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Summary

The patent of mycophenolate mofetil (MMF) has expired, and for enteric-coated

mycophenolate sodium (EC-MPS), this will happen in 2017. In the twenty years

these drugs have been used, they have become extremely popular. In this review,

the reasons for the popularity of mycophenolate are discussed, including the ben-

efits compared to azathioprine. MMF and EC-MPS are therapeutically equivalent.

Although neither is considered to be a narrow therapeutic index drug, this should

not lead to careless switching between the innovator drug and generic formula-

tions, or between one generic formulation and another. The pipeline of new

immunosuppressive drugs is dry, and it is very likely that we will be using myco-

phenolate for many more years to come as a first-line immunosuppressive drug

in our transplant population. Whether or not the development of donor-specific

anti-HLA antibodies is related to drug exposure (mycophenolic acid concentra-

tions) remains to be investigated.

Introduction

The phase III studies that led to the registration of myco-

phenolate mofetil (MMF) for the prevention of acute

rejection in kidney transplantation by the U.S. Food and

Drug Administration and European regulatory agencies

were published 20 years ago. MMF has become a first-line

drug in the field of solid organ transplantation, and the

vast majority of renal transplant patients in the United

States and in Europe are treated with MMF at discharge

from the hospital, and also as maintenance treatment

years later [1]. MMF has become a consistent member of

many different immunosuppressive regimens. In calcineu-

rin inhibitor (CNI) weaning or withdrawal protocols, in

steroid avoidance and in belatacept-based regimens, MMF

is part of the regimen. In fact, there are hardly any myco-

phenolate weaning or mycophenolate avoidance proto-

cols. Early CNI withdrawal, or CNI avoidance from the

start, and relying on mycophenolate plus glucocorticoids

only, leads to an unacceptable high risk of rejection

[2–4]. In a systematic review, several other strategies were

compared in which mycophenolate was the sole adjunct

immunosuppressant [5]. This included de novo CNI mini-

mization (rather than complete avoidance); elective CNI
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sparing (minimization or elimination) in established

transplant recipients; and CNI sparing (minimization or

elimination) in patients with deteriorating renal trans-

plant function [5].

The popularity of mycophenolate is partly based on its

reputation as a drug associated with little or at least man-

ageable, toxicity. Gastrointestinal and haematologic side

effects typically respond well to dose reductions and are

fully reversible. A literature search in PubMed, searching

for ‘mycophenol*’ and ‘transplantation’, showed a steady

decline in the number of hits (Fig. 1, search performed on

30 December 2014). In this manuscript, we look back on

the history of MMF, ask ourselves whether MMF is really

better than azathioprine (AZA) or worse than the enteric-

coated formulation, touch upon the optimal dose of MMF,

the sense or nonsense of therapeutic drug monitoring

(TDM), and the risks and benefits of substitution for gen-

eric mycophenolate. The focus of this review is on the use

of MMF in the prevention of rejection after kidney trans-

plantation. For nonrenal organ transplantation, the inter-

ested reader is referred to the literature.

MMF versus azathioprine

The addition of mycophenolate mofetil (MMF) to a cyclo-

sporin (CsA; Sandimmune� formulation)-based immuno-

suppressive regimen, compared to regimens containing

placebo or AZA, reduced the incidence of acute rejection

after renal transplantation from 40–45% to 20–25% [6–8].
These three studies, the so-called pivotal trials, formed the

basis for the registration of MMF for the prevention of

acute rejection after renal transplantation.

Later studies showed that MMF added to a combination

of tacrolimus (Tac) and prednisolone significantly reduced

the incidence of acute rejection from 44% in the double-

therapy group, to 27% in the triple therapy group

(P = 0.014) [9]. In a second trial comparing three treat-

ment regimens (Tac/AZA vs. Tac/MMF vs. CsA/MMF), it

was shown that acute rejection rates in the Tac-/MMF-trea-

ted patients were similar to those in the Tac/AZA group

but that Tac-/MMF-treated patients had a significantly

lower risk of steroid-resistant acute rejection requiring the

use of antithymocyte globulin (ATG) [10]. That these stud-

ies did not show a benefit with respect to kidney allograft

survival or patient survival did not keep prescribers from

adding MMF to their standard immunosuppressive proto-

cols, often at the expense of AZA.

Initially it was expected that with longer follow-up, the

benefits of MMF on graft outcome would become evident.

However, also the 3-year follow-up data of the three regis-

tration trials did not show convincing data regarding the

benefits of MMF over AZA in this respect [11–13]. Sample

size and attrition of patients from study treatment to other

treatment regimens were potential explanations for the lack

of evidence of such a benefit [14].

Ojo et al. [15] then published their registry study. With

data of 66,774 renal transplant recipients from the U.S.

