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REVIEW ARTICLE
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Abstract: When mycophenolic acid (MPA) was originally mar-
keted for immunosuppressive therapy, fixed doses were recommen-
ded by the manufacturer. Awareness of the potential for a more
personalized dosing has led to development of methods to estimate
MPA area under the curve based on the measurement of drug

concentrations in only a few samples. This approach is feasible in the
clinical routine and has proven successful in terms of correlation
with outcome. However, the search for superior correlates has
continued, and numerous studies in search of biomarkers that could
better predict the perfect dosage for the individual patient have been
published. As it was considered timely for an updated and
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comprehensive presentation of consensus on the status for person-
alized treatment with MPA, this report was prepared following an
initiative from members of the International Association of
Therapeutic Drug Monitoring and Clinical Toxicology
(IATDMCT). Topics included are the criteria for analytics, methods
to estimate exposure including pharmacometrics, the potential
influence of pharmacogenetics, development of biomarkers, and
the practical aspects of implementation of target concentration
intervention. For selected topics with sufficient evidence, such as
the application of limited sampling strategies for MPA area under the
curve, graded recommendations on target ranges are presented. To
provide a comprehensive review, this report also includes updates on
the status of potential biomarkers including those which may be
promising but with a low level of evidence. In view of the fact that
there are very few new immunosuppressive drugs under develop-
ment for the transplant field, it is likely that MPA will continue to be
prescribed on a large scale in the upcoming years. Discontinuation of
therapy due to adverse effects is relatively common, increasing the
risk for late rejections, which may contribute to graft loss. Therefore,
the continued search for innovative methods to better personalize
MPA dosage is warranted.

Key Words: mycophenolate mofetil, mycophenolic acid, limited
sampling strategy, Bayesian estimation, personalized, biomarkers,
pharmacokinetics, population PK, pharmacogenetics

(Ther Drug Monit 2021;43:150–200)

INTRODUCTION
Mycophenolic acid (MPA), administered as mycophe-

nolate mofetil (MMF) or enteric-coated mycophenolate
sodium (EC-MPS), has found its place in combination with
tacrolimus as the immunosuppressive drug regimen of first
choice for organ transplant recipients.1 When MMF was
approved more than 20 years ago, fixed doses were recom-
mended by the manufacturer. In the following years, there
was an increasing awareness of the potential for a more per-
sonalized dosing of this drug in all solid organ and stem cell
transplantations and even in other indications where MPA has
been increasingly used, off-label indications included.2–4

From a therapeutic drug monitoring (TDM) perspective, the
measurement of drug concentrations in plasma or serum is the
most obvious method, and this is now the standard practice at
many transplant centers.5,6 The pharmacokinetics (PK) of
MPA is complicated because of nonlinear absorption kinetics,
enterohepatic circulation, plasma protein binding, and other
factors7 discussed in a following section. This may explain
why measurements at single time points have not proven
sufficiently informative in prediction of patient outcomes.
Therefore, the use of limited sampling strategies (LSSs) has
been introduced to estimate MPA area under the curve
(AUC), which has proven more successful in terms of corre-
lation with outcome and identification of therapeutic
ranges.8,9 However, the search for superior correlates has
continued, and numerous studies in search of biomarkers that
could better predict the perfect dosage for the individual
patient have been published.

One may question whether these continued investiga-
tions are important, considering the relatively low incidence
of graft rejection under the immunosuppressive regimens that

are currently applied, especially in low immunological risk
patients. First of all, any reduction in rejections is beneficial.
With respect to MPA, the explanation for this has 2 aspects.
First, the frequency of adverse effects is a problem and will
quite often lead to discontinuation of MPA treatment, as
illustrated by one study which showed that by the end of the
first-year posttransplant half the patients had MPA (MMF)
dose reduced or discontinued, mainly because of hematolog-
ical and other adverse events.10 If this could be prevented by a
more personalized treatment, maybe more patients could be
continued on an appropriate MPA dosage. Second, the occur-
rence of late rejections is still a problem, and a proportion of
these will be antibody mediated and possibly driven by the
development of donor-specific antibodies (DSA) in the recip-
ient. There are indications that MPA may be a drug that,
through its mechanism of action, can provide some protection
against the development of DSA, or at least that such rejec-
tions are associated with low MPA exposure.11–13 If so, this
would also argue for individual dosing of MPA—keeping in
mind that the immunosuppressive treatment will be lifelong.

During the last decade, several reviews have addressed
personalized immunosuppression, especially for MPA in
which a broad scope of topics have been discussed, such as
criteria for analytics, methods to estimate exposure (including
pharmacometrics), the potential influence of pharmacoge-
netics (PG), development of biomarkers, and the practical
aspects of implementation of target concentration interven-
tion.6,9,14–16

This article has been prepared following an initiative
from the Immunosuppressive Drugs Scientific Committee of
the International Association of TDM and Clinical
Toxicology (IATDMCT) because it was considered time for
an updated and comprehensive presentation of consensus on
the status of personalized treatment with MPA. The various
sections of the article were drafted by members of the
Immunosuppressive Drugs Scientific Committee with exper-
tise in each topic supported by invited experts from outside
the IATDMCT, combining the expertise within the group
with updated nonsystematic literature research. In the follow-
ing process, the drafts were then reviewed and finalized by all
coauthors to ensure consensus. For selected topics, we have
included recommendations and applied grading of evidence
using criteria as described in Table 1. This article is intended
to provide a comprehensive review. Therefore, it includes
several biomarkers for which there may not be sufficient evi-
dence to conclude on their usefulness or relevance, but by
including these in this article, it will hopefully be useful both
as inspiration and support for the implementation of person-
alized MPA therapy and to suggest directions for further
research.

MYCOPHENOLATE PHARMACOLOGY

Discovery of MPA
MPA was discovered in 1893 by an Italian physician,

Bartolomeo Gosio, as a fermentation product of Penicillium
species.17 Initially, MPA was developed as an antibacterial
agent, but because of its adverse effects on immune cells, it
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was abandoned. In 1969, it was found that MPA limits the de
novo guanosine nucleotide synthesis by inhibiting inosine-5-
monophosphate dehydrogenase (IMPDH).18 MPA seemed to
be a 5-fold more potent inhibitor of the type II isoform of
IMPDH, which is expressed in activated T and
B lymphocytes, than that of the housekeeping type I isoform,
which is expressed in most cell types.19 This “more or less”
selective inhibition of lymphocytes made MPA an attractive
candidate as an immunosuppressive drug. Anthony Allison, at
Syntex, with his wife Elsie Eugui later developed MPA as an
immunosuppressive drug.19 The poor bioavailability of MPA
was improved by the synthesis of MMF, a morpholinoethyl
ester prodrug.20 In 1990, Randall E Morris and colleagues
published the results of an experimental study performed in
collaboration with Allison and Eugui on treatment of heart
transplant rejection.21 This was the starting point of several
clinical trials that led to the registration of MMF for the pre-
vention of rejection in kidney transplantation in the mid-
1990s.

Mechanism of Action
The mechanism of action of MPA was elucidated by

Allison and Eugui22 and has been described in detail in sev-
eral publications.23–27

The key effect responsible for the immunosuppressive
action of MPA is a potent, noncompetitive, and reversible
inhibition of the enzyme IMPDH. This enzyme catalyzes the
conversion of IMP to xanthosine-50-monophosphate (XMP)

in the presence of the cofactor nicotinamide adenine dinucle-
otide (NAD+), and this is the rate-limiting step in the de novo
purine synthesis pathway. This results in the depletion of the
intracellular pool of guanosine and deoxyguanosine, imbal-
ance between precursors of mRNA, rRNA, and tRNA,
nuclear stress, arrest in cell cycle progression at the G0/G1
phase of their cell cycle and thus preventing cell prolifera-
tion24,27 T and B lymphocytes, as well as fibroblasts, are
primarily affected because they are strongly dependent on
the de novo pathway of purine synthesis in contrast to most
other cells that can sustain their purine nucleotide pool
through the salvage pathway.

Furthermore, MPA downregulates CD40L [cluster of
differentiation (CD); 40; ligand (L)] signaling, a costimulator
of antigen-presenting cells in diverse systemic autoimmune
diseases. In addition to this major immunosuppressive
mechanism of MPA, some further mechanisms may be
responsible for additional favorable therapeutic effects.
Examples of such mechanisms are alteration of lymphocyte
and monocyte recruitment, adhesion, and penetration; apo-
ptosis of activated human T lymphocytes and to lesser degree
monocytes; attenuation of cytokine production; antiprolifer-
ative effect of MPA on monocytes, fibroblasts, endothelial
cells, mesangial cells, and smooth muscle cells; inhibition of
mesangial matrix expansion; and alterations in cytoskeletal
organization.22,23 Some of these effects, including reduced
expression of important lymphocyte cell surface antigens,
may be independent from guanosine depletion.28,29

Experimental data suggested that a minor MPA metab-
olite, acyl-glucuronide MPA (AcMPAG see below), pos-
sessed pharmacological and toxicological activity.30 These
observations led to the speculation that the reported activity
might contribute to clinical adverse effects. Experience with
this metabolite from clinical studies is limited and somewhat
controversial. Unfortunately, ex vivo investigation on
AcMPAG effects is complicated because of its limited stabil-
ity in blood samples.31 Importantly, local concentrations in
gut rather than plasma concentrations are more likely to
account for gastrointestinal toxicity.32 Therefore, the current
evidence available does not justify the measurement of
AcMPAG concentration in routine practice.

Indications

Solid Organ Transplantation
Mycophenolate is marketed under 2 formulations:

MMF (CellCept; Roche, Basel, Switzerland) and EC-MPS
(Myfortic; Novartis, Basel, Switzerland). MMF and EC-MPS
exhibit slight label differences between countries. MMF is
indicated together with calcineurin inhibitors (CNIs) with or
without glucocorticoids to prevent organ rejection in patients
receiving allogeneic renal, cardiac, and liver grafts in adult
recipients. In Japan and Australia, the therapeutic indication
also covers lung and pancreas rejection prophylaxis. In the
pediatric population, MMF is approved for renal
transplantation.

The EC-MPS formulation is generally approved for
adult renal transplantation. In Canada, it is also approved for
adult liver transplant recipients (LTR). However, its safety

TABLE 1. Grading of Recommendations and Level of
Evidence568,569

Category, Grade Definition

Strength of recommendation

A Good evidence to support a
recommendation for specific target
concentrations or biomarker (BM)

monitoring

B Moderate evidence to support a
recommendation for specific target
concentrations or BM monitoring

C1 Regardless of poor evidence,
recommendation for specific target
concentrations or BM monitoring

C2 Poor evidence to support a
recommendation for specific target
concentrations or BM monitoring

Quality of evidence

I Evidence from $1 properly
randomized, controlled multicentre

clinical trial using validated
methodology

II Evidence from $1 well-designed
cohort or case-controlled non-

randomized clinical trial, multiple
time series, and standardized meth-

odologies

III Evidence from opinions of respected
authorities, based on clinical

experience, descriptive studies, or
reports from expert committees
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and efficacy have not been established in the pediatric
population yet. In the United States, the use in renal transplant
children is approved for those who are 5 years or older from 6
months posttransplant. Absorption kinetics are different for
EC-MPS compared with those for MMF, and important
aspects are discussed in the PK section below.

Off-Label Indications
MPA has several off-label uses in autoimmune diseases

such as systemic lupus erythematosus (SLE), lupus nephritis
(LN), vasculitis, immunoglobulin (Ig) A nephritis, and
others.33 This is related to (1) its antiproliferative and antiin-
flammatory capacity, and as a modulator of fibrosis34–39; (2)
its role in rescue for patients in whom corticosteroid therapy
has failed,40–44 allowing corticosteroid dose reduction45; and
(3) its ability to replace azathioprine when azathioprine results
in serious adverse events. The potential for improving therapy
by personalization of MPA treatment on these indications is
discussed in the section on PK monitoring.

