected unbound and intracellular MPA pharmacokinetics: creatinine clearance, which has an 
effect on unbound MPA clearance, human serum albumin, which influences fraction unbound MPA and the ABCB1 3435 C>T 
(rs1045642) genetic polymorphism, which has an effect on MPA efflux transport from peripheral blood mononuclear cells.
Conclusion  This population pharmacokinetic model demonstrated the intracellular accumulation of MPA, the efflux of MPA 
out of the cells being dependent on P-glycoprotein transporters. Nevertheless, further studies are warranted to investigate the 
relevance of MPA concentrations in peripheral blood mononuclear cells to dosing regimen optimisation.

Key Points 

This study highlights mycophenolic acid concentrations 
in peripheral blood mononuclear cells are well above 
the in vitro half maximal inhibitory concentration and 
the cellular kinetics is influenced by the ABCB1 genetic 
polymorphism.

This model could be used to predict mycophenolic acid 
concentrations directly at its target site of action and to 
investigate the use of peripheral blood mononuclear cell 
mycophenolic acid exposure in a patient’s follow-up 
after transplantation.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4026​8-020-00319​-y) contains 
supplementary material, which is available to authorized users.
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1  Introduction

Mycophenolate mofetil (MMF) is the ester prodrug of 
mycophenolic acid (MPA) [1], an immunosuppressive drug 
used to prevent rejections in patients receiving renal allo-
grafts. Mycophenolic acid is a selective inhibitor of ino-
sine-monophosphate dehydrogenase (IMPDH), an enzyme 
involved in the intracellular synthesis pathway of both T and 
B lymphocytes. Indeed, total plasma MPA concentrations 
above 1 mg.L−1 are associated with an important decrease 
in lymphocyte proliferation (< 30%) [2].

The pharmacokinetics of MPA is characterised by a large 
inter- and intra-individual variability. For a fixed MMF dose, 
some studies described a ten-fold inter-patient variability in 
total plasma MPA exposure [3]. Some causes of this vari-
ability are well known such as body weight, concomitant 
immunosuppressive treatments, haemoglobin, human serum 
albumin (HSA) levels and creatinine clearance (CrCL) [4]. 
Polymorphisms of the genes coding for the UGT enzymes 
[5, 6] and uptake transporters [7, 8] have also been associ-
ated with total plasma MPA pharmacokinetic variability [9]. 
As an increasing number of people are successfully treated 
by organ transplantation, there is a consequent increase in 
the clinical use of MPA [10, 11] and the need for research 
on treatment optimisation. Prospective randomised studies 
demonstrated that therapeutic drug monitoring targeting 
total plasma MPA exposure (area under the concentration 
vs time curve from 0 to 12 h post-administration [AUC​0–12h] 
between 30 and 60 mg.h.L−1) improved patient outcome 
[12–15], notably in the early post-transplantation period [16, 
17]. According to results of Metz et al., despite therapeutic 
drug monitoring, the rejection rate in non-immunised renal 
transplant recipients is 15.4% in the first post-transplanta-
tion year [15]. These results question the use of total plasma 
MPA area under the concentration vs time curve as a pre-
dictor of target peripheral blood mononuclear cell (site of 
action) concentrations, and hence, the graft rejection risk.

Direct measurement of PBMC MPA concentrations may 
provide a better understanding of its immunosuppressive 
efficacy and distribution during graft rejection. Indeed, for 
cyclosporine and tacrolimus, lower PBMC concentrations, 
which were not reflected by whole blood concentrations, 
have been associated with significantly higher incidences 
of graft rejection [18, 19]. In fact, Thi et al. recently showed 
how concentrations of total plasma and PBMC MPA were 
correlated only in the first hours following the drug intake, 
but not with total plasma and PBMC MPA trough concen-
trations [20].

Two important factors of variation of these concentrations 
include (1) the binding of MPA to plasma albumin and (2) 
the role of PBMC uptake and efflux transporters, which can 
modulate intracellular concentrations. First, unbound MPA, 

the active form, has high variability especially in the post-
transplant period as MPA is strongly bound (~ 97%) to HSA, 
which normalises within the post-transplantation period [12, 
21]. Therefore, unbound MPA plasma exposure could be 
an interesting parameter to predict MPA concentrations at 
the intracellular site of action, rather than total MPA [22, 
23]. Second, MPA entry into PBMCs depends on passive 
diffusion, active uptake and efflux transporters. P-glycopro-
tein (P-gp), encoded by the polymorphic ABCB1 gene, is 
involved in the disposition of many drugs and expressed on 
PBMC membranes [24, 25] but so far no study has shown 
an association with MPA pharmacokinetics in humans. The 
MRP2 transporter, encoded by the ABCC2 gene, is also 
expressed on the PBMC membrane, even if to a lesser extent 
[25] and the ABCC2-24C>T promoter polymorphism has 
been associated with an altered expression of MRP2 and a 
decrease of MPA hepatic efflux [26, 27].