Renal Transplant Scientific Registry, they showed that

MMF reduced the relative risk of graft loss by 27%

(P < 0.001) [15]. Death-censored graft survival at 4 years

was significantly better among MMF-treated versus AZA-

treated patients (86% vs. 82%, respectively). Importantly,

the improved long-term graft survival was not only caused

by a reduced acute rejection risk but was also caused by an

effect independent of acute rejection [15]. In addition, both

patient and death-censored graft survival were also better

in MMF- over AZA-treated patients of African American

ethnicity [16].

These data definitely strengthened the position of MMF

as a first-line immunosuppressive drug. Not even the

results of the Mycophenolate Steroids Sparing (MYSS)

study, published by Remuzzi et al. in 2004, could affect the

popularity of MMF [17]. The MYSS study concluded that

in combination with the newer CsA microemulsion formu-

lation (Neoral�), MMF offers no advantages over AZA in

terms of preventing acute rejection while being about 15

times more expensive [17,18].

A systematic review published a few years later, however,

concluded that MMF does offer a clinical benefit over AZA

and that this effect is independent of whether MMF is used

in combination with CsA-Sandimmune�, CsA-Neoral� or

Tac [19]. This systematic review found that MMF

significantly reduces the risk of acute rejection when used

in combination with any CNI (relative risk 0.62; 95%-CI:

0.55–0.87; P < 0.00001) and that the hazard for graft loss,

including death with a functioning graft, was also signifi-

cantly reduced in patients treated with MMF (hazard ratio

0.76; 95%-CI: 0.59–0.98; P = 0.037) [19].

Figure 1 Number of publications per year in PubMed, searching for

‘mycophenol*’ and ‘transplantation’.
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When MMF and azathioprine are compared with respect

to toxicity, there does not seem to be penalty for the lower

incidence of acute rejections in terms of more serious

adverse events in patients treated with MMF compared to

azathioprine [20]. The lower use of anti-T cell antibody

treatment for steroid-resistent acute rejections is considered

an important safety advantage of MMF therapy. The effi-

cacy of azathioprine is based on the formation of 6-thio-

guanine nucleotides (6TGN). High 6TGN levels can lead to

haematologic toxicity, and other azathioprine metabolites

have been associated with development of hepatotoxicity.

In contrast to the treatment of inflammatory bowel disease,

therapeutic drug monitoring for azathioprine has never

reached the transplant field to a significant extent, although

there may be an additional benefit in terms of both efficacy

and toxicity [21]. Likewise, the introduction of pharmaco-

genetic testing for the thiopurine S-methyltransferase

(TPMT) gene polymorphism may improve safety [22]. In

genetically TPMT-deficient patients, cellular accumulation

of 6TGN results in acute dose-limiting toxicity. The Clini-

cal Pharmacogenetics Implementation Consortium recom-

mends testing for TPMT status prior to initiating

thiopurine therapy, so that starting dosages can be adjusted

accordingly [23].

MMF versus enteric-coated mycophenolate sodium

Enteric-coated mycophenolate sodium (EC-MPS; Myfor-

tic�) was developed to reduce the high incidence of gastro-

intestinal adverse events associated with the use of MMF.

In two clinical trials, EC-MPS in a dose of 720 mg twice

daily and MMF 1000 mg twice daily showed similar effi-

cacy and safety profiles [24,25]. A double-blind study in

423 de novo kidney transplant recipients showed that not

only efficacy (a composite endpoint consisting of biopsy-

proven acute rejection [BPAR], graft loss, death or loss to

follow-up) between MMF and EC-MPS was similar (EC-

MPS 25.8% vs. MMF 26.2%), but also that the safety pro-

file and incidence of gastrointestinal adverse events were

similar for both groups [24]. Within 12 months, 15.0% of

EC-MPS patients and 19.5% of MMF patients required

dose changes for gastrointestinal adverse events (P = ns)

[24]. Also in a double-blind, double-dummy, conversion

study in which stable kidney transplant recipients on MMF

were randomized to switch to EC-MPS (n = 159) or to

continue receiving MMF (n = 163), the incidence of gas-

trointestinal adverse events was similar at 3 months (EC-

MPS 26.4% vs. MMF 20.9%; P = ns) and at 12 months

(EC-MPS 29.6% vs. MMF 24.5%; P = ns) [25]. Further-

more, equimolar doses of EC-MPS and MMF were shown

to produce equivalent mycophenolic acid (MPA) exposure

and to result in inhibition of the activity of the target

enzyme inosine 50-monophosphate dehydrogenase

(IMPDH) to a similar degree [26]. Following these well-

designed double-blind controlled trials, several open-label

studies did report an improvement in GI complaints fol-

lowing a switch from MMF to EC-MPS [27–29].
The main difference between the two formulations is in

their pharmacokinetic profile. Due to the enteric-coating,

EC-MPS is absorbed more slowly than MMF and the time

to the maximal concentration is more variable [30,31]. In

addition, the correlation between the predose MPA con-

centration and the MPA area under the concentration ver-

sus time curve (AUC) is poorer for EC-MPS [32].