Special Populations

Pregnancy
MPA bears a high miscarriage risk and is responsible

for congenital malformations of various degrees (orofacial,
limb, renal, cardiovascular, and nervous system and fingers)
during the first months of pregnancy.46,47 Teratogenicity is
not related to the MMF dose.48 For these reasons, MPA
should be interrupted at least 6 weeks before conception,
and fertility preservation should be discussed before starting
the treatment.46,49–52

Male Fertility Preservation
Although the drug label recommends that sexually

active men treated with MPA should use reliable contracep-
tion, the clinical data do not provide evidence for an increased
risk of adverse birth outcomes in children fathered by male
transplant patients.53 It is questionable whether it is wise to
switch a stable male transplant patient, wishing to conceive,
from MPA to an alternative immunosuppressive drug because
this may increase the probability of rejection. It is therefore
recommended that patients be informed about the scarcity of
evidence for the current warning of potential adverse effects
of MMF in men and on the risk of acute rejection in case
MMF is discontinued.46,54

Contraindications
Reactions such as IgE-mediated allergy to MMF are not

common, and if there is reasonable doubt, one would shift to
azathioprine or a mammalian target of rapamycin (mTOR)
inhibitor. There is also a single case report where a
desensitization protocol was applied.55

Pharmacokinetics
MPA displays nonlinear absorption kinetics, with

complex and large intrapharmacokinetic and interpharmaco-
kinetic variability, partly attributed to enterohepatic circula-
tion, plasma protein binding changes, graft function, genetics,
and drug–drug interactions (DDIs).7 The drug is primarily

within the plasma compartment of the blood, with 97%–
99% of MPA bound to albumin.

The metabolism of MPA (Fig. 1) is extensive and
mostly occurs in the liver, intestine, and kidney through the
uridine 50-diphospho-glucuronosyltransferase (UGT) system.
MPA is glucuronidated by several UGTs into the pharmaco-
logically inactive MPA 7-O-glucuronide (MPAG) and the
pharmacologically active AcMPAG.56 Most MPAG
undergoes active transport from the hepatocytes into the cir-
culation; among the suggested transporters involved are mul-
tidrug resistance-associated protein-3 (MRP3) and multidrug
resistance-associated protein-4 (MRP4).57,58 More than 85%
of the metabolites and less than 1% MPA are excreted in the
urine.59 A study in 2019 demonstrated a lower abundance and
activity of UGT enzymes in neonatal liver microsomes com-
pared with those in adults.60 Another study supported the
previous study showing a lower level of UGT1A9 and
UGT2B7 in infancy increasing to adulthood. In the same
study, numerically lower UGT activities were seen in samples
from donors older than 65 years, but as only 5 were included
these results were statistically inconclusive.61

MPAG is excreted from the hepatocyte into the bile by
multidrug resistance-associated protein 2 [MRP2, adenosine
triphosphate (ATP)-binding cassette subfamily C member 2
(ABCC2)], encoded by the ABCC2 gene.62 Glucuronidases in
the intestinal flora can convert this metabolite back to MPA,
which is subsequently reabsorbed. With MMF, this occasionally
results in a second plasma peak of MPA 6–12 hours after oral
administration,63,64 which may contribute 30%–40% of the
AUC for MPA. However, the observation of the second peak
could also be due to a biphasic absorption.65 Because MPA is a
weak acid, absorption is maximized when pH is low. Because
pH variations along the GI tract are described, greater MPA
absorption would occur where the pH is lower, as opposed to
areas where the pH is higher, and this can account for 2 absorp-
tion peaks. With EC-MPS, the absorption is more variable and it
is difficult to distinguish between late absorption maximum and
a secondary peak due to enterohepatic circulation.66

The mean elimination half-life of MPA is 8–16 hours,
and final elimination is by active tubular secretion of MPAG
in urine. Severe renal impairment has been shown to decrease
the binding of MPA to albumin. This can be explained not
only by the uremic state itself but also by the reduced elim-
ination of MPAG that then increasingly competes with MPA
for albumin binding.67 This will increase the clearance of
MPA and reduce its total concentration while the free con-
centration will remain the same (free fraction will increase).68

A sufficiently reduced serum albumin will have the same
effect. It has been reported that in the early posttransplant
period, in patients with delayed graft function or renal impair-
ment, total MPA exposure was lower.69–71

MMF and EC-MPS provide comparable distribution,
metabolism, and excretion of MPA. They both exhibit high
oral bioavailability, approximately 80%–90%. MPA expo-
sure, based on the AUC, was not significantly lower in elderly
than in younger patients receiving the same MMF dose.72

After oral administration, MMF can hardly be detected
at any time in plasma because it is rapidly de-esterified in the
stomach to produce MPA and the inactive mofetil (N-[2-
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hydroxyethyl]-morpholine). Absorption takes place partly in
the stomach with the remainder in the proximal small
intestine. The MPA time–concentration profile after admin-
istration of MMF is consistent with rapid absorption of MPA
in the early GI tract resulting in MPA reaching a maximum at
a time (tmax) of approximately 0.5–1 hour.73 Whereas dis-
solution studies with EC-MPS have shown that because of the
enteric coating MPA is maximally released at pH 6.0–6.8,
therefore, the drug is being released in the small intestine
instead of in the stomach resulting in unpredictable and
highly variable tmax in the range of 1.5–6 hours after
administration.66,74 The maximum concentration (Cmax) was
approximately 10%–18% lower during EC-MPS therapy than
that during MMF.

The potential variability in PK of MPA with age has
only been addressed in a small number of studies. In the study
by Tang et al,72 it was concluded that there were specifically
age-related changes for MPA that would influence weight-
adjusted dosage, neither in the young nor in the elderly. A
review of PK studies in the elderly concluded similarly,
although some deviations between results were discussed.75

Effect of Comorbidities on MPA PK
Under physiologic conditions, the absorption of MPA

from MMF and EC-MPS is nearly complete. Gastrointestinal

disturbances may however lead to significantly reduced
bioavailability as demonstrated in patients undergoing allo-
geneic hematopoietic stem cell transplantation with a non-
myeloablative preparative regimen.76 Other factors that may
explain the low MPA concentrations observed in patients
after hematopoietic stem cell transplantation are the coadmin-
istration of cyclosporine (impacting on the enterohepatic re-
circulation of MPA) and low albumin concentrations (leading
to high clearance).

The bioavailability of MPA may also be reduced as a
result of changes in the gut microbiota, as demonstrated in a
small study where selective bowel decontamination reduced
the enterohepatic circulation and hence the bioavailability.77

In a study of stable renal transplant recipients, it was shown
that delayed gastric emptying was associated with a slower
absorption of MPA, a longer time to reach peak concentra-
tions, and lower maximum concentrations, but without a sig-
nificant reduction of the AUC.78 Similar results have been
shown for MMF and EC-MPS in patients with diabetes.79,80

How inflammation affects the PK of MPA is unclear,
but changes in the expression of UGT in both liver and
kidney can be anticipated.

Reduced renal function, whether in native kidneys or a
transplanted graft, can affect the MPA PK through several
mechanisms as described above, leading to reduced

FIGURE 1. Metabolic pathways of
MPA.
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elimination and higher exposure.67–71,81 A limited dosage
(MMF 1 g daily) is only recommended for patients with
chronic renal impairment, GFR ,25 mL/min/1.73 m2.82

The effects of variable renal graft function also contribute
to explain changes in MPA exposure posttransplant that can
be monitored using AUC measurements to guide dosing.
There is, however, no general recommendation for dose
adjustments in relation to rejection episodes in kidney trans-
plant recipients (KTR).82 In patients with delayed graft func-
tion early after kidney transplantation, lower dose-corrected
MPA AUCs have been observed, presumably because of
enhanced MPA clearance on account of the elevated MPA-
free fraction83 and in overweight patients also because of
higher clearance.81

Hypoalbuminemia, probably also high bilirubin, will
increase the free fraction of MPA, resulting in reduced
exposure because of faster clearance as demonstrated in
LTR.84,85

Dosage
The recommended standard oral daily dose for adults is

2 g in KTR, whereas for heart and liver transplants, the oral
starting dose is 3 g divided in 2 daily doses.82 For the EC-
MPS formulation, 720 mg is equivalent to MMF 1 g.

The currently recommended dose in pediatric KTR with
concomitant cyclosporine A is 1200 mg/m2 body surface area
per day in 2 divided doses; the recommended MMF dose with
concomitant tacrolimus or without a concurrent CNI is 900
mg/m2 per day in 2 divided doses. Data from the Fixed Dose
versus Concentration Controlled (FDCC) study suggest that
fixed MMF dosing results in MPA underexposure, MPA
AUC0–12 , 30 mg$h/L early posttransplant in approximately
60% of patients.86 To achieve adequate MPA exposure in
most patients, an initial MMF dose of 1800 mg/m2 per day
with concomitant cyclosporine A and 1200 mg/m2 per day
with concomitant tacrolimus for the first 2–4 weeks posttrans-
plant has been suggested.87

Drug–Drug and Food–Drug Interactions
DDIs can occur at several paths of MPA PK.

Combination with other drugs or food may lead to PK
changes in MPA and metabolites, MPAG, and AcMPAG that
may in turn alter the overall exposure to MPA. DDIs can
result from decreased absorption from the gut, changes in
drug distribution and metabolism, alterations in biliary
excretion of MPAG, or reduced hydrolysis of glucuronides
in the intestine.88

Interactions at the Absorption Phase
Proton Pump Inhibitors

Absorption of MPA depends on intragastric pH, with
better dissolution of solid dosage form occurring at low pH.
Therefore, coadministration of proton pump inhibitors (PPIs)
may lead to lower bioavailability, more so for MMF than EC-
MPS. Miura et al89 reported a lower MPA AUC when MMF
was coadministered with 30 mg lansoprazole compared with
10 mg rabeprazole or without PPIs. Kiberd, however, did not
find PPI-induced differences in MPA AUC in MMF-treated

KTR.90 A study in healthy volunteers, specifically designed
to evaluate the effects of PPIs on MPA PK, showed a 27%
drop in MPA AUC if MMF was combined with pantoprazole
40 mg bid, whereas no effect was detected on the PK of EC-
MPS.91 These results were confirmed in a study with ome-
prazole 20 mg bid.92 In heart transplant patients, similar find-
ings were obtained.93–95 Inadequate dissolution of MMF in
the stomach at elevated pH is the presumed mechanism of this
DDI. The lower MPA exposure may put patients at risk of
rejection, and in a retrospective study, PPI use was associated
with an increased risk for biopsy-proven acute rejection
(BPAR) in Black patients, but not in other patients.96

Rissling et al described some effects (eg, on Cmax and tmax)
of pantoprazole on EC-MPS and MMF PK in a prospective
randomized cross-over trial in renal allograft recipients. These
effects, however, were probably not clinically meaningful as
MPA AUC and MPAG and IMPDH activity were not
affected by the interaction with pantoprazole.97

In addition to interaction with MPA absorption, PPIs
are substrates for ABCB1 [P-glycoprotein (P-gp)] and inhibit
ABCB1-mediated transport, which may lead to a decrease in
MPA Cmax and AUC.98,99

Antacids containing aluminum hydroxide or magne-
sium hydroxide significantly reduce MPA absorption because
of its chelation by the antacid. The interaction is visible in
both the initial and secondary absorption peaks.100 Antacids
administered in the fasting state can decrease the AUC of
MPA by 17% and the Cmax by 33%–38%, in comparison
with the nonfasting state. In addition, the AUC of MPAG was
reduced by 10% and the Cmax by 26%.100 Still, the authors
concluded that the changes in MPA with food and antacid are
small in comparison with the interpatient variability and are
not likely to have clinically major effects.