The CIMTRE study collected plasma total and cellular 
MPA concentrations in kidney transplant patients receiving 
triple immunosuppressive therapy with a 6-month follow-
up. The objective of the present work is to build a popula-
tion pharmacokinetic (PK) model of these concentrations to 
explore the factors explaining the variability of MPA plasma 
and intracellular pharmacokinetics and its association with 
graft rejection.

2 � Methods

2.1 � CIMTRE Study

Between 2005 and 2008, patients followed in the Depart-
ment of Nephrology of Bicêtre Hospital (Paris, France) were 
included in the study. They provided a written consent to be 
enrolled in the study and to undergo genotyping before their 
renal transplant. They received triple immunosuppressive 
therapy, including MMF (Cellcept®), tacrolimus (Prograf®) 
and prednisone (Cortancyl®). Mycophenolate mofetil was 
introduced with a fixed starting dose of 1000 mg twice daily 
and tacrolimus at a dose of 0.2 mg.kg−1 per day. Tacrolimus 
dosages were adapted to reach a trough blood concentration 
range of 5–15 ng.mL−1. For MMF, dosage was adapted in 
the case of adverse effects. The Ethics Committee of CPP Ile 
de France VII approved the protocol of the CIMTRE study 
in June 2005.

During 6 months, five routine visits were performed 
for each patient: on the day of transplant (D0) and 15 days 
(D15), 1 month (M1), 2 months (M2) and 6 months after 
transplantation (M6). Age (years) and weight (kg) were col-
lected at D0 whereas HSA (g.L−1) and CrCL (mL.min−1), 
calculated using the Cockroft–Gault formula [28], were 
collected at each visit. The occurrence of graft rejection, 
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between two visits, was collected as a clinical marker of 
treatment efficacy.

Pharmacokinetic samples were collected at each visit. At 
D0, D15, M2 and M6, blood samples were drawn at pre-dose 
(before drug intake) and 30 min and 2 h after drug intake. 
At M1, samples were collected at pre-dose and 30 min, 1, 2, 
4, 6 and 8 h after drug intake. Total plasma MPA concentra-
tions (MPAt) were assayed on all samples. Unbound plasma 
(MPAu) and PBMC MPA concentrations (MPAcell) were 
assayed on pre-dose samples and 2 h after drug intake sam-
ples, at each visit. At M1, for 13 patients, unbound plasma 
and PBMC concentrations were also assayed at 4 and 6 h 
after drug intake samples.

2.2 � Drug Assays

Total plasma concentrations were measured by reverse-
phase high-performance liquid chromatography methods 
with ultraviolet detection. Similarly, unbound MPA was 
assayed in the ultrafiltrate after the centrifugation of plasma 
through Centrifree® devices (Millipore, Molsheim, France) 
by high-performance liquid chromatography with ultravio-
let detection after direct injection of an ultrafiltrate into the 
chromatograph. The limit of quantitation of total plasma 
concentrations was 0.1 mg.L−1 and unbound plasma was 
0.01 mg.L−1. The PBMCs were isolated by centrifugation on 
a CPT® tube (Becton–Dickinson, Franklin Lake, NJ, USA). 
The PBMC concentration quantification was performed with 
a liquid chromatography-tandem mass spectrometry method 
[29]. The concentrations in PBMCs, expressed in ng per mil-
lion cells, were converted to mg.L−1 using the average cell 
volume (0.2 pL) [30].

2.3 � Genotyping

Genomic DNA was extracted from circulating blood leu-
kocytes using the Puregene Kit (Gentra Systems, Minne-
apolis, MN, USA) according to the manufacturer’s protocol 
and stored at − 20 °C. For each patient, polymorphisms 
ABCB1 3435C>T (rs1045642), ABCC2 24C>T (rs717620) 
and SLCO1B3 334T > G (rs4149117) were genotyped. The 
genotyping was carried out using the TaqMan® allele dis-
crimination assay (Applied Biosystems, Foster City, CA, 
USA) in duplicate, with separate experiments, to prevent 
genotyping errors. Allelic frequencies were calculated after 
counting genotypes and compared to allelic frequencies for 
other populations of the same ethnic group. Departure from 
the Hardy–Weinberg equilibrium was assessed by a χ2 test 
(α = 5%, 1 degree of freedom).