Therefore, assessing the MPA-AUC in patients on EC-MPS

will require more samples, or samples taken more hours

after drug intake, compared to patients on MMF [33]. In a

study from Naples, it was nicely demonstrated that includ-

ing one sample drawn in the terminal phase of the EC-MPS

pharmacokinetic profile, particularly at 8 h postdose,

improved the performance of the limited sampling strategy

[34].

To TDM or not to TDM

Whether or not the higher variability in the pharmacoki-

netic profile of EC-MPS is an issue will depend on the wish

to assess MPA exposure. A lot has been written about the

need for TDM of MMF and EC-MPS [35]. At fixed-dose

treatment, there is considerable between-patient variability

in MPA-AUC [36]. Low MPA plasma concentrations have

been found to correlate with a higher incidence of BPAR

after kidney transplantation, especially in patients at higher

risk of rejection [37]. In a time-to-event model, Daher Abdi

showed that exposure to calcineurin inhibitor (CNI) was a

less powerful predictor of acute rejection incidence com-

pared to MPA exposure [38]. The logical next step would

be to perform TDM and adjust the dose in order to reach

the therapeutic window. This strategy was found to reduce

the incidence of BPAR in a French randomized controlled

trial in patients treated with MMF [39]. In whom and when

to measure MPA concentrations, and whether predose con-

centrations or AUC measurements are to be preferred for

TDM purposes, has been reported in papers offering guid-

ance for clinical practice [40]. The interested reader is

referred to a pro/con debate and to a consensus paper on

this topic for more information [35,41,42]. A special popu-

lation for which TDM for MPA might be highly relevant is

the group of patients in whom CNI treatment is discontin-

ued. Hazzan et al. showed that in patients in whom

3 months post-transplantation CsA was stopped the MPA-

AUC at 3 months was a predictor for acute rejection after

CsA discontinuation [43].

The detection of circulating, donor-specific, anti-HLA

antibodies (DSA) has received much attention in recent

years. There is much debate on the best assay to detect such
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DSA and on the interpretation of DSA measurement results

[44]. Nevertheless, it is clear that there is a population of

patients with poor graft survival due to chronic humoral

rejection. Nonadherence has been postulated as a factor

that increases the likelihood of developing DSA, and also

CNI withdrawal has been suggested to play a causal role

[45]. Whether or not low MPA concentrations also play a

role in this process is unclear, and this needs to be the sub-

ject of future studies. The better long-term outcome

observed for patients on mycophenolate compared to AZA

be at least in part be the result of an effect of MPA on B-cell

function and thus on production of DSA.

Genetic variants within the genes involved in MPA

uptake and metabolism (UGT1A9, UGT2B7, SLCO1B1,

SLCO1B3) and in its targets (IMPDH) have been reported

to affect MPA pharmacokinetics and response in transplant

patients [46,47]. However, for none of these genetic poly-

morphisms is there a direct clinical application [48].

The optimal dose of MMF

In the pooled analysis of the 3 registration trials (n = 1493

patients), it was shown that MMF significantly reduced the

incidence of rejection from 40.8% in placebo-/AZA-treated

patients to 19.8% and 16.5% for the MMF 2 gram and

MMF 3 gram groups, respectively. At 1 year, the graft sur-

vival rates were 90.4% and 89.2% in the MMF 2 gram and

3 gram groups, respectively, compared with 87.6% in the

placebo/AZA group (P = ns). In view of the lack of addi-

tional benefit of the 3 g daily dose, the 2 g dose became the

standard of care [20]. For African American patients, the 3

gram dose was assumed to be the preferred dose, not

because in African American patients MMF pharmacoki-

netics are different, but because they have a higher risk of

rejection due to other factors [49]. For Asian patients, a

lower dose is required, as they do have a higher MPA expo-

sure with the same dose as compared to Caucasian or Afri-

can American patients [50].

As a result of CsA-induced inhibition of enterohepatic

recirculation, the MPA-AUC is significantly lower in case

of CsA as compared with Tac cotreatment [51,52]. In a

recent study, Colom et al. showed that with increasing CsA

predose concentrations, there is an incremental inhibition

of the enterohepatic recirculation, leading to a progressively

lower MPA-AUC with increasing CsA exposure [53].