Phosphate Chelators
One study demonstrated that phosphate-binding agents

(eg, sevelamer) can interfere with the absorption of MPA by
decreasing MPA Cmax and AUC0–12h by 36% and 26%,
respectively, in adult and pediatric patients. The authors sug-
gested that sevelamer should be given 2 hours after the intake
of MMF, alternatively that the MPA levels could be measured
and the dose of MMF could be adjusted to compensate for its
reduced intake. TDM is recommended when starting or stop-
ping sevelamer.101

Laxatives and Iron Supplements
The concomitant use of MMF and the laxative calcium

polycarbophil leads to a decrease in MPA absorption and a
reduced AUC and Cmax by more than 50%.102

Iron supplements, commonly prescribed to transplant
patients to alleviate iron deficient anemia,103 can reduce the
AUC and Cmax of MPA by 90%.104

Interactions at the Metabolism and Transport
Phases Including Enterohepatic Circulation

Immunosuppressant drugs, such as cyclosporine A, can
cause DDIs when taken in combination with MMF, for both
the immediate-release and enteric-coated formulations. In
1997, an article was published that reported higher MPA
concentrations in patients treated with tacrolimus, compared
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with controls treated with cyclosporine A.105 Two years later,
the Rotterdam transplant group also showed lower MPA con-
centrations in cyclosporine A-treated patients and suggested
that it was not tacrolimus that increased MPA exposure but
rather cyclosporine A that reduced MPA concentrations.106

An experimental study in rats convincingly showed that the
cyclosporine A-treated animals had lower MPA concentra-
tions, higher MPAG concentrations, and no second peak in
the PK profile.107 A subsequent study in rats deficient for the
transport protein MRP2 confirmed that the effect of cyclo-
sporine A is most likely caused by inhibition of biliary excre-
tion of MPAG into bile, interrupting of the enterohepatic
circulation.62 Clinical observations in KTR in whom cyclo-
sporine A was discontinued confirmed a significant rise in
MPA concentrations.108 In pediatric patients, it was shown
that cyclosporine A alters MPA reabsorption through enter-
ohepatic recycling, resulting in an overall decrease in the
AUC and Cmax and in increased tmax.109,110 Tacrolimus in
combination with MMF led to an increase in the tacrolimus
AUC by 22%; on the contrary, the MPA PK parameters and
exposure were not affected by tacrolimus.111 Similarly,
mTOR inhibitors do not have the same effect as cyclosporine
A on MPA exposure.112,113

Glucocorticoid drugs are commonly administered with
MPA. However, the impacts of glucocorticoid DDIs with
MPA have not been clearly elucidated. Glucocorticoids are
known to induce the hepatic UGT activity and to decrease the
bioavailability of MPA. In transplant recipients, discontinu-
ation of glucocorticoids leads to a modest increase in MPA
concentrations.114

NSAIDs
Studies have demonstrated that nonsteroidal anti-

inflammatory drugs (NSAIDs) may have an inhibitor effect
on the glucuronidation of MPA.115 A study in patients with
childhood-onset SLE on MPA therapy suggested that
NSAIDs inhibit the MRP2-mediated MPAG transport: the
MPA pharmacokinetic curve in 11 of the 19 patients who
received NSAIDs showed no signs of enterohepatic circula-
tion in the later part of their PK profiles, typically after 6
hours, contrary to the patients not treated with NSAIDs.116

Broad-spectrum antibiotics may affect the intestinal
glucuronidase activity, thus interrupting the enterohepatic
circulation, but at another level than the biliary excretion of
MPAG. Evidence for this DDI comes from a study in 6 LTR
in whom lower MPA concentrations were found while on a
selective bowel decontamination regimen (nystatin, tobramy-
cin, and cefuroxime).77 The median trough concentration of
MPA was decreased by 50% when ciprofloxacin or amoxi-
cillin plus clavulanic acid was administered with MPA.88

Combination therapy of norfloxacin and metronidazole with
MMF decreased the MPA AUC by 33%; however, the AUC
was not affected when MMF was administered separately
from norfloxacin and metronidazole.88

Rifampin was shown in one study to reduce the MPA
AUC by 17.5%, the C0 by 48.8%, and to increase MPAG
AUC by 34.4%. The authors suggest that their results could
be explained by the induction of UGTs and possibly the
competitive inhibition of the MRP2 transporter.117 Similar

effects of rifampicin were described in a case report of a heart
and double lung transplant recipient.118

Antifungal medications, such as isavuconazole,
decrease MPA glucuronidation and thereby increase the
exposure to MPA by 35% and reduce Cmax by 11%.119 By
contrast, the AUC and Cmax of MPAG decreased by 24%
and 32%, respectively.119

Proton Pump Inhibitors
In addition to interaction with MPA absorption, PPIs

are substrates for ABCB1 and inhibit ABCB1-mediated
transport, which may lead to a decrease in MPA Cmax and
AUC.98,99

Cholestyramine can inhibit enterohepatic circulation of
MPA and decrease its AUC. At an oral dose of 4 g tid,
cholestyramine reduced MPA AUC by 39% in healthy
volunteers.59 As the Cmax was not affected, it seems likely
that this was caused by reduced reabsorption rather than by
reduced absorption.

Interactions at the Excretion Phase
The majority of an MPA dose is excreted as MPAG in

urine, and the MRP2 transporter protein responsible for the
biliary excretion of MPAG plays an important role at the renal
tubular level as well. Therefore, the higher MPAG concen-
trations observed in patients cotreated with cyclosporine A as
described above, may partly be due to inhibition of urinary
excretion at the level of the renal tubular cells.120 Both mech-
anisms have been suggested as potential explanations for the
changes in MPAG PK observed in the presence and absence
of cyclosporine A.121

Drugs that inhibit tubular secretion, such as probenecid,
may increase the AUC of MPA by 2-fold and that of MPAG
by 3-fold.122 Salicylate in combination with elevated concen-
trations of MPAG (.460 mcg/mL) increase the free fraction
of MPA.122

Food Interactions
There are limited studies on food–drug interactions

with MMF. The consumption of solid food when taking oral
doses of MMF can decrease the Cmax by 25%–40%; how-
ever, the overall AUC is similar to that in patients on MMF
with an overnight fast.100

Galenic Formulations and Generics
MMF and EC-MPS are 2 different drugs, not generics;

the molecular weights are 433.49 Da (g/mol) and 320.34 Da
(g/mol) for MMF and EC MPS, respectively.
Immunosuppressive therapy with MPA started with the
registration of CellCept, the innovator MMF product
(Roche). The drug has been introduced as follows: 250 mg
capsules, 500 mg film-coated tablets, 200 mg/mL powder for
oral suspension, and 500 mg powder for intravenous
solution.123 The latter 2 formulations are useful in cases when
classic oral administration may be problematic, especially in
the early posttransplant period.124 Original EC-MPS
(Myfortic; Novartis) has been introduced with the aim of
reducing drug-related gastrointestinal adverse events, as
observed in a significant percentage of MMF-treated
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patients.125 MMF and EC-MPS were intended to be different
drugs, and as a consequence of the delayed absorption of EC-
MPS, the 2 forms of MPA have different PK profiles.126 The
strengths of the second registered EC-MPS have been
adjusted to obtain therapeutic equivalence with MMF, and a
subsequent meta-analysis of PK data from 3 clinical trials
confirmed the AUC equivalence of EC-MPS and MMF for
both MPA and metabolite exposure, and for maximum
plasma MPA concentrations.127,128 Because of the different
molecular weights [MMF 433.49 Da (g/mol) and EC-MPS
320.34 Da (g/mol)], the 720 mg EC-MPS dose is manufac-
tured as equivalent to 1000 mg of MMF.125

The patent for CellCept expired May 3, 2009. Since
then, generic products have become an economic alternative
for the innovator drug. Several MMF generic products have
been registered worldwide, and trade names of the same
generic may differ between markets and countries. For EC-
MPS, the number of generics is substantially fewer because
this drug was introduced later than MMF and it covers a
minority of the MPA market. In addition, preparing a
bioequivalent enteric-coated formulation is more challenging
in comparison with a traditional tablet or a capsule.

In the European Union and Canada, generic products
for narrow therapeutic index drugs (NTIDs) should fulfill
more restrictive acceptance criteria for bioequivalence (BE)
than “common” generics, that is, for the AUC a 90% confi-
dence interval (CI) for a test to reference ratio within 90.00%–
111.11% [European Medicines Agency (EMA)] or 90.00%–
112.00% (Canada) instead of 80.00%–125.00% (standard BE
and for the United States)129–131 A discussion keeps smolder-
ing in the transplant community, whether MPA should be
classified as an NTID such as CNIs and mTOR inhibi-
tors.123,132–135 However, the arguments to recognize MPA
as an NTID are currently not shared by registration agencies
(ie, the EMA maintains classic, wider acceptance criteria for
MPA).123,132,136,137 Irrespective of the classification of MPA
as an NTID or not, it is mandatory that the generic products
adhere to the criteria for BE. This is not trivial, and in many
countries, the authorities have taken measures to secure the
high quality of marketed generics, such as strict requirements
and repeated inspections of production sites.128–131,134,138

We can consider generic formulations of either MMF or
EC-MPS as economic alternatives for MPA pharmacother-
apy, especially in de novo transplant patients. The patient and
family should be informed about the pros and cons of therapy
with generics. According to the guideline from the Advisory
Committee of the European Society for Organ
Transplantation, every conversion between brands needs to
be performed under careful TDM and supervision by the
physician, whereas the switch between 2 different generics
should be managed as the last choice option.133

PHARMACOKINETIC MONITORING
The population PK (POPPK) of MPA is more difficult

to describe and requires more complex models than cyclo-
sporine A and tacrolimus, as detailed in the section POPPK
modeling of MPA. Moreover, MPA morning trough concen-
tration is not a good surrogate of overall exposure of the drug

in whichever formulation,139 and AUC estimation has been
shown9,140,141 to be the most effective tool for TDM of MPA,
with MMF and EC-MPS.142 It should also be kept in mind
that an additional indication for TDM of MPA, especially in
adolescent patients, is the monitoring of drug adherence.87 As
discussed in detail in the section “Measurement of MPA con-
centration,” the assay for MPA measurement is an important
factor when comparing results across studies and for the iden-
tification of target trough concentrations or AUCs. In the
studies that are discussed in this article, chromatographic
assays [detection by ultraviolet (UV) or mass spectrometry
(MS)] were typically used.8,140,143–146 However, other studies
used immunoassays alone142 or according to the local prac-
tice, that is, in half the centers,86 and even without reporting
the analytical method.147 Unless otherwise indicated, the rec-
ommendations presented here will refer to concentrations and
AUCs obtained by high-performance liquid chromatography
(HPLC)-UV or liquid chromatography (LC)-MS.

Limited Sampling Strategies
A large number of LSSs have been proposed for MPA

AUC estimation in KTR on MMF or EC-MPS, relying on
multiple linear regression (MLR) (in the form AUC = ax·C1x
+ by·C2y . + iz·Cnz, where C1x, C2y . Cnz are plasma
concentrations measured at times x, y . z, and ax, by. iz
the corresponding constants). MLR is a straightforward tech-
nique available with every statistics software program, and
the resulting equations can be easily implemented in a spread-
sheet. Although for MMF most LSSs of 2–3 time points
within the first 3 hours postdose were efficient to approximate
the full AUC,9 for EC-MPS it was not straightforward148: 3
blood samples were rarely sufficient142,146 but more often 4
and up to 8 were required,149,150 over a generally longer
period of 4–9 hours after dosing146,148,150–152 because of
the highly variable absorption of the drug and day-to-day
fluctuation in enterohepatic cycling of MPA.9 Importantly,
Hougardy et al143 reported that MPA AUC estimation using
a 4-point LSS failed in .30% of patients on EC-MPS, espe-
cially when C0 was the highest concentration measured.