2.4 � Pharmacokinetic Modelling

2.4.1 � Structural Model

Based on a literature review, we did not test for a one-com-
partment distribution and used a two-compartment model 
to describe plasma unbound MPA (MPAu) distribution. We 
note Vcu/F (L), the central compartment of volume, Vpu/F 
(L), the peripheral compartment of volume and Qu/F, (L.h−1) 
the inter-compartmental clearance. We explored first- and 
zero-order absorption processes with rate constant, ka (h−1) 
and Tk0 (h), with and without delay, Tlag (h) as well as 
simultaneous and sequential zero- and first-order absorption 
processes. Mycophenolic acid bioavailability, F, could not 
be estimated; therefore, clearances and volumes were appar-
ent values (known up to the value of F).

Graphic representation of unbound (MPAu) vs total 
(MPAt) observed MPA concentration showed a clear lin-
ear trend. Therefore, we decided not to explore a non-linear 
function to describe the protein binding, but a linear model 
as follows:

where MPAb represents the MPA bound to proteins and the 
parameter �pb quantifies the ability of MPAu to bind to pro-
teins or the number of binding sites of MPAu to HSA. The 
fraction of MPAu is, therefore, expressed as [22, 31]:

Consequently, total MPA elimination first-order clearance 
CLt/F was expressed as a function of MPAu first-order clear-
ance CLu/F and �pb as follows:

To model the MPAcell, we added a compartment of vol-
ume Vcell/F (L) with an input clearance from the central to 
the cell compartment, CLin/F (L.h−1) and an output clearance 
from the cell to the central compartment, CLout/F (L.h−1). To 
summarise, MPAt, MPAu and MPAcell concentrations were 
described by a three-compartment mammillary model.

2.5 � Variability Model

The concentrations were analysed using a non-linear mixed-
effects approach. The vector of PK individual parameters of 

(1)
[

MPAt

]

=
[

MPAu

]

+
[

MPAb

]

=
(

1 + �pb
)

×
[

MPAu

]

,

(2)
fu =

[

MPAu

]

[

MPAt

] =

[

MPAu

]

[

MPAu

]

+ �pb ×
[

MPAu

]

=
1

1 + �pb
.

(3)CLt∕F =
CLu∕F

1 + �pb
.
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subject i at occasion k, �ik was defined using an exponential 
function to ensure positivity as follows:

where � is the vector of fixed effects, �i ∼ N(0,�) is the vec-
tor of inter-individual random effects and �ik ∼ N(0,� ) is the 
vector of inter-occasion random effects. � and Γ were the 
corresponding inter-individual variability and inter-occasion 
variability (IIV and IOV) matrixes. Given the number of 
model parameters, � and Γ were supposed diagonal. Inter-
occasion (or visit) variability actually captures the intra (or 
within)-patient variability.

Combined, proportional and constant variance models 
were investigated for the residual unexplained errors of 
MPAt, MPAu and MPAcell. Structural, residual unexplained 
variance (RUV), IIV and IOV model selection was based on 
the Bayesian Information Criterion (BIC). A BIC decrease 
of 2 points or less was not considered a strong enough signal 
and in that case the most parsimonious model was retained 
[32]. More specifically, starting with diagonal IIV and 
IOV matrixes, we used BIC in a stepwise backward pro-
cess to remove all variances with a relative standard error 
(RSE) > 50%. We considered IIV and IOV independently, 
thus a parameter with no IIV (because removing IIV would 
not lead to a lower BIC) could have IOV (because estimating 
IOV would lead to a lower BIC).

2.6 � Covariate Model

Based on physiological and clinical plausibility, we explored 
the following covariate associations on PK parameters with 
IIV; age and weight with all MPAu clearance and volume 
parameters, CrCL with CLu/F and Vpu/F, HSA with �pb , 
and genetic polymorphisms with Vcu/F, CLu/F, CLout/F and 
Vcell/F only if IIV were associated with these parameters. 
For each genetic polymorphism (wild and mutant allele, A 
and a), we evaluated three models: dominant (AA vs Aa 
plus aa), recessive (AA plus Aa vs aa) and additive (AA = 0, 
Aa = 1 and aa = 2).