In patients cotreated with CsA and 1000 mg MMF twice

daily, the median MPA-AUC in the first two weeks after

transplantation is about 30 mg*h/l [54,55]. This value is

considered the lower limit of the optimal therapeutic range

[56]. Consequently, about half of the patients are poten-

tially underexposed in the early post-transplant period,

which puts them at an increased risk of rejection. A higher

MPA exposure may thus be required when co-administered

with CsA and an MMF dose of 1.5 gram twice daily may be

more appropriate, at least in the first few weeks post-trans-

plantation. Sommerer et al. studied the benefits of an

intensified dosing regimen for EC-MPS in a CsA-based reg-

imen [57]. In this study, 128 de novo kidney transplant

recipients were randomized to receive a standard, fixed-

dose of EC-MPS (1440 mg/day) or an intensified dose

(days 0–14: 2880 mg/day; days 15–42: 2160 mg/day; fol-

lowed by 1440 mg/day, thereafter). Although the study was

not powered for evaluating efficacy, there were less acute

rejections in the intensified dose group (2 patients or 3.2%)

compared to the standard-dose group (11 patients or

16.9%; P < 0.001) [57]. The higher dose during the first

6 weeks did not result in more gastrointestinal side effects.

With this regimen, the percentage of patients reaching an

MPA-AUC >30 mg*h/l by day 3 after transplantation was

more than 80% in the intensified dosing group (intensified

dose versus standard dose on day 3: 81.8% vs. 40.7%;

P < 0.001)[58]. A larger study will be needed to evaluate

the benefits and risks of applying intensified dosing in a

CsA-based immunosuppressive regimen.

A starting MMF dose of 2 g in patients on Tac will lead

to adequate MPA exposure during the course of the first

weeks, and subsequently the dose can be reduced in order

to prevent toxicity. When MMF therapy is not guided by

MPA plasma concentrations or by the occurrence of side

effects, some centres use a protocolized MMF tapering

strategy, aiming for a 750 mg or 500 mg twice daily dose

for maintenance treatment. This 25–50% dose reduction

corresponds with the difference in AUC between patients

treated with either CsA or tacrolimus [59]. An alternative

approach is to continue the starting dose and taper in case

of side effects [60].

As, however, also in Tac-based regimens, 25% of the

patients on 1000 gram MMF bid is below the therapeutic

range, a similar approach of using a loading dose has also

been tested. In the CLEAR-study, it was demonstrated that

a 5-day MMF loading dose of 1.5 grams twice daily resulted

in more patients reaching an MPA-AUC above 30 mg*h/l
and that this did not lead to more adverse events [61].

Kiberd et al. even went so far as to test a 5-day MMF

loading dose of 2 g twice daily. The rationale was the obser-

vation that with 3 grams of MMF still about 15% of

patients remained below the lower therapeutic threshold of

30 mg*h/l early post-transplant and that a target MPA-

AUC above 40 mg*h/l was considered to be most effective

[62]. Remarkably, however, in this study, the 4 g daily dose

did not result in a greater proportion of patients adequately

exposed to MPA compared to a 3 g daily MMF dose. The

nonlinear pharmacokinetics of MPA, that becomes mani-

fest when MPA exposure does not increase proportionally

with (increasing) MMF doses, may be an explanation of

these findings [63].

© 2015 Steunstichting ESOT 28 (2015) 508–515 511

van Gelder and Hesselink Mycophenolate revisited



For maintenance treatment, there are fewer data on the

best dose of MPA. In a retrospective cohort study, includ-

ing 213 renal transplant recipients, it was found that MMF

dose reductions were an independent predictor of acute

rejection [64]. In the CTS registry, Opelz et al. found that

reduction of MMF dose to less than or equal to 1.0 g/day

in patients during the second year post-transplant was asso-

ciated with a statistically significant reduction in graft sur-

vival. Also withdrawal of MMF during year 2 was

associated with an increase in the risk of graft loss com-

pared with continuing treatment [65]. Whether or not

there is a minimum dose, or a minimum MPA concentra-

tion above which efficacy in maintenance treatment is pre-

served is unclear. The expression of the target enzyme of

MPA, inosine monophosphate dehydrogenase (IMPDH),

may change over time. There are indications that patients

on MMF therapy have an upregulation of IMPDH expres-

sion after transplantation and that this may be attributed to

an induction by MPA [66]. This observation may also be of

relevance for the optimal dose of MMF in maintenance

treatment.

Substitution for generic variants

For MMF, the patent has expired already, and for EC-

MPS, this will happen in 2017. Because mycophenolate is

not considered a narrow therapeutic index drug, the

wider bio-equivalence criteria are applied for registration

of generic MMF formulations [67]. Potentially this is also

interpreted as an indication that interchangeability of all

mycophenolate formulations is not a problem. However,

a major issue regarding generic substitution is the fact

that following a first substitution from innovator drug to

a generic formulation, there will be multiple subsequent

substitutions, from one generic to the other. These sub-

stitutions are the result of a competitive bidding process,

in which payers offer contracts to the supplier that offers

the lowest price. After 6 or 12 months the contracts

expire, and for an additional few cents lower pricing, the

contract can move from one company to another. Over

and over, at the pharmacy, patients will be confronted

with boxes that look different, with pills that have a dif-

ferent size, shape and colour. Repetitive generic substitu-

tions provide minimal cost savings, cause annoyance,

confusion and medication errors. Following a first switch

from innovator to generic, no further substitutions from

one generic to another should be performed. Therefore,

it is best to prescribe a branded generic, that is a generic

drug that has a brand name, in order to specify which

formulation should be dispensed to the patient. Further-

more, pharmacists should not be forced to deliver generic

formulations to patients by payers. The initiative to sub-

stitute to generic should be taken by the prescriber [68].