LSSs with maximum a posteriori Bayesian estimation
(MAP-BE) have been reported for pediatric and adult patients
with different conditions, such as kidney, liver, lung and bone
marrow transplantation, or various autoimmune diseases. The
publications of such methods have been reviewed153,154; all
but one pertained to MMF and most used a 3 time point LSS,
the most frequent of which was 20 min–1h–3h.145,155–159 One
of the other 3-point LSS was limited to the first 2 hours
postdose, in KTR,160 whereas others included the 4 hours
time point.157,161–163 One MAP-BE in pediatric KTR only
required 2 plasma samples,164 whereas others required 4.165–168

A MAP-BE was developed for intravenous MMF in hemato-
poietic stem cell transplant patients,159 and the bias was
211.7% to 8.7% (with many absolute values ,2%) and
imprecision 11.2% to 20.5%. The only MAP-BE developed
for EC-MPS used 3 (1.5h–2h–4h) or four (1.5h–2h–4h–6h)
time points and yielded bias (RMSE) 26.52% (20.8%) and
25.15% (18.3%), respectively,169 that is, performance
comparable with that of MMF MAP-BEs. C0 was used in less
than half of these MAP-BEs because of its very poor
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correlation with the AUC,170 which is probably due to con-
centration rebounds with variable timing and amplitude.
Bayesian estimators are more difficult to develop and use than
MLR because they require specialized PK modeling software.
A couple of articles compared different MLR and MAP-BE
for AUC estimation after oral MMF dosing and showed that
they provided highly correlated, although not concordant,
AUC estimations in KTR165 and that the estimation bias with
respect to the reference values was very low with both
approaches, even sometimes lower with MLR.33 However,
both articles and others concluded that an MAP-BE analysis is
preferable because (1) it is flexible with respect to sample
timing, as also suggested by equivalent performance of dif-
ferent combinations of sampling time points156,171; (2) it is not
restricted to a 12-hour dosing interval; (3) it allows visual
inspection of the estimated kinetic profile superimposed on
experimental data; and (4) it yields a CI for the AUC.33,165

There are no MLR, MAP-BE, or other LSSs applicable
to all MPA indications, patient populations, or analytical
techniques. Different equations, estimators, and LSSs have
been proposed for kidney, liver, heart, and lung transplanta-
tion, as well as lupus, nephrotic syndrome, and other
autoimmune diseases, for adult or pediatric patients, and
even for different posttransplant periods156 and drug combi-
nations.160 The LSS even differed between reports for the
same condition, such as KTR,156,165 lupus,158,172 or hemato-
poietic stem cell transplantation.167,173 When 2 analytical
techniques were used in parallel in different groups of
patients, the PK models developed kept the same structure
but the estimated parameters were different across conditions,
age, and above all analytical techniques.145 Therefore, it is
then recommended to use each LSS and MLR equation or
MAP-BE alone for the population9 and the analytical tech-
nique with which they were developed.145

Validation on a patient group different from the training
set must be made because testing an equation or model in the
group of patients used to generate it would be self-fulfilling and
likely produce less biased results than in its intended real-world
clinical setting. In PK studies with small sample sizes, the
jackknife or bootstrap method can also be used to validate an
LSS internally, as alternatives to data splitting or external
validation. The performance of the estimators can be assessed
by comparing the predicted AUC with the “reference AUC”
(which is actually another AUC0–12h estimate based on all
concentration–time points available) and computing the mean
prediction error or bias (MPE) and the root mean squared
prediction error or precision (RMSE), together with their CIs.
The smaller the values of MPE and RMSE, the better the
prediction.174 It is generally accepted that bias .10% and
imprecision .25% are unacceptable for routine clinical use. A
more clinically orientated method consists of evaluating the
proportion of AUCs estimated within a clinically acceptable
percent prediction error range (eg, 620%). It should be noted
here that the MPE is the average of individual errors, which
means that it provides only limited information on the occur-
rence of extreme individual errors. Another method consists of
expressing the results using the absolute prediction error for a
certain percentile of predictions. Calculating the correlation
coefficient (r) or coefficient of determination (r2) between

predicted and “reference” AUCs is not enough to assess the
performance of an estimator.175 Unfortunately, not all predic-
tors were validated internally or externally, or even evaluated
using sound statistics. Therefore, it is strongly advised that
LSS-based MLR or MAP-BE should not be used in the
absence of convincing performance evaluation and accuracy
validation (Tables 2 and 3).

Summary of Recommendations for LSSs
1. A method for LSSs must be validated in a population

separate from the training set before implementation.
Validation for each indication and patient category is
required.

2. MAP-BE analysis has some preference over MLR due to
flexibility in timing of samples and better implementation
of covariates.

3. For MMF, 2 or more concentrations are necessary for a
reliable LSS, whereas for EC-MPS, 3–4 or more concen-
tration measures are necessary.

PK Monitoring in Kidney Transplantation
Although approval of MPA implied fixed dosing in

adults and weight-adjusted dosing in pediatric patients, it
became clear very early that exposure to MPA varied widely
between patients. In the late 1990s, a randomized
concentration-controlled trial further demonstrated that effi-
cacy was more dependent on MPA AUC0–12h than trough
plasma concentration while no such relationships were found
for toxicity.140 This was also proof that the MPA AUC was
“actionable” and MMF dose adjustment efficient, as the 3
arms of this study had well-separated AUCs. Further proofs
came several years later from a retrospective study of approx-
imately 14,000 AUC estimation and dose recommendation
requests for 7000 adult KTR posted on a free Web site.8 It
showed, among others, that when dose recommendations
were actually applied by the physicians, the subsequent
AUC was significantly more often in the recommended
AUC range, and the interindividual AUC variability was sys-
tematically lower, at all posttransplantation periods. The
pending question was then about the efficacy of MPA dose
adjustment to improve patient outcome.

MPA Exposure, Efficacy, and Toxicity—Kidney
Transplantation

An article by Metz et al6 critically reviewed 36 publi-
cations dealing with MPA concentration–effect relationships
or concentration-controlled dosing (CCD) in KTR. A statis-
tically significant relationship between MPA AUC0–12h and
acute graft rejection was found in 20 of the 27 patient cohorts
(89.1% of the overall population of 3794 patients studied), a
trend in an additional 3 cohorts (5.7%), leaving 4 cohorts
(5.1%) without such an association. This significant associa-
tion was true whether patients were on cyclosporine A (12/16
cohorts, 77.8% of the population) or on tacrolimus (7/11
cohorts, 81% of the population). The relationship between
MPA AUC0–12h and hematological or infectious adverse
events was assessed in 22 cohorts (3225 KTR). Only 9 of
the 22 cohorts reported a statistically significant association
between MPA exposure and toxicities (representing 34% of
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the patients); 2 cohorts reported a trend toward this associa-
tion, whereas no such association could be found in 11 of the
22 cohorts. When considering the combined CNI therapy, this
association was found in 5 of the 6 of the cohorts on tacro-
limus (95.8% of the patients), at odds with only 2 of the 11 of
the cohorts on cyclosporine A (9.1% of patients). However, in
2 negative cohorts on cyclosporine A, as well as in one pos-
itive, a significant association was found between free
(unbound) MPA (fMPA) concentrations and these hemato-
logical or infectious adverse events.

Rather than studying the exposure–effects relationships
following a cross-sectional design, a couple of articles retro-
spectively investigated the impact of longitudinal exposure to
MPA on the time to rejection (or survival without rejection),
using joint modeling.176,177 The first study in 490 KTR found

a significant association between longitudinal exposure to
MPA AUC0–12h over the first year posttransplantation
(described using a polynomial function with a quadratic term)
and acute rejection.176 Interestingly, the MMF dosing strategy
(fixed dosing or CCD) was a significant covariate in the
model, in addition to patient age. In a further retrospective
study in 222 KTR followed-up for 2 years posttransplanta-
tion, the same team developed a time-to-event model of
immunosuppression efficacy considering longitudinal expo-
sure to MMF and either cyclosporine A or tacrolimus and
more potential covariates.177 They found that the risk of acute
rejection, graft loss, or death (combined end point) signifi-
cantly increased with decreasing MPA AUC and the onset of
cytomegalovirus (CMV) infection and disease, whereas it was
not associated with longitudinal CNI exposures.

TABLE 2. Assays Measuring MPA

Method Manufacturer
Analytical

Range (mg/L) Imprecision Bias
Specificity (% Cross-

Reactivity)

LC-MS/MS Laboratory developed tests 0.1–50 ,5%–10% Reference
method

High if validated
appropriately

HPLC-UV, UPLC-UV, and
HPLC-Fluorescence

Laboratory developed tests 0.2–50 ,5%–10% Reference
method

High if validated
appropriately

EMIT Siemens Healthcare
Diagnostics

0.1–15 ,5%–10% ;25% MPAG: ND

AcMPAG: 10%–30%

MMF: 64%

IMPDH enzyme inhibition
assay

Roche Diagnostics 0.4–15 ,5%–10% ,10% MPAG: ND

AcMPAG: 6.5%

CEDIA Thermo Scientific 0.3–10 ,5%–10% ;36% MPAG: ND

AcMPAG: 133.3%–177.8%

PETINIA Siemens Healthcare
Diagnostics

0.2–30 ,5%–10% ;25% MPAG: 0.6%

AcMPAG: 36.8%–64.5%

MMF 28.6%–30.5%

TABLE 3. Characteristic Absorbance Maxima and Ion Transitions Used for Detection in Chromatographic Methods*

MPA MPAG AcMPAG References

UV detection

Characteristic absorbance maxima 215 nm, 251 nm, 304 nm 214 nm, 251 nm, 294 nm 215 nm, 251 nm, 306 nm 284

Mass spectrometric detection

ESI+ [M + H]+ m/z 321.1 /

207.1;

303.1;

159.0

— — 262,331,333,570–573

ESI+ [M + NH4]+ m/z 338.2 /

207.1

275.2

m/z 514.3 /

207.1

321.1

303.0

m/z 514.3 /

207.1

321.1

303.0

262,331,570,571,573–576

ESI+ [M+Na]+ m/z 343.1 /

229.1

216.0

m/z 519.2 /

343.1

m/z 519.2 /

343.1

259,570

ESI2 m/z 319.0 /

191.0

m/z 495.0 /

319.0

191.0

577,578

*Most frequently used ion transitions are given in bold.
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Along the years, 4 randomized fixed-dose (FD) versus
CCD trials were conducted, all using MMF.86,144,147,178

However, as underlined by Metz et al,6 2 of these used a
TDM strategy,86,147 meaning that a target (AUC or C0) range
was proposed and dosing adjustment was left to the decision
of the physician, whereas the other 2 used a target exposure
intervention strategy,144,178 in the sense that with each AUC
estimation a dose recommendation was presented (and most
often applied) so as to reach a single predefined AUC0–12h

target. Of the last 2, APOMYGRE enrolled 137 adult KTR on
cyclosporine A and used Bayesian estimation of MPA AUC
on days 7, 14, and months 1, 3, and 6 with a target AUC0–12h

= 40 mg$h/L and a recommended dose to reach it in the CCD
arm, as compared with a 2 g/d fixed dose in the comparative
arm. It showed a statistically significant and clinically impor-
tant reduction in a patient’s adverse outcome at one year in
the CCD arm, mostly due to a highly significant reduction of
the incidence of acute rejection.144 The second study, called
OPERA, was conducted in a low-risk population of adult
KTR on cyclosporine A with the same CCD strategy and
the same tools. It entailed glucocorticoid withdrawal at day
7 in both arms and 2 distinct interventions in the “optimiza-
tion” arm,178 that is, a 3 g/d initial MMF dose up to week 2,
adjusted thereafter to reach AUC0–12h = 40 mg$h/L, as com-
pared to MMF 2 g/d in the control arm. There was no signif-
icant difference between the 2 arms, but toxicities associated
with MPA and BPAR cases were numerically higher in the
“optimization” arm. An explanation for these paradoxical
results is that the starting dose was too high for some patients,
resulting in drug toxicity, followed by drastic dose decrease
or even discontinuation. According to Metz et al,6 because of
the very low incidence of immunological events reported (4%
and 2.5% subclinical acute rejection episodes, respectively),
this study neither supports nor refutes target AUC0–12h inter-
vention. A post hoc analysis of the APOMYGRE and
OPERA trials showed that longitudinal exposure to MPA
AUC0–12h was significantly associated with acute rejection
over the first year posttransplantation, with time-dependent
thresholds from 35 mg$h/L in the first days to 41 mg$h/L
beyond 6 months posttransplantation,176 which is almost
exactly what the original RCCT trial obtained in the interme-
diate exposure group.