First, a screening on empirical Bayesian estimates was 
performed at level 0.2. Of note, if no IOV could be esti-
mated for CLu/F, Vpu/F or �pb , we used the CrCl and HSA 
level at baseline. Second, after inclusion in the population 
model of all significant associations, a stepwise backward 
elimination was performed with Wald tests at level 0.05 
to keep only the strongest association.

For continuous covariates, we used a multiplicative 
model:

(4)�ik = � × e�i × e�ik ,

(5)�ikl = �l ×

(

COVik

COVREF

)��l ,COV

× e�il × e�ikl ,

where COVik is the value of the covariate of interest of indi-
vidual i at occasion k and ��l,COV

 is the effect size of its 
association with the lth PK parameter. Continuous covariates 
were centred on the study median or the reference value of 
70 kg for weight (COVREF).

Categorical covariates were modelled as follows:

where IICATik
 is an indicator variable (= 0 for the reference 

group and 1 for the comparator) for the covariate of interest 
of individual i at occasion k and ��l,CAT

 is the effect size of 
its association with the lth PK parameter.

2.7 � Parameter Estimation and Model Evaluation

Estimations were carried out using the stochastic approxi-
mation expectation–maximisation algorithm. Relative 
standard errors and Log-likelihood were obtained using 
the linearisation approximation implemented in the soft-
ware Monolix® version 2016 (Lixoft, Anthony, France). 
Internal validation was performed using basic and simu-
lation-based goodness-of-fit plots [33].

2.8 � Association Between Mycophenolic Acid 
Exposure and Graft Rejection

Individual area under the concentration vs time curves 
between 0 and 12 h post-administration (AUC​0–12h) were 
predicted at D15, M1, M2 and M6 for MPAt, MPAu and 
MPAcell using empirical Bayesian estimates. Then, the ratios 
of cellular to unbound plasma MPA AUC​0–12h were derived 
at D15, M1, M2 and M6.

A logistic regression was performed on the occurrence of 
graft rejection (at any visit) exploring the associations with 
HSA levels and CrCL at baseline, age and weight. Selection 
was performed using a stepwise forward selection at level 
0.05. Using the final covariate model, we explored the rela-
tionship between plasma unbound and total AUC​0–12h at D15 
and PBMC AUC​0–12h at D15 predicted by the population PK 
model and the occurrence of graft rejection.

Graphical and statistical analyses were performed using 
the open-source statistical software R version R-3.3.0.

3 � Results

3.1 � Characteristics of the Study Population

Eighty-two adult renal transplant recipients were enrolled in 
the CIMTRE study. Before the first visit, four patients were 
excluded because of serious adverse effects and/or left the 

(6)�ikl = �l × II
��l ,CAT

CATik
× e�il × e�ikl ,
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study. Demographic and genetic characteristics of the 78 
patients included are summarised in Table 1. At inclusion, 
there were 45 (57%) men and the median [minimum–maxi-
mum] age was 50 [21–78] years. The distribution of geno-
types for each single nucleotide polymorphism of uptake 
and efflux transporters did not significantly deviate from the 
Hardy–Weinberg equilibrium. Missing ABCB1-3435C>T 
and ABCC2-24C>T genotypes were imputed to the most 
common genotype in nine patients and SLCO1B3-334T>G 
genotypes in eight patients.

At each visit (i.e. D15, M1, M2 and M6), PK data were 
available for N = 71, 73, 70 and 57 patients, respectively. The 
sample size at the last visit decreased noticeably because 
some patients were excluded for haematological and diges-
tive adverse effects. The evolution of CrCL and HSA lev-
els is presented in Table 2. The median CrCL was 54.81 
[40.55–69.73] mL.min−1 and only 10% of the patients had a 
CrCL level below 20 mL.min−1 at D15.

3.2 � Pharmacokinetic Model Building

In total, 1931 concentration measurements, 925 for MPAt, 
560 for MPAu and 446 for MPAcell were analysed to build the 
population PK model with no measurement below the limit 
of quantitation. The 271 concentration–time curves (or point 
samples) of MPAu, MPAt and MPAcell from the patients in 
the CIMTRE study are displayed in Fig. 1.

3.2.1 � Base Model

A schematic of the structural model is given in Fig. 2. Visual 
exploration of MPAt and MPAu concentrations highlighted 
two elimination slopes, confirming our choice to not investi-
gate a one-compartment model to describe MPA in plasma. 
For the absorption, a zero order best fitted the data compared 
with a first order (ΔBIC = − 3.34). The fraction of unbound 

MPA fu was estimated at 1.8% (RSE = 3%). The MPAcell 
concentrations were modelled with an additional compart-
ment attached to the central compartment.