Conclusions

Mycophenolate-containing drugs have been used in trans-

plantation medicine for almost 20 years now, and they are

very popular. The vast majority of transplant recipients is

using these drugs, not only in the first post-transplant year

but also for long-term maintenance treatment. There is

evidence that mycophenolate offers a better graft survival

compared to azathioprine treatment, but the difference

may be smaller than initially assumed. MMF and EC-MPS

are therapeutically equivalent, and the main difference lies

in their pharmacokinetic profiles. TDM for mycopheno-

late is a heavily debated topic. Some centres do it on a

regular basis, others have never ever measured an MPA

concentration. When TDM is the preferred strategy to

guide mycophenolate therapy, preferential use of MMF

over EC-MPS seems rational. Whether or not MPA expo-

sure is one of the determinants of the development of

DSA and chronic antibody-mediated rejection remains to

be demonstrated. If the mycophenolate dose is not guided

by drug concentrations, then the dose may be adjusted

based on side effects, or based on a (standard) tapering

protocol. For CsA- and Tac-based regimens, the optimal

mycophenolate dose is likely to be different. Also, in the

first few weeks after transplantation, a higher than stan-

dard dose may contribute to efficacy, seemingly without

paying a penalty in terms of increased toxicity. Although

mycophenolate is not a narrow therapeutic index drug,

repetitive generic substitutions must be avoided. There are

no upcoming competitors for mycophenolate within eye-

sight, and it is likely we will be using this drug for many

more years as a first-line immunosuppressive drug in our

transplant population.

Funding

No (external) funding was obtained for the writing of this

review article.

References

1. Matas AJ, Smith JM, Skeans MA, et al. OPTN/SRTR 2012

annual data report: kidney. Am J Transplant 2014; 14

(Suppl 1): 11.

2. Smak Gregoor PJ, de S�evaux RG, Ligtenberg G, et al. With-

drawal of cyclosporine or prednisone six months after kid-

ney transplantation in patients on triple drug therapy: a

randomized, prospective, multicenter study. J Am Soc Neph-

rol 2002; 13: 1365.

3. Roodnat JI, Hilbrands LB, Hen�e RJ, et al. 15-year follow-up

of a multicenter, randomized, calcineurin inhibitor with-

drawal study in kidney transplantation. Transplantation

2014; 98: 47.

512 © 2015 Steunstichting ESOT 28 (2015) 508–515

Mycophenolate revisited van Gelder and Hesselink



4. Bemelman FJ, de Maar EF, Press RR, et al.Minimization of

maintenance immunosuppression early after renal trans-

plantation: an interim analysis. Transplantation 2009; 88:

421.

5. Moore J, Middleton L, Cockwell P, et al. Calcineurin inhibi-

tor sparing with mycophenolate in kidney transplantation: a

systematic review and meta-analysis. Transplantation 2009;

87: 591.

6. European Mycophenolate Mofetil Cooperative Study

Group. Placebo-controlled study of mycophenolate mofetil

combined with cyclosporin and corticosteroids for preven-

tion of acute rejection. Lancet 1995; 345: 1321.

7. Tricontinental Mycophenolate Mofetil Renal Transplanta-

tion Study Group. A blinded, randomized clinical trial of

mycophenolate mofetil for the prevention of acute rejection

in cadaveric renal transplantation. Transplantation 1996; 61:

1029.

8. Sollinger HW. Mycophenolate mofetil for the prevention of

acute rejection in primary cadaveric renal allograft recipi-

ents. U.S. Renal Transplant Mycophenolate Mofetil Study

Group. Transplantation 1995; 60: 225.

9. Shapiro R, Jordan ML, Scantlebury VP, et al. A prospective,

randomized trial of tacrolimus/prednisone versus tacroli-

mus/prednisone/mycophenolate mofetil in renal transplant

recipients. Transplantation 1999; 67: 411.

10. Johnson C, Ahsan N, Gonwa T, et al. Randomized trial of

tacrolimus (Prograf) in combination with azathioprine or

mycophenolate mofetil versus cyclosporine (Neoral) with

mycophenolate mofetil after cadaveric kidney transplanta-

tion. Transplantation 2000; 69: 834.

11. Mathew TH. A blinded, long-term, randomized multicenter

study of mycophenolate mofetil in cadaveric renal trans-

plantation: results at three years. Tricontinental Mycophen-

olate Mofetil Renal Transplantation Study Group.