The FDCC trial enrolled 901 adult and pediatric KTR
on MMF and cyclosporine A or tacrolimus.86 In the CCD
group, AUC0–12h was estimated using multilinear equations,
its target range was 30–60 mg$h/L, and no dose recommen-
dation was made. The early dose increments required were
generally not applied by clinicians, resulting in similar mean
MPA AUCs, proportion of patients within the therapeutic
range, and outcomes between the 2 groups. This precludes
drawing conclusions about the efficacy of MMF dose adjust-
ment in this study. A post hoc analysis of the data did how-
ever confirm a higher risk of rejection in patients with MPA
exposure below the target range, which was most pronounced
in patients at high immunological risk.179

The OPTICEPT study enrolled 720 KTR147 and was
the only trial using MPA C0 to dose adjust MMF. Two CCD
arms, one with standard (A) and one with reduced (B) CNI
exposure, were compared with the standard of care of the time

(C), that is, FD MMF and standard CNI exposure. The pri-
mary outcome was noninferiority of group A compared with
C, based on treatment failure at 12 months (a composite of
BPAR, graft loss, loss to follow-up, or withdrawal). In arms
A and B, the MPA concentration target was different accord-
ing to the combined CNI: C0 $1.3 mg/L if combined with
cyclosporine A and C0 $1.9 mg/L if combined with tacroli-
mus. MMF dose individualization was left to the judgment of
the clinician. Again, there was little differentiation among
treatment groups in MPA exposure. In patients co-treated
with tacrolimus (81.9% of the participants), MPA C0 was
identical at all time points with or without concentration mon-
itoring. Moreover, the noninferiority of group A against the
standard of care could be demonstrated, with actually less
rejection and treatment failures in group A despite lower
CNI exposure. However, the outcomes in groups B and C
were identical. Actually, the effectiveness of MPA TDM
was not tested in this study because of the lack of differenti-
ation in exposure to MPA between treatment arms.6

Metz et al6 concluded that when critically analyzed,
these prospective concentration-controlled trials show that
MMF CCD using target exposure intervention leads to effec-
tive control of MPA exposure and to improved clinical out-
comes. However, a subsequent meta-analysis of the 4 studies,
irrespective of their quality, concluded that CCD of MMF
cannot be recommended as a routine practice for KTR, but
that it may be targeted toward high-risk patients.180 This
highlights the importance of well-designed, well-conducted
clinical trials when testing TDM, target concentration inter-
vention, or more largely personalized medicine strategies.
Clinical efficacy can only be tested if the procedures are
efficient in separating the study arms and providing the clin-
ical intervention intended.181 The APOMYGRE trial also
showed that MMF dose adjustment guided by AUC-MPA,
beyond being clinically efficient, was quite affordable if not
actually cost-saving: approximately €3757 for each treatment
failure avoided, in 2010 euros.182

The first pediatric PK/PD study in KTR was published
in 2002 by Weber et al,183 who found in 54 children (aged 2–
17 years) that both AUC and predose concentration were
associated with the risk of acute rejection. The identified
thresholds for AUC (in the initial phase posttransplant) and
predose concentration were 33.8 mg$h/L and 1.2 mg/L,
respectively. No association was observed between the inci-
dence of adverse events and total MPA exposure, whereas the
occurrence of leucopenia and infection was associated with a
fMPA AUC0–12h .0.4 mg$h/L. Although most large clinical
studies have focused on adult populations, the FDCC trial
included 62 pediatric patients.86 Subgroup analysis indicated
that the overall efficacy and tolerability in pediatric patients
were comparable with that in adults; however, children youn-
ger than 6 years exhibited a higher incidence of adverse
events than older children and adults.184 In the pediatric pop-
ulation, the relationship between MPA concentration and
IMPDH enzyme activity has been investigated. Rother
et al185 found no age-related differences in baseline IMPDH
activity between healthy children and adults, and comparable
inhibition of IMPDH activity by MPA in children (older
than2 years) and adolescents after renal transplantation.
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Finally, a study showed that MPA C0 ,1.3 mg/L in the long
term is associated with the formation of DSA in pediatric
KTR, indicating the importance to maintain a minimum con-
centration of 1.3 mg/L (loosely equivalent to an AUC of 30
mg$h/L) to prevent the formation of DSA.13

To the best of our knowledge, no exposure–effect or
concentration-controlled study of EC-MPS has been reported
in adults or pediatric KTR.

Summary of Recommended MPA Target
Concentration Ranges—Kidney Transplantation
1. In adult KTR treated with MMF in combination with ta-

crolimus or cyclosporine A, with or without glucocorti-
coids, a target MPA AUC0–12h of 30–60 mg$h/L is
recommended (B, II).

2. A target AUC0–12h of 30–60 mg$h/L is also recommended
in pediatric KTR (B, II).

3. There is no evidence for specific AUC0–12h targets beyond
the first year after transplantation.

4. No exposure–effect nor concentration-controlled study of
EC-MPS has been reported, either in adults or in pediatric
KTR.

5. There is no evidence in favor of using MPA C0 to dose
adjust MMF or EC-MPS

PK Monitoring in Liver Transplantation
MMF is indicated in liver transplantation (LT).

Combined with low CNI exposure, MPA allows maintaining
immunosuppressive treatment efficacy with no increase in
acute graft rejection, graft loss, and patient death as compared
to high CNI exposure.186 Hence, the use of MPA offers the
possibility of treating LTR de novo without glucocorticoid
maintenance treatment,187 as well as decreasing CNI nephro-
toxicity,188 CNI-induced cardiovascular complications, and
diabetes mellitus.189

MPA Exposure, Efficacy, and Toxicity—
Liver Transplantation

In LT, MPA exposure increases in a time-dependent
manner with sometimes very low exposure during the first 2
postoperative weeks and finally stable concentrations from
month 3 onward.85,190 This low initial exposure might be
related not only to low albumin concentrations with high
unbound fraction leading to higher MPA clearance but also
to biliary drainage and interruption of enterohepatic circula-
tion. MPA presents a large interpatient PK variability and
exposure may vary according to which CNI is used.191

There is a loose correlation between MPA C0 and drug dos-
age: Hwang et al reported r2 = 0.27 in 304 LT patients fol-
lowed in a large monocentric study.192 Using TDM, it is
possible to adjust the drug dose to obtain a defined target,
as shown by Kamar et al who obtained more patients in the
AUC0–12h target of 30–60 mg$h/L during the first postoper-
ative year when MMF dosing was guided by AUC Bayesian
estimates obtained using a PK model.193

Considering exposure–response relationships in LT,
limited data exist. MPA AUC is better correlated to its
pharmacodynamic (PD) effect than MPA C0. Actually, Reine
et al reported a correlation between AUC0–4h and IMPDH

activity in 20 LT patients. The relationship was stronger on
days 3–5 (r = 20.72) than on week 2–3 (r = 20.49).194 Using
serum from patients treated with MPA in a PD functional test,
Brunet et al also showed that a C0 of 1 mg/L inhibited cell
proliferation.85 Such a functional approach has been repli-
cated in 27 LT patients, aiming to evaluate the relationship
between (total and free) exposure and the inhibition of pro-
liferation of a CEM cell line. Total concentration at 1 hour
and free concentration at 1 and 2 hours correlated with the
inhibition of proliferation at the same time, whereas AUC0–

12h correlated with inhibition of proliferation at 2 hours.195

Regarding treatment efficacy, MPA C0 has been
associated with the onset of acute cellular rejection in a
cohort of 210 LT patients (147 adults) treated with MMF. A
C0 ,1 mg/L was associated with a 2.5 relative risk of rejec-
tion. Of note, the cohort was heterogeneous, with adults and
children, as well as different associated treatments and
periods since MPA introduction.196 Another observational
study, conducted in 56 LT patients, evaluated blinded TDM
up to 6 months posttransplantation and the relationship
between MPA C0 and efficacy. With a ROC curve analysis,
the authors identified a cut-off of 1.73 mg/L associated with
acute graft rejection with a 62% prognostic sensitivity and
86% prognostic specificity.197 In these 2 studies, MPA con-
centrations were measured using the enzyme-multiplied
immunoassay technique (EMIT), which is clearly not the cur-
rent gold standard.

Finally, even if it was not the purpose of the study, the
best evidence in favor of a concentration-controlled strategy
came from the study by Saliba et al. In this prospective
randomized controlled trial, the authors aimed at evaluating
the noninferiority of a glucocorticoid-free treatment (MPA
and tacrolimus) with a target MPA AUC0–12h between 30 and
60 mg$h/L versus the combination of tacrolimus, glucocorti-
coids (with a complete discontinuation after 7 months), and a
fixed dose of MPA. One hundred eighty LT patients were
included in the study. In intention-to-treat, the noninferiority
hypothesis was confirmed with 9% of biopsy-proven acute
rejections in each arm by 12 months. Safety data showed a
higher rate of low hemoglobin as well as low leukocyte and
neutrophil counts in the AUC-adjusted arm while diabetes
was more frequent in the control arm. No difference was seen
on renal function or infections. This study legitimates indi-
vidually adjusted MPA exposure in patients treated de novo
without glucocorticoids.198 In a 2-stage study, Kim et al ret-
rospectively evaluated a reduced dose of MMF (500 mg bid)
in living donor LT patients. They highlighted that low initial
exposure (AUC within 15–30 mg$h/L up to day 14) allowed
excellent initial (2 weeks) and 1 year efficacy based on pro-
tocol biopsies, but in the context of an induction treatment
(basiliximab), glucocorticoids, and a relatively high tacroli-
mus exposure during the first month (C0 = 8–12 ng/mL).
Also, there was no comparator in this study.199

The relationship between MPA exposure and safety has
also been explored in a few studies. In an observational study
aiming to establish the exposure levels associated with
adverse events in 63 LT patients, treated for a large part
with basiliximab, tacrolimus with a C0 target of 5–10 ng/mL
and MMF 1 g BID, Hao et al found an association between
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adverse events (mainly leucopenia) and C0 .2 mg/L, Cmax
.10 mg/L, and AUC0–12h .40 mg$h/L.200 Tredger et al
showed that the relative risk of leucopenia, gastrointestinal
disturbance, and infection was 3-fold when C0 was between 3
and 4 mg/L, prompting the authors to propose a C0 upper
limit of 3.5 mg/L.196 Again, the RCT of Saliba et al suggested
that an AUC0–12h .60 mg$h/L is detrimental.198 Data on the
association between exposure and gastrointestinal adverse
events are still conflicting because negative relationships with
MPA or metabolite exposure have been reported.201

Globally, the exposure–response relationships in adult
LT patients are not well documented, and larger observational
studies, as well as concentration-controlled versus FD RCTs
are needed.

In pediatric LTR, data on the MPA exposure–response
relationship are sparse. A large clinical study including 63
children and 147 adults found that MPA C0 was associated
with an increased risk of acute rejection (C0 ,1 mg/L) and
adverse events (C0 = 3–4 mg/L).196 Although the number of
subjects was limited, all 3 episodes of acute rejection in these
pediatric recipients occurred at MPA trough concentration
,0.5 mg/L.196 Finally, in a small cohort of 15 children (1–
15 years), Barau et al found that graft function improved in 13
patients after MMF dose adjustments to target an MPA
AUC0–12h .30 mg$h/L.202 The observed MPA AUC after
dose adjustments ranged from 28.5–68.7 mg$h/L and neither
dose reduction nor discontinuation was required because of
adverse events at this exposure range.