Proportional error models were selected for the RUV 
of MPAt, MPAu and MPAcell concentrations. Estimation of 
IOV led to a substantial reduction in the BIC (Δ = − 470) 
and a reduction in RUV estimates; from 43 to 28% for 
MPAt, from 46 to 28% for MPAu and from 74 to 39% for 
MPAcell (Table 3). It also led to a slight reduction in IIV; 
from 0.57 to 0.52 for Tk0 and from 0.87 to 0.77 for CLout. 
Parameters Qu/F and Vcell/F had IOV associated but no IIV, 
proving to be more subject to changes across occasions 
than across individuals in the population under study.

3.2.2 � Covariate Model

Univariate analyses of parameter-covariate associations 
are summarised in Table S1 of the Electronic Supple-
mentary Material (ESM) and parameter estimates and 
their RSEs of the final covariate model are summarised 
in Table 3. Inter-individual variability and IOV shrinkage 
estimates for the base model are reported in Table S2 of 
the ESM.

In the final covariate model, CrCL was found to have 
an effect on CLu/F with CLu/F = 2465 L.h−1 for the patient 
with the highest CrCL (= 133.4 mL.min−1) and CLu/F = 391 
L.h−1 for the patient with the lowest CrCL (= 7.3 mL.min−1). 
Human serum albumin was found to influence fu , with 
fu = 1.3% for an HSA of 45.8 g.L−1 and fu = 3.1% for an HSA 
of 24.7 g.L−1. Finally, the ABCB1 3435C>T polymorphism 
was found to impact CLout/F. The recessive model was the 
most significant. The TT3425 ABCB1 homozygous patients 
were found associated with a lower CLout/F, 36.6 L.h−1 vs 
58.5 L.h−1 in patient carriers of the genotype with the C3435 
ABCB1 allele.

Table 1   Demographics, genotypes and clinical event occurrence of the 78 patients included in the CIMTRE study

a Data missing for 9 patients, imputed to the most common genotype
b Data missing for 8 patients, imputed to the most common genotype

Demographics Median [minimum–maxi-
mum]

Age (years) 50.0 [21.0–78.0]
Weight (kg) 66.5 [36.0–125.0]

Genetic polymorphisms (genotypes) Sample size (%)

ABCB1 3435C>T (CC/CT/TT)a 30 (43.5)/28 (40.6)/11 (15.9)
ABCC2 24C>T (CC/CT/TT)a 40 (58.0)/23 (33.3)/6 (8.7)
SLCO1B3 334T>G (AA/AG/GG)b 50 (71.4)/17 (24.3)/3 (4.3)

Clinical event Sample size (%)

Graft rejection (yes/no) 11 (14.1)/67 (85.9)
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3.2.3 � Model Evaluation

In Fig. 3, the prediction-corrected visual predictive plots 
for MPAt, MPAu and MPAcell demonstrated the adequacy of 
the final covariate model. Additional goodness-of-fit plots 
are provided in Figs. S1–3 of the ESM. Further, the con-
dition number (i.e. the ratio of the maximal and minimal 
Eigen values of the estimation variance–covariance matrix) 
was equal to 13. We considered this value as reasonable in 
the context of a non-linear mixed-effect model. Moreover, 
parameters and their variability were provided with reason-
able RSE (< 50%).

3.2.4 � Mycophenolic Acid Exposure and Association 
with Graft Rejection

No link between HSA, CrCL, age, weight covariate at D0 
and the occurrence of graft rejection was found. At D15, 
the median [minimum–maximum] AUC​0–12h was 47.9 
[13.6–113.7] mg·h·L−1 for MPAt, 0.9 [0.2–1.8] mg·h·L−1 
for MPAu and 27.30 [3.1–444.8] mg·h·L−1 for MPAcell 
(Table 4). The median [minimum–maximum] ratio of cellu-
lar to unbound plasma MPA AUC​0–12h was 30.2 [3.0–585.0] 
at D15, 19.4 [1.8–256.3] at M1, 27.1 [4.2–305.3] at M2 and 
26.8 [4.2–354.7] at M6, highlighting the important accumu-
lation of MPA in cells in the first 15 days for a fixed dose of 
200 mg once daily (96% of patients). No association between 
MPAt, MPAu or MPAcell AUC​0–12h at D15 was found with 
the occurrence of graft rejection over the course of the CIM-
TRE study (Fig. S4 of the ESM).