Transplantation 1998; 65: 1450.

12. US Renal Transplant Mycophenolate Mofetil Study Group.

Mycophenolate mofetil in cadaveric renal transplantation.

Am J Kidney Dis 1999; 34: 296.

13. The Mycophenolate Mofetil Acute Renal Rejection Study

Group. Mycophenolate mofetil for the treatment of a first

acute renal allograft rejection: The Mycophenolate Mofetil

Acute Renal Rejection Study Group. Transplantation 1998;

65: 235.

14. Maripuri S, Kasiske BL. The role of mycophenolate mofetil

in kidney transplantation revisited. Transplant Rev

(Orlando) 2014; 28: 26.

15. Ojo AO, Meier-Kriesche HU, Hanson JA, et al.Mycopheno-

late mofetil reduces late renal allograft loss independent of

acute rejection. Transplantation 2000; 69: 2405.

16. Meier-Kriesche HU, Ojo AO, Leichtman AB, et al. Effect of

mycophenolate mofetil on long-term outcomes in African

american renal transplant recipients. J Am Soc Nephrol 2000;

11: 2366.

17. Remuzzi G, Lesti M, Gotti E, et al. Mycophenolate mofetil

versus azathioprine for prevention of acute rejection in renal

transplantation (MYSS): a randomised trial. Lancet 2004;

364: 503.

18. Remuzzi G, Cravedi P, Costantini M, et al. Mycophenolate

mofetil versus azathioprine for prevention of chronic allo-

graft dysfunction in renal transplantation: the MYSS follow-

up randomized, controlled clinical trial. J Am Soc Nephrol

2007; 18: 1973.

19. Knight SR, Russell NK, Barcena L, Morris PJ. Mycopheno-

late mofetil decreases acute rejection and may improve graft

survival in renal transplant recipients when compared with

azathioprine: a systematic review. Transplantation 2009; 87:

785.

20. Halloran P, Mathew T, Tomlanovich S, Groth C, Hooftman

L, Barker C. Mycophenolate mofetil in renal allograft

recipients: a pooled efficacy analysis of three randomized,

double-blind, clinical studies in prevention of rejection. The

International Mycophenolate Mofetil Renal Transplant

Study Groups. Transplantation 1997; 63: 39.

21. Gilissen LP, Derijks LJ, Bos LP, Bus PJ, Hooymans PM,

Engels LG. Therapeutic drug monitoring in patients with

inflammatory bowel disease and established azathioprine

therapy. Clin Drug Investig 2004; 24: 479.

22. Thervet E, Anglicheau D, Legendre C, Beaune P. Role of

pharmacogenetics of immunosuppressive drugs in organ

transplantation. Ther Drug Monit 2008; 30: 143.

23. Relling MV, Gardner EE, Sandborn WJ, et al. Clinical phar-

macogenetics implementation consortium guidelines for

thiopurine methyltransferase genotype and thiopurine dos-

ing: 2013 update. Clin Pharmacol Ther 2013; 93: 324.

24. Salvadori M, Holzer H, de Mattos A, et al. ERL B301 Study

Groups. Enteric-coated mycophenolate sodium is therapeu-

tically equivalent to mycophenolate mofetil in de novo renal

transplant patients. Am J Transplant 2004; 4: 231.

25. Budde K, Curtis J, Knoll G, et al. ERL B302 Study Group.

Enteric-coated mycophenolate sodium can be safely admin-

istered in maintenance renal transplant patients: results of a

1-year study. Am J Transplant 2004; 4: 237.

26. Budde K, Bauer S, Hambach P, et al. Pharmacokinetic and

pharmacodynamic comparison of enteric-coated mycophen-

olate sodium and mycophenolate mofetil in maintenance

renal transplant patients. Am J Transplant 2007; 7: 888.

27. Reinke P, Budde K, Hugo C, et al. Reduction of gastrointes-

tinal complications in renal graft recipients after conversion

from mycophenolate mofetil to enteric-coated mycopheno-

late sodium. Transplant Proc 2011; 43: 1641.

28. Ortega F, Sanchez-Fructuoso A, Cruzado JM, et al. Gastro-

intestinal quality of life improvement of renal transplant

recipients converted from mycophenolate mofetil to enteric-

coated mycophenolate sodium drugs or agents: mycopheno-

late mofetil and enteric-coated mycophenolate sodium.

Transplantation 2011; 92: 426.

29. Sabbatini M, Capone D, Gallo R, et al. EC-MPS permits

lower gastrointestinal symptom burden despite higher MPA

exposure in patients with severe MMF-related gastrointesti-

nal side-effects. Fundam Clin Pharmacol 2009; 23: 617.