Summary of Recommended MPA Target
Concentration Ranges—Liver Transplantation
1. In LTR treated de novo with tacrolimus without glucocor-

ticoids, a target MPA AUC0–12h of 30–60 mg$h/L is rec-
ommended (B, II).

2. In living donor LTR treated with basiliximab, tacrolimus,
and glucocorticoids, a target MPA AUC0–12h of 15–30
mg$h/L can be proposed during the first 2 weeks of treat-
ment (C1, II).

3. In patients treated with MMF, an MPA C0 between 1 and
3.5 mg/L might also be recommended to decrease the risk
of rejection and adverse events (C1, II).

PK Monitoring in Thoracic Transplantation
Approximately 80% of heart and 50% of lung trans-

plant recipients are prescribed MMF as part of a maintenance
immunosuppressive regimen, mainly combined with tacroli-
mus or cyclosporine A or sometimes mTOR inhibitors, with
or without concomitant steroids.203,204 Contrary to MMF,
EC-MPS is not approved for thoracic transplantation in
Europe or the United States, but it was used at least in a
few clinical studies.

MPA Exposure, Efficacy, and Toxicity—Thoracic
Transplantation

In heart transplant recipients, EC-MPS (1080 mg twice
daily) and MMF (1500 mg twice daily) resulted in similar
MPA exposure.205 Furthermore, direct comparison in a RCT
in 154 de novo heart transplant recipients showed a similar
incidence of treatment failure (biopsy-proven or treated acute

rejection, graft loss, or death) at 6 and 12 months posttrans-
plant with EC-MPS and MMF.206 The overall safety profile
was similar for both formulations, but significantly more
patients on MMF had dose reductions during the treatment
period. An ancillary study in 32 patients showed that steady-
state MPA and MPAG AUC0–12h, Cmax, and concentration
minimum (Cmin) were not significantly different between the
EC-MPS and MMF groups.207

Many other factors contribute to MPA exposure
variability in thoracic transplantation. Stable maintenance
lung transplant recipients had lower MPA AUC, Cmax, C0,
and a higher MPAG/MPA metabolic ratio compared with
stable heart transplant recipients.208 These effects on MPA
exposure were more pronounced in combination with cyclo-
sporine A than with tacrolimus. The differences may be due
to higher albumin and serum creatinine levels as well as a
less steroid use in heart transplant recipients. In this study,
sex and the presence of cystic fibrosis (CF) had no impact on
MPA PK. By contrast, another study showed that stable lung
transplant recipients with CF required 30% higher doses of
MMF to achieve therapeutic MPA C0 than patients without
CF.209 Furthermore, a small PK study reported that 5 CF
lung transplant recipients had significantly lower C0/dose,
Cmax/dose, and AUC/dose, as well as lower MPAG AUC/
dose than 5 patients with no CF210 Interestingly, the intra-
individual variability across the 3 PK profiles (at least 2
weeks apart) collected from each participant was similarly
low in both groups (16.6% and 13.8% for AUC/dose for
patients with CF and without CF, respectively). Pancreas
insufficiency, GI malabsorption, and lower serum albumin
levels in patients with CF are possible explanations for high-
er MPA apparent clearance (or lower oral bioavailability).
Similar to heart transplantation, 50% lower MPA C0 were
observed in lung transplants when MMF was combined with
cyclosporine A rather than with tacrolimus.209 In a case
report, a decrease of MPA plasma concentration was de-
tected after plasmapheresis to treat antibody-mediated rejec-
tion (ABMR), which is an increasing problem after thoracic
transplantation.211 By contrast, a small study in the early
phase after heart transplantation found similarly high expo-
sure (AUC) after intravenous or oral administration of
MMF.212

MPA PK monitoring is rarely performed in routine after
thoracic transplantation.213,214 The early studies on MPA
TDM in thoracic transplantation were systematically summa-
rized in 2 reviews.215,216 A retrospective study found a sig-
nificantly lower incidence of acute heart graft rejection for
MPA C0 $2 mg/L as compared to ,2 mg/L, but only in
the first year posttransplantation.217 When analyzed after
stratification on CNI blood levels, the difference was only
significant in the subgroup with CNI blood concentrations
in the target ranges. A prospective, comparative 2-phase study
showed that the incidence of heart transplant rejection was
significantly lower with a dose-adjusted regimen than a FD
MMF regimen, both in combination with tacrolimus.218 In the
first phase where 15 patients were given a fixed MMF dose of
2 g/d, rejection was not seen in the 5 patients with MPA
plasma levels .3.0 mg/L, whereas in the second phase where
30 patients were dose adjusted to reach a target C0 between
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2.5 and 4.5 mg/L, the 3 patients who had a rejection episode
had MPA C0 ,1.5 mg/L. The incidence of infection was
comparable with historical results. Other studies, however,
did not find a significant relationship between rejection and
MPA C0 or MMF dose.213,214,219–222 By contrast, some of
them reported a significant association between efficacy and
MPA AUC0–12h, with targets of 36.2 mg$h/L,213 40–50
mg$h/L,219 50 mg$h/L,214 or 50–60 mg$h/L222 to better pre-
vent rejection in thoracic (mostly heart) transplantation. In all
these studies, the MMF formulation was used. It has been
suggested that similar MPA AUCs would be relevant for
EC-MPS, although emphasized that so far this would require
that a full AUC must be obtained, including around 8 samples
within the dose interval.214

Reported results are conflicting with respect to the
association between MPA adverse effects and exposure. In
heart transplantation, MPA C0/dose and AUC0–12h/dose (but
not C0 or AUC0–12h) were associated with GI symptoms,
leucopenia, or anemia in the first 3 months posttransplant.223

It is known that diarrhea is related to higher doses (ie, higher
intestinal epithelium exposure to MPA and metabolites)
rather than to systemic exposure to MPA, but it is rather
surprising that direct exposure was not linked with hemato-
logical adverse effects in this study.224

MPA exposure–response relationship data are very
limited in pediatric heart and lung transplantation. In a ret-
rospective study including 26 pediatric and young adult heart
transplant recipients, MPA C0 ,2.5 mg/L were associated
with an increased risk of higher grade of rejection, suggesting
a target MPA C0 $2.5 mg/L to minimize rejection hazard. In
addition, pediatric patients on tacrolimus had 40% higher
MPA levels than those on cyclosporine A.225 Discrepant
observations were made in pediatric heart transplant recipi-
ents, in whom a lower MPA C0 target range of 0.8–2.0 mg/L
successfully minimized MPA-related adverse events without
any negative impact on graft outcome. In this study, African
American pediatric recipients required significantly higher
MMF doses (702 6 235 mg/m2) to achieve similar MPA
C0 compared with recipients of other ethnicities.226 Review
of 44 pediatric heart transplant patient records in the early
2000s showed that the MMF dose required to achieve the
target MPA C0 of .3 mg/L was higher in the immediate
posttransplant period and tended to decrease with increasing
recipient age.227 There was no significant association between
MPA C0 and efficacy.

Summary of Recommended MPA Target
Concentration Ranges—Thoracic Transplantation
1. In de novo heart transplantation recipients treated with

MMF, CNI, and glucocorticoids, MPA AUC0–12h . 36
mg$h/L or C0 . 2.0 mg/L is recommended to decrease
the risk of acute cellular rejection up to 3–6 months post-
transplant (C1 III).

2. In case of gastrointestinal toxicity, a recommendation of
dose reduction rather than a target MPA exposure may be
made because of the poor concentration–effect relationship
(B III).

3. By contrast, in lung transplantation, no evidence-based
target can be proposed for MPA C0 or AUC0–12h at the

present time to adjust MMF or EC-MPS dose and prevent
rejection or avoid adverse events because of the paucity of
studies.

4. More evidence is required to establish optimal MPA expo-
sure targets in pediatric thoracic transplant patients.

PK Monitoring in Stem Cell Transplantation
Prevention of graft-versus-host disease (GVHD) is

critically important in hematopoietic stem cell transplantation.
In addition to cyclosporine A or tacrolimus, MPA is
commonly used for the prevention of GVHD. MPA is also
used for the treatment of acute and chronic GVHD that is
resistant to steroids. However, it is not approved by the FDA
or the EMA in these indications.

Studies have evaluated direct MPA exposure over a
dosing interval, using LSSs to estimate MPA exposure, and
developed POPPK models to estimate MPA PK parameters
and determine patient covariates responsible for the observed
variability in exposure. In comparison with data from solid
organ transplant patients, the MPA concentrations are low in
patients treated for GVHD.228 It is not entirely clear whether
this low exposure is due to limited absorption in gut walls
affected by GVHD, to interruption of enterohepatic circula-
tion by broad spectrum antibiotics, or to faster clearance as a
result of low protein binding. Some studies have also charac-
terized a PD end point (inhibition of IMPDH activity). These
measures have been correlated with clinical outcome such as
absence of GVHD, safety (engraftment), and adverse effects.

MPA Exposure, Efficacy, and Toxicity—Stem
Cell Transplantation

Poor correlation has generally been reported between
MPA C0 and AUC in various adult transplant patient
populations. Interestingly, in 36 patients, a single-point
assessment of C2 was shown to be a useful surrogate marker
of AUC0–24h to predict the incidence of GVHD. This study
suggests that individualized MMF dosing in a donor source–
dependent fashion may be important for maximizing the
benefit of MMF used for prophylaxis of GVHD in allo-
hematopoietic stem cell transplant (HSCT).229 A few studies
have focused on developing LSSs to estimate MPA exposure
and individualize MPA pharmacotherapy. Blood levels
measured at 2, 2.5, 3, 4, and 6 hours after a 2-hour IV infusion
of MPA in bone marrow transplantation (BMT) patients
provided a good estimate of MPA AUC0–8h for Q8-hour
dosing.230 Similarly, a 5 time point LSS consisting of sam-
ples immediately before and at 0.25, 1.25, 2, and 4 hours
maximum and a posteriori Bayesian estimation after oral
MMF administration was shown to predict MPA AUC well in
HSCT recipients.167 A PK study in 34 HSCT recipients on IV
MMF resulted in the development of Bayesian estimators
based on 3 plasma levels (at 0.33, 2, and 3 hours) that yielded
AUC estimates with bias =212% or22% and RMSE = 15%
or 12%, depending on the PK modeling approach used
(individual modeling and nonparametric population model-
ing, respectively).159

Because MPA acts by inhibiting IMPDH activity, based
on data from 49 HCT patients, IMPDH activity was modeled
using a maximal inhibitory model with an MPA half-maximal
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inhibitory concentration (IC50) of 3.59 mg/L.231 In another
study, the overall relationship between MPA concentration
and IMPDH activity was described by a direct inhibitory
maximum effect model with an IC50 of 3.23 mg/L for total
MPA and 57.3 mcg/L for fMPA.232

Several studies have demonstrated that MPA plasma
exposure is associated with clinical outcomes, with an
increasing number of allo-HCT patients needing MPA target
concentration intervention.233 MMF is efficacious in steroid-
refractory and steroid-dependent acute or chronic GVHD with
a statistically significant correlation between plasma total
MPA C0 in the therapeutic range (1–3.5 mg/L) and clinical
response. This study indicated that serum albumin levels
should be taken into account when considering MMF dose
adjustments.234 In 83 patients, those with a mean week 1 and
2 total MPA C0 ,0.5 mg/L had an increased day 100 grade
III and IV acute GVHD of 26% versus 9% in those with MPA
C0 above 0.5 mg/L (P = 0.063). Those patients who received
a low total daily MMF dose and had a low mean week 1 and 2
MPA C0 had a significantly higher (40%) incidence of grade
III and IV acute GVHD (P = 0.008).234

A study by Wakahashi et al found in unrelated
allogeneic bone marrow transplantation (allo-BMT) that
AUC0–24h .30 mg$h/L resulted in the total absence of grade
II–IV acute or extensive chronic GVHD and tended to pro-
vide a higher overall and disease-free survival, lower relapse
rates, and nonrelapse mortality. In the same study, with cord
blood transplantation (CBT), the AUC0–24h ,30 mg$h/L was
sufficient to achieve a low incidence of acute or chronic
GVHD and high survival.229