Table 2   Median [minimum–maximum] creatinine clearance (CrCL) and human serum albumin (HSA) level at each occasion (D15 = 15 days, 
M1 = 1 month, M2 = 2 months and M6 = 6 months after renal transplantation) with the corresponding sample size (N) in the CIMTRE study

D15
(N = 71)

M1
(N = 73)

M2
(N = 70)

M6
(N = 57)

CrCL (mL.min−1) 47.4 [7.3–132.4] 54.6 [10.9–122.2] 59.0 [18.2–133.4] 60.7 [17.4–110.3]
HSA (g.L−1) 30.3 [20.4–43.6] 34.5 [21.8–43.1] 36.4 [21.7–63.1] 36.4 [23.7–48.5]

Fig. 1   Individual concentrations (mg.L−1) vs time (hours [h]) profiles 
for plasma total mycophenolic acid (MPAt, top), plasma unbound 
mycophenolic acid (MPAu, middle) and peripheral blood mononu-

clear cell mycophenolic acid (MPAcell, bottom) at 15  days (D15), 
1 month (M1), 2 months (M2) and 6 months (M6) after renal trans-
plantation in the 78 patients from the CIMTRE study
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4 � Discussion

To our knowledge, this is the first PK model of plasma total, 
unbound and intracellular concentrations of MPA. This 
model quantifies the MPA accumulation in PBMCs as well 
as the influence of CrCL on MPA distribution and elimina-
tion, HSA level on MPA unbound fraction and the ABCB1 
transporter on MPA efflux from the cells.

Mycophenolic acid plasma disposition in patients in the 
CIMTRE study was best described by a two-compartment 
model in agreement with the literature [34–36]. Similarly, 
the MPAu fraction estimate (1.76%) was close to the value 
reported by Nowak and Shaw (1.8% ± 0.4%) [37]. Further, 
the CLt/F estimate (15.65 L.h−1) was in the range of litera-
ture values (between 10 and 40 L.h−1) [4, 38] and the CLu/F 
(900 L.h−1) estimate was close to the values reported by van 
Hest et al. and de Winter et al. (877 L.h−1 and 747 L.h−1, 
respectively) [22, 35].

The influence of CrCL on CLu/F had already been 
reported by van Hest et al. in 468 renal transplant patients 
[39] as well as the influence of HSA on MPA unbound 
fraction in 88 patients [22]. Although the later associa-
tion led to a conflicting publication, [3, 12, 39] here, we 
chose not to test CrCL on the MPA unbound fraction. We 
believe the association found in the van Hest et al. arti-
cle [39] is explained by MPAu being cleared to a higher 
extent when CrCL increases, leading to a decrease of the 
unbound faction and mechanically to an increase of �pb . We 
found no influence of the genetic polymorphism on gene 
encoding for transporters MRP2 and OATP1B3 on MPA 

pharmacokinetics. However, this is the first report of the 
association between the ABCB1 3435 C>T (rs1045642) pol-
ymorphism and MPA efflux from PBMCs. Although it was 
already shown that MPA is a substrate of P-gp in vitro [40] 
and in vivo using a mouse model [41], no other study reports 
this genetic association in humans. Interestingly, in TT3435 
ABCB1 homozygous patients, CLout/F was lower than in CC 
and CT3435 ABCB1 genotype patients. The efflux pump 
activity decreases and the MPA PBMC concentration was 
higher, even if plasma MPA pharmacokinetics has been 
largely investigated in relation to the ABCC2 genotype, it 
was an interesting result. The TT3435 ABCB1 genotype was 
previously described to lead to higher intracellular concen-
trations, most probably owing to lower P-gp activity towards 
the drug, as observed previously for cyclosporine A whole 
blood pharmacokinetics [42] but also for different substrates 
[43]. This ABCB1 3435C>T genetic single nucleotide poly-
morphism resulting in a silent mutation has probably been 
the most investigated so far. In accordance with such an 
effect at the protein level, the 3435C>T polymorphism has 
been associated with reduced messenger RNA expression 
and stability ex vivo [6], but this finding could not be con-
firmed in vitro [44]. More recently, this polymorphism has 
been associated with changes in substrate specificity [44].