© 2015 Steunstichting ESOT 28 (2015) 508–515 513

van Gelder and Hesselink Mycophenolate revisited



30. Cattaneo D, Cortinovis M, Baldelli S, et al. Pharmacokinet-

ics of mycophenolate sodium and comparison with the

mofetil formulation in stable kidney transplant recipients.

Clin J Am Soc Nephrol 2007; 2: 1147.

31. de Winter BC, van Gelder T, Glander P, et al. Population

pharmacokinetics of mycophenolic acid: a comparison

between enteric-coated mycophenolate sodium and

mycophenolate mofetil in renal transplant recipients. Clin

Pharmacokinet 2008; 47: 827.

32. de Winter BC, van Gelder T, Mathot RA, et al. Limited sam-

pling strategies drawn within 3 hours postdose poorly predict

mycophenolic acid area-under-the-curve after enteric-coated

mycophenolate sodium. Ther Drug Monit 2009; 31: 585.

33. Tett SE, Saint-Marcoux F, Staatz CE, et al.Mycophenolate,

clinical pharmacokinetics, formulations, and methods for

assessing drug exposure. Transplant Rev (Orlando) 2011; 25:

47.

34. Capone D, Tarantino G, Kadilli I, et al. Evalutation of my-

cophenolic acid systemic exposure by limited sampling

strategy in kidney transplant recipients receiving enteric-

coated mycophenolate sodium (EC-MPS) and cyclosporine.

Nephrol Dial Transplant 2011; 26: 3019.

35. Kuypers DR, Le Meur Y, Cantarovich M, et al. Transplanta-

tion Society (TTS) Consensus Group on TDM of MPA.

Consensus report on therapeutic drug monitoring of myco-

phenolic acid in solid organ transplantation. Clin J Am Soc

Nephrol 2010; 5: 341.

36. Shaw LM, Korecka M, Venkataramanan R, et al.Mycophen-

olic acid pharmacodynamics and pharmacokinetics provide

a basis for rational monitoring strategies. Am J Transplant

2003; 3: 534.

37. van Gelder T, Tedesco Silva H, de Fijter JW, et al. Renal

transplant patients at high risk of acute rejection benefit

from adequate exposure to mycophenolic acid. Transplanta-

tion 2010; 89: 595.

38. Daher Abdi Z, Pr�emaud A, Essig M, et al. Exposure to my-

cophenolic acid better predicts immunosuppressive efficacy

than exposure to calcineurin inhibitors in renal transplant

patients. Clin Pharmacol Ther 2014; 96: 508.

39. Le Meur Y, B€uchler M, Thierry A, et al. Individualized

mycophenolate mofetil dosing based on drug exposure

significantly improves patient outcomes after renal trans-

plantation. Am J Transplant 2007; 7: 2496.

40. Le Meur Y, Borrows R, Pescovitz MD, et al. Therapeutic

drug monitoring of mycophenolates in kidney transplanta-

tion: report of The Transplantation Society consensus meet-

ing. Transplant Rev (Orlando) 2011; 25: 58.

41. Byrne R, Yost SE, Kaplan B. Mycophenolate mofetil moni-

toring: is there evidence that it can improve outcomes? Clin

Pharmacol Ther 2011; 90: 204.

42. van Gelder T. Therapeutic drug monitoring for mycophen-

olic acid is value for (little) money. Clin Pharmacol Ther

2011; 90: 203.

43. Hazzan M, Labalette M, Copin MC, et al. Predictive factors

of acute rejection after early cyclosporine withdrawal in

renal transplant recipients who receive mycophenolate mo-

fetil: results from a prospective, randomized trial. J Am Soc

Nephrol 2005; 16: 2509.

44. Roelen DL, Doxiadis II, Claas FH. Detection and clinical rel-

evance of donor specific HLA antibodies: a matter of debate.

Transplant Int 2012; 25: 604.

45. Liefeldt L, Brakemeier S, Glander P, et al. Donor-specific

HLA antibodies in a cohort comparing everolimus with

cyclosporine after kidney transplantation. Am J Transplant

2012; 12: 1192.

46. Bouamar R, Elens L, Shuker N, et al. Mycophenolic acid-

related anemia and leucopenia in renal transplant recipients

are related to genetic polymorphisms in CYP2C8. Trans-

plantation 2012; 93: e39.

47. Lamba V, Sangkuhl K, Sanghavi K, Fish A, Altman RB, Klein

TE. PharmGKB summary: mycophenolic acid pathway.

Pharmacogenet Genom 2014; 24: 73.

48. van Gelder T, van Schaik RH, Hesselink DA. Practicability

of pharmacogenetics in transplantation medicine. Clin Phar-

macol Ther 2014; 95: 262.

49. Pescovitz MD, Guasch A, Gaston R, et al. Equivalent phar-

macokinetics of mycophenolate mofetil in African-American

and Caucasian male and female stable renal allograft recipi-

ents. Am J Transplant 2003; 3: 1581.