The relationships between PK or PD markers of MPA
and successful GVHD prevention and neutrophil engraftment
were evaluated to investigate individualized MPA treatments
in HSCT patients. The fMPA AUC0–24h was reported to be a
better predictor of the prevention of GI GVHD and neutrophil
engraftment compared with total MPA in patients receiving
CBT. The investigators recommend monitoring of the fMPA
AUC0–24h with a target range of 405 and 689 mcg$h/L in
CBT patients.235 A prospective study in 56 nonmyeloablative
HSCT recipients evaluated plasma concentrations of total
MPA, fMPA, and total MPAG and IMPDH activity in periph-
eral blood mononuclear cells (PBMCs) at 5 time points after
the morning dose of oral MMF on day 21. It showed decreas-
ing IMPDH activity with increasing MPA plasma concentra-
tion, with maximum inhibition coinciding with maximum
MPA concentration in most patients. The relationship
between plasma MPA concentration and IMPDH activity
was described by a direct inhibitory maximum effect model
with an IC50 of 3.23 mg/L for total MPA and 57.3 ng/mL for
fMPA. The day 21 IMPDH area under the effect curve was
associated with CMV reactivation, nonrelapse mortality, and
overall mortality.232

There is a paucity of exposure–response data in pedi-
atric HSCT patients. Because of the lack of exposure–
response data in pediatric HSCT patients, adult HSCT tar-
gets or targets used in pediatric organ transplantations have
been adapted for TDM in pediatric HSCT recipients. McCune
et al suggested to adapt adult targets and that an MPA trough
$1 mg/L and steady-state average concentration .3 mg/L

(equivalent to AUC0–12h . 36 mg$h/L) be regarded as rea-
sonable targets in pediatric HSCT. If fMPA concentrations
are available, they suggested an AUC0–8h of 200–250 mcg ·
h/L.236 In a recent pediatric study including 19 children and
young adults (0.9–21 years), Windreich et al investigated an
MMF continuous-infusion dosing regimen that was individu-
ally adjusted to maintain an MPA steady-state concentration
of 1.7–3.3 mg/L.237 During continuous infusion, the MPA
AUC0–24h was maintained between 20 and 64 mg$h/L (mean:
40 mg$h/L), and 18 of the 19 patients (95%) achieved hema-
topoietic donor engraftment. The authors also found that
MPA Css in patients with acute GVHD was significantly
lower than that in patients without GVHD (1.2 versus 1.8
mg/L).237 Similarly, Harnicar et al found in their clinical
study including children that the higher incidence of grade
III to IV acute GVHD was associated with MPA trough con-
centrations ,0.5 mg/L in the first 2 weeks after (dCBT).238

Summary of Recommended MPA Target
Concentration Ranges—Stem Cell Transplantation
1. For adult BMT/HSCT patients given MMF, it is suggested

that the therapeutic range for total plasma MPA is C0 1–
3.5 mg/L and AUC0–24h (not the AUC0–12h) .30 mg$h/L
for allo-BMT, whereas AUC0–24h ,30 mg$h/L would be
sufficient in cord blood transplant recipients (B II).

2. For fMPA, an AUC0–24h target range of 405–689 mg$h/L
has been proposed for cord blood transplant recipients (B
II).

3. For pediatric HSCT recipients, based on a single study, a
tentative target range of MPA steady-state concentration,
Css 1.7–3.3 mg/L (equivalent to AUC0–8h 14–26 mg$h/L
in a Q8-hour dosing regimen) has been suggested but not
validated in larger cohorts (C2 III).

4. Given the lack of MPA POPPK models describing the PK
profiles of EC-MPS, future attention should be paid to fill
the gap.

PK Monitoring in Autoimmune Diseases
It should be noted that the indications discussed under

this heading represent off-label use in most countries. In
transplant recipients, immunosuppressive treatment often
consists of 3 or 4 drugs administered at the same time. In
most of the autoimmune indications, MPA is either the only
treatment or sometimes it is combined with glucocorticoids.
One could therefore argue that in autoimmune diseases
efficacy more strongly depends on reaching the therapeutic
window of MPA, whereas in transplantation subtherapeutic
MPA exposure can be compensated by the concomitant
immunosuppressive drugs. This provides a rationale for
investigating the concentration–effect relationship in auto-
immune diseases.

Lupus Nephritis
The European League Against Rheumatism–European

Renal Association–European Dialysis and Transplant
Association (EULAR/ERA–EDTA) published its updated
recommendations for the management of LN.239 For both
initial (induction) and long-term (maintenance) treatment of
LN, MPA combined with glucocorticoids is recommended as
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the first-line treatment. The guideline mentions that the MPA
dose may be adjusted according to tolerance and adverse
effects, efficacy, and MPA plasma trough levels. No target
concentrations were defined. Multiple studies did show a
concentration–effect relationship.240,241 Based on a literature
review for LN, a target MPA AUC of 30–45 mg$h/L was
proposed. If AUC monitoring is not possible, then the rec-
ommendation is to aim above a lower C0 threshold of 3.0 mg/
L.242 In one study, there was a significant correlation between
MPA trough concentrations at 12 and 24 hours and MPA
AUC0–12h, and the combined analysis of effect and toxicity
suggested a therapeutic range of 3.5–4.5 mg/L for MPA
trough concentration.243 Although evidence from randomized
trials is lacking, we recommend that at least one MPA con-
centration be measured before the conclusion is drawn that a
patient is unresponsive to MPA treatment.4 The EULAR/
ERA–EDTA guideline also mentions the option of combining
MPA with a CNI (tacrolimus, cyclosporine A, or the new CNI
voclosporin239). In contrast to tacrolimus, it is known that
cyclosporine A will affect MPA exposure, and therefore, the
MPA dose may be different depending on the CNI with
which it is co-administered. Whether or not voclosporin will
also affect MPA concentrations is unknown.

In a pediatric study in 19 children, an MPA AUC0–12h

of 30 mg$h/L or higher was associated with improved disease
control of childhood-onset SLE.244 In a pediatric study in 36
children, AUC,44 mg$h/L and AUC/dose,0.06 (h/L) were
associated with an increased risk of active disease, suggesting
a target AUC0–12h . 45 mg$h/L to prevent relapse.158 In both
studies, the exposure–toxicity relationship was not fully
characterized, but it is likely that an AUC well above 60
mg$h/L does not provide additional benefit while increasing
the risk of adverse drug reactions.158,244 Finally, a retrospec-
tive study analyzing 62 MPA AUC in 27 patients using a
logistic regression adjusted for age, sex, LN classification,
and time since MMF initiation showed that an MPA AUC
.45 mg$h/L was significantly associated with a therapeutic
response [odds ratio (OR) 3.6, 95% CI 2.4–9.5, P = 0.03].245

Inflammatory Bowel Disease
In the treatment of inflammatory bowel disease,

conventional therapy with azathioprine and the CNIs con-
tinues to be used, especially in parts of the world where
biologics are not covered by insurance.246 Evidence for the
efficacy of MPA for this indication is however limited and
published studies are mostly retrospective or uncontrolled.247

Colitis as an immune-related adverse event associated
with the use of immune checkpoint inhibitors may form a new
indication. The first-line treatment is discontinuation of the
immune checkpoint inhibitor and high-dose glucocorticoids,
and MPA has also been suggested as an alternative.248,249

There has not been any investigation of TDM for MPA
on these indications.

Nephrotic Syndrome in Children
A number of studies suggested the need for a higher

AUC0–12h target (.45 mg$h/L) for the treatment of idiopathic
nephrotic syndrome in SLE in children.250–252 In a prospec-
tive multicenter study including 60 pediatric patients with

steroid-sensitive nephrotic syndrome, the incidence of relapse
was higher in patients with AUC0–12h #50 mg$h/L (1.4
relapses per year) than in patients with AUC0–12h .50
mg$h/L (0.27 relapses per year).250 Various adverse effects
(mostly minor) were noted in 20 of the 60 patients, but they
were not related to MPA exposure.250 In another study, 168
blood samples from 24 pediatric patients with idiopathic
nephrotic syndrome or LN were collected, showing that
dose-normalized MPA C0 ,2 mg/L per 600 mg/m2 was
associated with a higher risk of proteinuria recurrence251

and that the erythrocyte count and hemoglobin were nega-
tively correlated with MPA C0.251 In a retrospective multi-
center study including 95 children with steroid-dependent
nephrotic syndrome, MPA AUC0–12h .45 mg$h/L was sig-
nificantly associated with a lower relapse rate,253 whereas no
difference in AUC was observed between patients with and
without adverse effects.253

Immunoglobulin A Nephropathy and Vasculitis
No targets for MPA TDM have been defined for these

indications. Current clinical guidelines on treatment of IgA
nephropathy do not recommend MPA as a treatment
option.254 The studies that investigated MPA with or without
steroids, compared with either steroid or usual care, were
typically small and inconclusive. Rodrigues et al in a review
on emerging developments in clinical and translational IgA
nephropathy research concluded that the results of clinical
trials on the use of MPA for this indication are mixed at
best.255 IgA vasculitis (formerly Henoch–Schonlein
Purpura) is believed to be caused by abnormal IgA1 glyco-
sylation. Consensus guidelines suggest as one of the treatment
lines for moderate disease (,50% cellular glomerular cres-
cents on renal biopsy plus altered renal function or severe
persistent proteinuria, histological class IIIb), the use of glu-
cocorticoids together with an antiproliferative (MMF or aza-
thioprine). MMF belongs to the second-line indication to treat
gastrointestinal manifestations of the disease in combination
with corticosteroids when the patient develops moderate
nephritis.256

Summary of Recommended MPA Target
Concentration Ranges—Autoimmune Diseases
1. LN: no target has been definitely recommended, but

authors proposed to aim above a lower C0 threshold of
3.0 mg/L, or to an AUC target of 30–45 mg$h/L, before
concluding that a patient is unresponsive to MPA treat-
ment (B III).

2. IgA nephropathy: no recommendation to use MPA, no
target.

3. Inflammatory bowel disease: limited evidence in favor of
MPA efficacy.

4. Nephrotic syndrome in children: AUC0–12h . 45 mg$h/L
(A II).

MEASUREMENT OF MPA CONCENTRATIONS
Analytical methods for the determination of MPA

plasma concentrations can be divided into 3 main groups:
(1) chromatographic methods [HPLC or ultra-high-pressure
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liquid chromatography (UHPLC) with either ultraviolet,
fluorescence, or MS detection]; (2) immunoassays [EMIT,
cloned enzyme donor immunoassay (CEDIA), and particle-
enhanced turbidimetric inhibition immunoassay (PETINIA)],
and (3) an IMPDH inhibition assay. Methods belonging to the
groups (2) and (3) are available for automated general clinical
chemistry platforms. Advantages and disadvantages of the
different methods vary, and therefore, the choice of which
assay to use depends on the laboratories circumstances and
requirements. The performance characteristics of the assays
are summarized in the subchapters below and in Table 2, as
well as in a previously published IATDMCT Consensus
Document specifically addressing the requirements for ana-
lytical quality in TDM of immunosuppressive drugs.16

Sample Matrix and Stability
In contrast to other immunosuppressive drugs, MPA in

blood is distributed extracellularly; therefore, plasma or
serum is the appropriate sample matrices for analysis. In an
attempt to standardize the collection of immunosuppressive
drugs, EDTA plasma has been recommended as the material
of choice for MPA in routine TDM services. Heparinized
plasma or serum can also be used.205 To quantify the free
drug concentration, deproteinized plasma can be obtained by
ultrafiltration (see discussion below).257 The application of
dried blood spots (DBS) and volumetric absorptive micro-
sampling (VAMS) tips as an alternative sampling approach
in specific clinical situations is gaining interest. Additional
sample matrices such as oral fluid, isolated PBMCs, tissue
homogenates, or urine find application primarily for
research.258

In general, the stability of MPA was reported to be up
to 8 hours at ambient temperature, 4 days at 2–88C, and 11
months at 2208C.16 However, a limited stability of the MPA
metabolites (MPAG and AcMPAG), which are also present in
the sample, has been demonstrated.259–262 The ex vivo de-
conjugation of these metabolites may lead to overestimation
of MPA concentration, particularly in samples from patients
with kidney insufficiency.263 An overestimation of MPA can
also occur in samples containing MMF, for example, those
collected during or immediately after an IV application of
MMF.264 Measures to stabilize samples have been reported in
the literature.259–261,265

Oral fluid was reported to behave similarly to plasma
regarding the analyte stability.266,267 Sampling by the Mitra
VAMS tips resulted in stable MPA concentrations for 60 days
at 258C, 30 days at 378C, 2 days at 508C, and 50 days at
2208C,268 whereas with DBS, lower stability was re-
ported.269 No significant change of MPA and MPAG concen-
trations was observed after at least 3 repeated freeze–thaw
cycles of plasma, oral fluid, or the Mitra VAMS tips.266–268

However, MPA stability data in oral fluid, with DBS and
VAMS, have to be interpreted with caution because samples
without additional presence of AcMPAG or MMF were used
for the evaluation. Caution should be given to storage of
samples for analyses of free drug concentrations because ex
vivo displacement from the protein-binding site may occur
(eg, by free fatty acids in highly lipemic samples,270 tem-
perature changes, and acidification of the sample in vitro

through anaerobic glycolysis) and compromise analytical
results.