Estimates for plasma total and unbound MPA AUC​0–12h 
were also close to literature values [31]. MPAcell AUC​0–12h 
were higher than MPAu AUC​0–12h with elevated estimates 
for the ratio of cellular-to-unbound plasma MPA AUC​0–12h, 
implying an intracellular accumulation of MPA. Our model 
captured the accumulation with an input clearance into the 

Fig. 2   Schematic of the three-compartment model describing plasma 
total mycophenolic acid (MPAt = (1 + �pb) × MPAu), plasma unbound 
mycophenolic acid (MPAu) and peripheral blood mononuclear cell 
mycophenolic acid (MPAcell). Parameters are Tk0: the zero-order 
absorption constant from the gastrointestinal tract (GI), VCu/F: the 
apparent volume of the central compartment, VPu/F: the apparent 
volume of the peripheral compartment, Qu/F: the intercompartmen-

tal apparent clearance, CLu/F: the elimination apparent clearance, 
Vcell/F: the apparent volume of the cellular compartment, CLin/F: the 
apparent clearance of entrance into peripheral blood mononuclear 
cells and CLout/F: the apparent clearance of exit from the peripheral 
blood mononuclear cells. The dashed compartment represents pro-
tein-bound mycophenolic acid (MPAb = MPAu × �pb ) with �pb : the 
capacity of MPA to bind to proteins
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cell 30-fold superior to the output clearance from the cell. 
This result is consistent with the study of Thi et al., which 
highlighted an accumulation of MPA in PBMCs during the 
first 10 days after kidney transplantation, with MPAcell con-
centrations following the plasma MPA concentrations vari-
ations in the early hours following the drug intake despite 
uncorrelated pre-dose concentrations [20]. These attenu-
ated changes in PBMC exposures were characterised in our 
model by an input clearance into the cell 30-fold superior to 
the output clearance from the cell, resulting in an accumula-
tion of MPA in PBMCs.

Despite a high IIV, plasma unbound and PBMC MPA 
AUC​0–12h varied only slightly between occasions over the 
6-month post-transplantation period. These parameters 
could therefore be more reliable than total plasma concen-
trations suggested by some authors for therapeutic drug 
monitoring [13]. Similarly, our estimates for plasma total 
and unbound MPA AUC​0–12h were close to literature values 
[31]. Further, the minimal average concentration (which was 
obtained using area under the concentration vs time curve 
during the interval dosing divided by the interval dosing, 
i.e. AUC​0–12h/12) of cellular MPA concentrations at each 
visit was well above 0.06 mg L−1, the half-maximal effective 

concentration for IMPDH estimated by Li et al. In fact, Sug-
iyama et al. studied half maximal inhibitory concentration 
effective MPA concentrations for IMPDH in PBMCs in vitro 
and obtained an even lower half maximal inhibitory concen-
tration of 0.0079 mg.L−1, a value significantly lower than 
MPAcell concentrations derived from our model [45].

This study has some limitations. First, some parameters 
conserved large inter- and intra-individual variabilities, nota-
bly the apparent exit clearance from the cell. This could 
partly result from the complex isolation procedure and the 
difficult automation of the MPA dosing method in PBMCs. 
Additionally, we approximated the PBMC volume arbitrar-
ily to 0.2 pL [30], whereas this mean volume is known to 
vary between PBMC cell types. Further, this approxima-
tion can distort PBMC concentrations [46] and complicates 
comparisons with studies reporting PBMC concentrations 
in ng.106 cells−1. The large variabilities remaining on the 
peripheral apparent clearance and volume as well as on the 
absorption parameter probably result from the sparseness 
of the sampling design, which also prevented the observa-
tion, and the modelling, of a double peak due to the MPA 
enterohepatic recirculation [31, 35, 47].

Table 3   Estimates of fixed effects and coefficient of variations for 
the inter-individual variability and inter-occasion variability (IIV and 
IOV,  %) of the base and covariate model parameters with associated 

relative standard errors (RSEs,  %) for patients included in the CIM-
TRE study. Covariate coefficients (with associated RSE,  %) are given 
below the corresponding model parameter

βCLout/F, ABCB1 effect of ABCB1 3435 C>T genetic polymorphism on CLout/F, βCLu/F, CrCL effect of CrCL on CLu/F, βθpb, HSA effect of HAS on �pb , 
βVpu/F, CrCL effect of CrCL on Vpu/F, σcell residual unexplained variability coefficient of variation for cellular MPA, σt residual unexplained vari-
ability coefficient of variation for plasma total MPA, σu residual unexplained variability coefficient of variation for plasma unbound MPA, CLin/F 
apparent clearance of entrance into peripheral blood mononuclear cells, CLout/F apparent clearance of exit from the peripheral blood mononu-
clear cells, CLu/F elimination apparent clearance, �pb capacity of MPA to bind to proteins, Qu/F intercompartmental apparent clearance, Tk0 
zero-order absorption constant from the gastrointestinal track, Vcell/F apparent volume of the cellular compartment, VCu/F apparent volume of the 
central compartment, VPu/F apparent volume of the peripheral compartment