50. Li P, Shuker N, Hesselink DA, van Schaik RH, Zhang X,

van Gelder T. Do Asian renal transplant patients need

another mycophenolate mofetil dose compared with Cau-

casian or African American patients? Transplant Int 2014;

27: 994.

51. van Gelder T, Klupp J, Barten MB, Christians U, Morris RE.

Comparison of the effects of tacrolimus and cyclosporine on

the pharmacokinetics of mycophenolic acid. Ther Drug

Monit 2001; 23: 119.

52. Hesselink DA, van Hest RM, Mathot RAA, et al. Cyclospor-

ine interacts with mycophenolate mofetil by inhibiting the

multidrug resistance-associated protein 2. Am J Transplant

2005; 5: 987.

53. Colom H, Lloberas N, Andreu F, et al. Pharmacokinetic

modeling of enterohepatic circulation of mycophenolic

acid in renal transplant recipients. Kidney Int 2014; 85: 1434.

54. van Gelder T, Silva HT, de Fijter JW, et al. Comparing

mycophenolate mofetil regimens for de novo renal trans-

plant recipients: the fixed-dose concentration-controlled

trial. Transplantation 2008; 86: 1043.

55. Kuypers DR, Ekberg H, Griny�o J, et al.Mycophenolic acid

exposure after administration of mycophenolate mofetil in

the presence and absence of cyclosporin in renal transplant

recipients. Clin Pharmacokinet 2009; 48: 329.

56. van Gelder T, Hilbrands LB, Vanrenterghem Y, et al. A ran-

domized double-blind, multicenter plasma concentration

controlled study of the safety and efficacy of oral mycophen-

olate mofetil for the prevention of acute rejection after kid-

ney transplantation. Transplantation 1999; 68: 261.

57. Sommerer C, Glander P, Arns W, et al. Safety and efficacy

of intensified versus standard dosing regimens of

514 © 2015 Steunstichting ESOT 28 (2015) 508–515

Mycophenolate revisited van Gelder and Hesselink



enteric-coated mycophenolate sodium in de novo renal

transplant patients. Transplantation 2011; 91: 779.

58. Glander P, Sommerer C, Arns W, et al. Pharmacokinetics

and pharmacodynamics of intensified versus standard dos-

ing of mycophenolate sodium in renal transplant patients.

Clin J Am Soc Nephrol 2010; 5: 503.

59. Kobayashi M, Saitoh H, Kobayashi M, Tadano K, Takahashi

Y, Hirano T. Cyclosporin A, but not tacrolimus, inhibits the

biliary excretion of mycophenolic acid glucuronide possibly

mediated by multidrug resistance-associated protein 2 in

rats. J Pharmacol Exp Ther 2004; 309: 1029.

60. Vanhove T, Kuypers D, Claes KJ, et al. Reasons for dose

reduction of mycophenolate mofetil during the first year

after renal transplantation and its impact on graft outcome.

Transplant Int 2013; 26: 813.

61. Gourishankar S, Houde I, Keown PA, et al. The CLEAR

study: a 5-day, 3-g loading dose of mycophenolate mofetil

versus standard 2-g dosing in renal transplantation. Clin J

Am Soc Nephrol 2010; 5: 1282.

62. Kiberd BA, Lawen J, Daley C. Limits to intensified myco-

phenolate mofetil dosing in kidney transplantation. Ther

Drug Monit 2012; 34: 736.

63. de Winter BC, Mathot RA, Sombogaard F, Vulto AG, van

Gelder T. Nonlinear relationship between mycophenolate

mofetil dose and mycophenolic acid exposure: implications

for therapeutic drug monitoring. Clin J Am Soc Nephrol

2011; 6: 656.

64. Knoll GA, MacDonald I, Khan A, Van Walraven C. Myco-

phenolate mofetil dose reduction and the risk of acute rejec-

tion after renal transplantation. J Am Soc Nephrol 2003; 14:

2381.

65. Opelz G, D€ohler B. Effect on kidney graft survival of reduc-

ing or discontinuing maintenance immunosuppression after

the first year posttransplant. Transplantation 2008; 86: 371.

66. Bremer S, Mandla R, Vethe NT, et al. Expression of IM-

PDH1 and IMPDH2 after transplantation and initiation of

immunosuppression. Transplantation 2008; 85: 55.

67. van Gelder T, Gabardi S. Methods, strengths, weaknesses,

and limitations of bioequivalence tests with special regard to

immunosuppressive drugs. Transplant Int 2013; 26: 771.

68. van Gelder T. ESOT, advisory committee on generic substi-

tution. European Society for Organ Transplantation Advi-

sory Committee recommendations on generic substitution

of immunosuppressive drugs. Transplant Int 2011; 24: 1135.

© 2015 Steunstichting ESOT 28 (2015) 508–515 515

van Gelder and Hesselink Mycophenolate revisited


