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do not
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The most frequently used immunosuppressive treatment in
kidney transplant recipients is the combination therapy of
a calcineurin inhibitor (CNI) and mycophenolate mofetil,
with or without corticosteroids. Cyclosporine and
tacrolimus are the 2 CNIs registered for this indication.
Also, in the treatment of glomerular diseases, CNIs and
mycophenolate are being used on a worldwide scale, either
alone or as combined treatment. In January 2021, the US
Food and Drug Administration approved voclosporin, a
novel CNI, for the treatment of adult patients with active
lupus nephritis. There is a clinically relevant drug–drug
interaction between cyclosporine and mycophenolate. As a
result of cyclosporine-induced inhibition of the
enterohepatic recirculation of mycophenolate, the
mycophenolic acid area under the curve is significantly
lower (40%) in case of cyclosporine coadministration
compared with cotreatment with either tacrolimus or
voclosporin (or no CNI cotreatment). The aim of this mini
review is to summarize this potential drug–drug interaction
and explain how cyclosporine affects the pharmacokinetics
of mycophenolate. The optimal dose of mycophenolate
mofetil is likely to depend on the CNI with which it is
coadministered. Furthermore, clinical implications are
discussed, including the potential emergence of
mycophenolic acid–related adverse effects after
discontinuation of cyclosporine cotreatment.
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j.kint.2021.06.036

KEYWORDS: calcineurin inhibition; cyclosporine; lupus nephritis; mycophe-

nolic acid; tacrolimus; transplantation; voclosporin

Copyright ª 2021, International Society of Nephrology. Published by

Elsevier Inc. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).
Correspondence: Teun van Gelder, Department of Clinical Pharmacy and
Toxicology, Leiden University Medical Center, Albinusdreef 2, 2333 ZA Leiden,
the Netherlands. E-mail: T.van_Gelder1@lumc.nl

Received 24 March 2021; revised 8 June 2021; accepted 17 June 2021;
published online 17 July 2021

Kidney International (2021) 100, 1185–1189
M ycophenolic acid (MPA) was developed as an
immunosuppressive drug by Anthony Allison and
Elsie Eugui.1 MPA inhibits inosine monophosphate

dehydrogenase, the rate-limiting enzyme in the de novo syn-
thesis of guanosine nucleotides. MPA has a relatively strong
effect on lymphocytes because it is a more potent inhibitor of
the type II isoform of inosine monophosphate dehydroge-
nase. The type II isoform is more expressed in activated
lymphocytes than the type I isoform of inosine mono-
phosphate dehydrogenase, which is expressed in most other
cell types. MPA has poor bioavailability, but this was solved by
addition of the morpholinoethyl ester. The resulting myco-
phenolate mofetil (MMF) proved suitable for pharmaceutical
formulation. Clinical development started after demonstra-
tion of treatment of heart transplant rejection in an experi-
mental model.2 MMF is a prodrug, and the active metabolite
is MPA.

Three phase 3 randomized clinical trials led to the regis-
tration of MMF for the prevention of kidney allograft rejec-
tion in the mid-1990s.3 In all 3 studies, a standard dose of
1000 mg twice a day (bid) MMF was combined with cyclo-
sporine. Within a couple of years, MMF had almost
completely replaced azathioprine as an antiproliferative
immunosuppressive drug for this indication. Also in the mid-
1990s, tacrolimus was introduced as a new calcineurin in-
hibitor (CNI). A meta-analysis of 30 randomized trials
reported that at 1 year post-transplant, tacrolimus-treated
patients had 31% less acute rejection (relative risk, 0.69; 95%
confidence interval, 0.60–0.79), less steroid-resistant rejection
(relative risk, 0.49; 95% confidence interval, 0.37–0.64), and
better graft survival with tacrolimus compared with cyclo-
sporine.4 After the publication of the Efficacy Limiting
Toxicity Elimination (ELITE)–Symphony study, tacrolimus
gradually took over from cyclosporine.5 Two years later, the
Kidney Disease: Improving Global Outcomes (KDIGO)
guideline recommended tacrolimus as the first-choice CNI in
kidney transplant recipients.6 At present, the combined use of
tacrolimus and MMF is the most frequently used mainte-
nance treatment after solid organ transplantation.

In the recent KDIGO clinical practice guideline on
glomerular diseases, CNIs are suggested as treatment options
in children with steroid-resistant nephrotic syndrome, and in
adults with treatment-resistant membranous nephropathy,
minimal change nephropathy, and focal segmental glomer-
ulosclerosis.7 Although tacrolimus is the first-choice CNI in
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Figure 1 | The enterohepatic recirculation of mycophenolic acid
(MPA). Following oral administration, mycophenolate mofetil (MMF)
or enteric-coated mycophenolate sodium (EC-MPS) is absorbed
from the gut. The active metabolite, MPA, is glucuronidated in the
liver, and excreted in bile as mycophenolic acid glucuronide
(MPAG). In the gut, MPAG is deglucuronidated by bowel flora and
MPA is reabsorbed, reflecting the enterohepatic recirculation. The
biliary excretion of MPAG from the hepatocyte into bile is an active
process, and the involved transporter protein (multidrug resistance-
associated protein-2) is inhibited by cyclosporine (CsA). As a result,
the recirculation is interrupted and exposure of MPA in plasma is
reduced.
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organ transplantation, cyclosporine is widely used in the
treatment of several forms of glomerulonephritis. In January
2021, voclosporin was the first CNI to be approved by the US
Food and Drug Administration for treatment of adult patients
with active lupus nephritis. In the phase 2 and phase 3
studies, the addition of voclosporin on top of the standard of
care (MMF and steroids) significantly increased renal
response at 1 year.8,9