Parameters Basic model Covariate model

Fixed effects (RSE  %) IIV  % (RSE  %) IOV  % (RSE  %) Fixed effects (RSE  %) IIV  % (RSE  %) IOV  % (RSE  %)

Tk0 (h) 1.29 (8) 45 (16) 66 (7) 1.29 (8) 44 (15) 60 (7)
Vcu/F (L) 1580 (11) – – 1620 (9) – –
CLu/F (L.h−1) 898 (5) 35 (10) 22 (9) 900 (4) 30 (11) 23 (9)
βCLu/F, CrCL – – – 0.38 (19) – –
Qu/F (L.h−1) 2560 (13) – 125 (11) 2040 (15) – 153 (9)
Vpu/F (L) 16,900 (28) 173 (14) 111 (15) 19,400 (29) 70 (15) 89 (20)
βVpu/F, CrCL – – – − 1.03 (40) – –
�pb 55.3 (3) 23 (25) – 56.5 (3) 16 (53) –
βθpb, HSA – – – 1.46 (15) – –
CLin/F (L.h−1) 1010 (13) – – 1200 (12) – –
CLout/F (L.h−1) 34.3 (16) 74 (11) 90 (6) 43.8 (16) 70 (12) 91 (6)
βCLout/F, ABCB1 – – – -0.64 (44) – –
Vcell/F (L) 1550 (20) – 124 (13) 1980 (18) – 33 (11)
σu (%) 28 (6) – – 28 (6) – –
σt (%) 29 (4) – – 29 (4) – –
σcell (%) 39 (16) – – 39 (16) – –
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Another limitation with regard to the inter- and intra-indi-
vidual variability is the choice of exploring diagonal matri-
ces only. Finally, in the CIMTRE study, patients received 
MMF concomitantly with tacrolimus and prednisone, which 
also influences the incidence of acute rejection, estimated 
at 14.1% with most graft rejections occurring before D15. 
With this incidence rate out of 78 patients, we would have 
had a power of 80% to detect a 50% drop in PBMC AUC​
0–12h of cases if the IIV has been three times lower. The high 
IIV, the elevated MPA concentrations in the upper range of 
the consensus report [48], and the low number and early 
occurrence of clinical events hindered the quantification of 

the link between plasma and cellular MPA kinetics and the 
occurrence of graft rejection.

5 � Conclusions

To conclude, this model can be used to compute individ-
ual MPA exposure at the site of action but further studies 
are warranted to explore the relationship between these 
exposures and clinical events such as graft rejection and to 
investigate whether unbound MPA concentrations or MPA 
concentration in PBMCs could be relevant parameters to 
optimise dosing regimens.

Fig. 3   Prediction-corrected visual predictive check plots for plasma 
total mycophenolic acid (MPAt, top), plasma unbound mycophe-
nolic acid (MPAu, middle) and peripheral blood mononuclear cell 
mycophenolic acid (MPAcell, bottom) based on 500 simulated data-
sets using the final covariate model. The black lines represent the 5th, 
50th and 95th percentiles of the model predictions and the green lines 

represent the 5th, 50th and 95th percentiles of the observations. The 
blue and pink areas represent the 90% confidence intervals around the 
fifth (bottom), 50th (middle) and 95th (top) model-predicted percen-
tiles. The blue dots represent observations from the 78 patients in the 
CIMTRE study

Table 4   Median [minimum–maximum] area under the concentra-
tion vs time curve from 0 to 12  h post-administration for total and 
unbound plasma mycophenolic acid (MPA) and cellular MPA (MPAt, 

MPAu and MPAcell) at each occasion (D15 = 15 days, M1 = 1 month, 
M2 = 2  months and M6 = 6  months after renal transplantation) with 
the corresponding sample size (N) in the CIMTRE study

D15
(N = 71)

M1
(N = 73)

M2
(N = 70)

M6
(N = 57)

MPAt (mg.h.L−1) 47.9 [13.6–113.7] 48.9 [10.4–124.7] 54.6 [12.9–121.5] 40.2 [6.7–81.7]
MPAu (mg.h.L−1) 0.9 [0.2–1.8] 0.9 [0.3–2.8] 1.0 [0.4–1.8] 0.7 [0.2–1.4]
MPAcell (mg.h.L−1) 27.33 [3.1–444.8] 19.7 [1.5–191.0] 24.2 [3.4–407.2] 18.9 [2.7–319.9]
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