A comparison of the efficacy and safety of tacrolimus and
cyclosporine, if combined withMMF, is not just a comparison of
2 CNIs. The exposure to the active metabolite of MMF, MPA,
differs substantially between the 2 regimens. The higher MPA
concentrations associatedwith the use of tacrolimuswill certainly
contribute to the overall success of the combined treatment.

There is a clinically relevant drug–drug interaction be-
tween MMF and the CNIs. With new treatment options
entering the market, this mini review aims to highlight the
existence of this drug–drug interaction, with emphasis on the
underlying molecular mechanism and the clinical
consequences.

Tacrolimus D MMF versus cyclosporine D MMF
In 1997, a study in kidney transplant patients reported that
MPA concentrations differed between tacrolimus and cyclo-
sporine cotreatment.10 Besides higher MPA concentrations in
the tacrolimus-treated patients, significantly lower levels of
the glucuronide metabolite of MPA (MPAG) were also found.
The authors suggested that tacrolimus had an inhibitory effect
on the glucuronidation of MPA. A couple of years thereafter,
it was shown that it was not tacrolimus that increased MPA
exposure, but in fact cyclosporine that caused a decrease in
MPA concentrations.11 Increasing cyclosporine daily doses are
associated with lower MPA concentrations, whereas discon-
tinuation of cyclosporine leads to an increase in MPA trough
concentrations.12,13 In a pharmacokinetic substudy of the
ELITE–Symphony study, the effect of cyclosporine on MPA
concentrations was observed as well.14

The pharmacokinetics of MPA are complex, and involve
enterohepatic recirculation.15 In the liver, MPA is glucur-
onidated to MPAG, which is then excreted into bile. The bile
subsequently reaches the gut, where it is deglucuronidated by
bowel flora and is again reabsorbed as MPA (Figure 1). This
enterohepatic recirculation contributes significantly to overall
MPA exposure. Interruption of the enterohepatic recircula-
tion leads to a decrease in area under the curve (AUC) of
z40%.16 The enterohepatic recirculation leads to a second
peak in the concentration-time profile of MPA at approxi-
mately 8 to 12 hours after the administration of MMF.17 In
this review, the focus is on the impact of cyclosporine on the
pharmacokinetics of MPA. An external bile drain (not un-
usual after liver transplantation) or broad-spectrum antibi-
otics (eliminating the glucuronidase activity on the gut flora)
can also interrupt the enterohepatic recirculation and lead to
a decrease in MPA concentrations.18

The biliary excretion of MPAG into bile is an active pro-
cess, in which the transporter protein multidrug resistance-
1186
associated protein (mrp)–2 (currently also known as
ABCC2) is involved.19 In the past, this protein was also
referred to as canalicular multispecific organic anion trans-
porter. This name refers to its role in the biliary excretion of
glutathione conjugates, glucuronides, and other organic an-
ions. The mrp-2 transporter protein, present in the hep-
atobiliary membrane, is responsible for the excretion of
MPAG into bile. The mrp-2 transporter protein is inhibited
by cyclosporine, resulting in interruption of the recircula-
tion.20,21 Evidence that this is the mechanism by which
cyclosporine causes its effect comes from an experimental
study performed in rats deficient for this transporter pro-
tein.22 Clinical evidence, among others, comes from a pop-
ulation pharmacokinetic model published in this journal in
2014, which showed how increasing cyclosporine trough
concentrations gradually cause more and more inhibition of
the enterohepatic recirculation of MPA.23

The elevated MPAG concentrations in patients cotreated
with cyclosporine may be due to accumulation of MPAG in
the liver, where it is formed in the hepatocytes, but not
excreted into bile. However, the mrp-2 protein is not only
present in the canalicular membrane of hepatocytes but also
in the luminal membrane of proximal renal tubular cells.24

Inhibition of the renal mrp-2 may also play a role in the
accumulation of MPAG in plasma, due to reduced renal
clearance.25 As MPAG is an inactive metabolite, such high
MPAG concentrations do not result in additional toxicity.

Voclosporin
Voclosporin is a novel CNI, structurally similar to cyclo-
sporine except for a modification of a functional group on
amino acid 1 of the molecule. This modification has changed
Kidney International (2021) 100, 1185–1189
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the binding of voclosporin to calcineurin and has been shown
both in vitro and in vivo to increase the potency by 2-fold to
5-fold compared with cyclosporine.26 In January 2021, the US
Food and Drug Administration approved voclosporin, in
combination with a background immunosuppressive therapy
regimen consisting of steroids and MMF, for treatment of
lupus nephritis. In view of the frequent coadministration of
voclosporin and MMF in the lupus nephritis patient popu-
lation, a formal drug–drug interaction study was performed.
This study showed that adding voclosporin to MMF does not
change MPA AUC (40.8 vs. 39.1 mg*h/L).27 More evidence for
lack of a drug–drug interaction between voclosporin and
MMF comes from a phase 2 study in renal transplantation,
where MPA exposure was found to be similar in voclosporin-
and tacrolimus-treated patients.28 Apparently, with the
registered voclosporin, 23.7 mg bid, dose found to be effective
in the treatment of lupus nephritis, no clinically relevant in-
hibition of the enterohepatic recirculation of MPA is
observed.

Does the same interaction exist for enteric-coated
mycophenolate sodium?
Enteric-coated mycophenolate sodium (EC-MPS) and MMF
are both prodrugs, producing the same active drug moiety,
MPA.29 An equivalent dose of MMF and EC-MPS (1000 and
720 mg bid, respectively) provides a similar MPA AUC. The
delayed release coating of EC-MPS will result in more variable
trough concentrations and more variable time to the
maximum plasma concentration.30 Also, for EC-MPS, there is
an enterohepatic recirculation of MPA, and thus the same
drug–drug interaction with cyclosporine can be expected.
There are several studies that confirm this mechanism.31–33

More recently, in a population pharmacokinetic study in
Chinese kidney transplant patients treated with EC-MPS, it
was shown that MPA AUC was significantly lower in patients
cotreated with cyclosporine compared with tacrolimus (52.7
� 25.1 and 86.6 � 44.3 mg*h/L; P < .001).34 The correlation
between the MPA predose concentrations and the AUC is
poor in patients treated with MMF, and even worse in those
on EC-MPS treatment.30

Clinical implications of the drug–drug interaction
In kidney transplant recipients, it has been shown that the
risk of acute rejection is higher if MPA AUC is below the
therapeutic range of 30 to 60 mg*h/L.35,36 The evidence for
this therapeutic window is stronger for the combined treat-
ment of MMF and cyclosporine, but this same range of MPA
exposure is used also for MMF-tacrolimus treatment.
Although MMF was introduced as a “one-size-fits-all” drug,
the 40% difference in MPA AUC between cyclosporine- and
non–cyclosporine-based regimens suggests that the 1000 mg
bid dose may not be the best dose for all patients.37 With the
1000 mg bid dose, MPA AUC in kidney transplant patients
cotreated with cyclosporine is more often below the thera-
peutic window compared with patients with tacrolimus or
sirolimus.38–40 Le Meur et al. showed that, in cyclosporine-
Kidney International (2021) 100, 1185–1189
treated patients, temporary dose increases up to 2000 mg
bid are necessary to reach the target MPA AUC, and that this
results in a lower incidence of rejection.41 A German group
recommended “intensified dosing” during the first 6 weeks
after transplantation.42 Compared with standard EC-MPS
dosing (1440 mg/d) with an intensified dosing group (days
0–14, 2880 mg/d; days 15–42, 2160 mg/d), more patients
reached an MPA AUC of >40 mg*h/L in the first week. MMF
has conventionally been administered at a fixed dose without
routinely monitoring MPA blood levels, and intensified
dosing of MMF or EC-MPS is not recommended in treatment
guidelines.6 To reach similar MPA exposure in longer-term
maintenance treatment, the MMF/EC-MPS dose will be
lower in non–cyclosporine-based compared with
cyclosporine-based treatment regimens. For patients cotrea-
ted with tacrolimus or voclosporin, a starting dose of 1000 mg
MMF bid seems to be the best choice, with dose reductions
after the first 2 to 4 weeks based on either therapeutic drug
monitoring or tolerability.43

Another important clinical implication of the interaction is
that, after discontinuation of cyclosporine, the MPA con-
centrations will increase and can cause MPA-related adverse
effects, such as leukopenia, although the MMF dose was not
changed. This has been observed in patients with a “creeping
creatinine” in whom, due to deteriorating renal function, it
was decided to discontinue cyclosporine treatment.44 In pa-
tients in whom the MMF dose has been stable for years, the
emergence of adverse effects may then not always be linked to
MMF, especially if MPA drug concentrations are not
monitored.

Conclusions
In the treatment of organ transplant recipients and of patients
with lupus nephritis, combination therapy with a CNI and
MMF/EC-MPS is daily practice. In contrast to tacrolimus and
voclosporin, there is a significant decrease in the MPA AUC
when cyclosporine and MMF/EC-MPS are combined.
Cyclosporine-mediated inhibition of the enterohepatic recir-
culation of MPA is the mechanism behind this drug–drug
interaction. Therefore, to reach similar MPA exposure, the
dose of MMF/EC-MPS will need to be higher if combined
with cyclosporine. Furthermore, discontinuation of cyclo-
sporine, or switching from cyclosporine to another CNI, may
cause MPA-related adverse effects, despite an unchanged
MMF/EC-MPS dose.
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