Chromatographic Methods
Chromatographic methods have been used for TDM-

guided therapy of MPA for more than 20 years, with most of
them being laboratory developed tests (LDTs).
Chromatographic methods were instrumental for the elucida-
tion of the PK of MPA and the investigation of the PD effects
of MPA.171,228,271–281 According to proficiency testing (PT)
information, around 50% of the laboratories are currently
using chromatographic procedures for their TDM services,
and approximately 60% of those are LC-MS/MS based.

The most important advantages of the chromatographic
procedures are that they are specific for the parent compound,
possess very broad measuring ranges, and allow simultaneous
determination of MPA, MPAG, and AcMPAG. However, the
simultaneous analysis is challenged by the very different
polarity of the molecules as well as by the large difference
between typical therapeutic concentrations observed in
patient samples (MPAG z20–100-fold . MPA z10-fold
. AcMPAG).

In contrast to other immunosuppressive drugs, conven-
tional HPLC methods are still frequently used for MPA
determination because they are able to provide adequate
measurements of the total drug concentration, which is the
main target of the current TDM strategies. Better robustness,
lower investment and maintenance costs, and broader avail-
ability of the instruments and trained staff are further
arguments in support of conventional HPLC. Although the
use of fluorescence detection has been reported,282

most HPLC methods apply ultraviolet detection.283 The UV
absorbance spectra of MPA and its metabolites MPAG
and AcMPAG are very characteristic because of each includ-
ing a different combination of 3 absorbance peaks
(Table 3).284

When an HPLC system is equipped with a diode-array
detector (DAD), chromatographically separated peaks can
have simultaneous detection at multiple wavelengths.
Therefore, it is possible to gain improved analytical specific-
ity as well as to select the most appropriate absorbance
peak(s) for detection and thus to enable a parallel analysis of
the 3 analytes and avoid MPAG signal saturation due to its
high concentration. Both isocratic- and gradient elution-based
procedures have been reported.283 Regarding liquid chroma-
tography columns, mostly C8- and C18-based materials are
used and a shift from conventional (3–5 mm) to small
(,2 mm) particle sizes has allowed faster run times (,5
minutes for MPA plus metabolites) without compromising
resolution.283,285

There are some advantages of LC-MS/MS, specifically,
smaller sample volumes, shorter analytic time, greater
specificity, and higher sensitivity.283,286 The higher sensitivity
afforded by LC-MS/MS is particularity beneficial for mea-
surement of free, tissue, or intracellular MPA concentrations
and for implementation of microsampling techniques (eg,
DBS).258,283,286 LC-MS/MS does have some drawbacks with
relevance for the analysis of MPA and its metabolites,
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specifically, matrix effects, isobaric interferences, and in-
source fragmentation.

LC-MS/MS with electrospray ionization (ESI) is gen-
erally prone to ion suppression, and the typically high MPAG
concentrations increase the likelihood of this occurring when
measuring MPA. The use of stable isotope–labeled internal
standards is an effective way to compensate for matrix effects,
and therefore, the use of the commercially available deute-
rium (2H, D) and carbon-13 (13C)-labeled MPA and MPAG
analogs is recommended.16 Furthermore, very high MPAG
concentrations may not only contribute to incomplete ioniza-
tion but also to saturation of the detector, with the conse-
quence of a nonlinear concentration/signal intensity
relationship, a phenomenon frequently reported in regard to
the analysis of MPAG.283

MPAG and AcMPAG are isobaric and their analysis
necessitates chromatographic separation. In addition, MPAG
and AcMPAG, as well as a commonly used internal standard,
the carboxybutoxy ether of MPA, are prone to in-source
fragmentation to MPA, which if not appropriately addressed
may cause erroneously high MPA concentrations in clinical
samples.283,286 Proper chromatographic separation, monitor-
ing of the transition of the ammonium adduct [M + NH4]+ for
MPA, and choosing more selective MS conditions (eg, reduce
acceleration voltages in the ion source) help prevent errone-
ous results.283,286

The scope of LC-MS/MS methods varies consider-
ably.283 Protein precipitation for sample pretreatment, C18
analytical columns for the chromatographic separation, and
positive mode ESI (ESI+) for MS predominate. Various MPA
adducts have been reported to be suitable for analysis after
ESI+: [M + H]+, [M + NH4]+, and [M + Na]+ (Table 3).
Online sample clean-up performed either with a single ana-
lytical column and gradient elution or with 2D chromatogra-
phy, as well as advanced automation are common trends in
routine clinical laboratories.283,286 UHPLC coupled to triple-
quadrupole mass spectrometers is also common and has the
advantages of decreased sample volume and analysis time
and potentially increased sensitivity.285

Discussion about the development, validation, quality
assurance, and overall maintenance of analytical procedures for
TDM of immunosuppressive drugs is provided in a previously
published IATDMCT Consensus Document.16 An often over-
looked, but key issue is that the use of postdose patient samples
that contain both the parent drug and its metabolites is necessary
for method validation to fully characterize matrix effects, in-
source fragmentation, and isobaric interferences.16 In general,
properly designed and maintained chromatographic methods
(both conventional HPLC and LC-MS/MS) are in position to
easily achieve an analytical precision [coefficient of variation
(CV) #5–10%] and accuracy (analytical bias #5–10%) and
to cover measurement ranges (typically 0.1–50 mg/L for MPA)
that fulfill the IATDMCT recommendations.16

Immunoassays
Automated immunoassays were initially used by small

clinical laboratories performing routine testing. Advantages
included availability and relative ease of use of the apparatus
and increased turnaround of results.

EMIT
The EMIT 2000 MPA Assay has been used in TDM

laboratories for more than 20 years and was the first
immunoassay introduced for MPA monitoring. It is currently
offered by Siemens Healthcare Ltd., and they recommend
using the EMIT 2000 MPA Assay on the V-Twin or Viva-E
analyzers.287,288 However, the reagents can be adapted for use
on other manufacturers’ analytical platforms: a family of
Cobas MIRA analyzers,263,289–299 Hitachi 911,300 Architect
c8000,301 and Dimension.301

The measurement range of the assay stated by the
manufacturer is 0.1–15 mg/L. This range is sufficient when
monitoring steady-state trough concentrations. However, the
Viva-E analyzer studies demonstrated that the linearity was
not maintained at the higher concentration range (.10 mg/L),
requiring dilutions of the sample.288 This emphasizes the
necessity for adequate validation studies even of commercial
immunoassays on automated platforms. Numerous studies
have evaluated the imprecision of the EMIT assay. Overall
the intra-assay imprecision ranged from 1.5%–8.1% and in-
terassay impression ranged from 1.2%–9.6%.292–294,301

Analytical specificity is a critical issue for reliability of drug
measurements using immunoassay. For EMIT, the overesti-
mation of MPA concentration ranges from 15% to 37.7%.
The positive bias is primarily believed to be caused by
cross-reactivity with the metabolite AcMPAG, although other
factors are also suspected.263,287–290,292,295–298,301,302

EMIT may serve as an example of how analytical
methods influence TDM. The MPA therapeutic range for
trough concentration has been set at 1.0–3.5 mg/L for HPLC
methods and at 1.3–4.5 mg/L for EMIT.295 In addition,
POPPK models and Bayesian estimators were even specifi-
cally developed for the EMIT technique.155,169 However,
although PK models can be developed for any set of concen-
trations measured, the use of nonspecific assays makes inter-
pretation of the outcome very difficult.

PETINIA
About a decade later, in 2011, Siemens introduced the

PETINIA MPA assay developed for use on Dimension
analyzers. This assay has better reagents stability and a wider
calibration range (0.2–30 mg/L). Studies reported intra-assay
imprecision from 0.91% to 3.16% and interassay imprecision
from 2.8% to 6.0%.303,304 When compared with reference meth-
ods (HPLC or LC-MS/MS), there was a significant positive bias
that ranged from 26.3% to 33.5%, depending on the transplant
type.288,304,305 Much like the EMIT assay, it is believed that the
high positive bias is due to cross-reactivity with AcMPAG over-
estimating MPA plasma concentration.288,303–307

CEDIA
Another methodology introduced for MPA monitoring

was the CEDIA (from Microgenics Corporation, and later
made available from Thermo Scientific). The assay dedicated
for automated clinical chemistry analyzers was mainly
evaluated on Hitachi 917 instrument and the Indiko ana-
lyzer.308–311

The linear range was verified to be 0.3–10 mg/L.310,311

Studies reported intra-assay imprecision ranging from 1.5% to
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9.3% and interassay impression ranging from 0.6% to
13.3%.308–310 The CEDIA MPA assay also demonstrated a
significant positive bias of 36.3% over the true MPA concen-
tration on average, depending on the type of transplant. This
bias is believed to be due to the cross-reactivity with
AcMPAG, a similar issue to that observed for other immu-
noassays.308–311

To the best of our knowledge, no POPPK models or
Bayesian estimators have been developed for PETINIA or
CEDIA, but Saint-Marcoux et al proposed a procedure to
develop Bayesian estimators dedicated to different immuno-
assays, starting from POPPK models and Bayesian estimators
developed with LC-MS/MS and using a simulation approach
taking account of the correlation equations between the
concentrations measured with each of the immunoassays
and LC-MS/MS.312

In conclusion, available immunoassays for MPA mon-
itoring (EMIT, PETINIA, and CEDIA) have the advantage of
being automated with a relative ease of use of the apparatus
and increased turnaround of results. They all, however, suffer
from significant overestimation (positive bias) of MPA
concentration, which frequently varies with the transplant
type. If the laboratorians, pharmacists, and clinicians know
and understand the limitations of these methods, they can still
be accepted for TDM. According to PT reports, immunoas-
says are used in approximately 20% of laboratories.

IMPDH Inhibition Assay for MPA
The Roche Total MPA assay (Roche Diagnostics,

Rotkreuz, Switzerland) is based on the drug in vivo mech-
anism of action. Recombinant IMPDH II combines with
inosine monophosphate (IMP) and NAD+; the NAD+ is
reduced to form NADH and XMP. The formation of
NADH is measured at 340 nm. In the presence of MPA,
the activity of IMPDH is inhibited and the formation of
NADH is decreased.

As compared to chromatographic methods, the IMPDH
inhibition assay has the advantage of being able to be run on
automated analytical platforms. Whereas originally the
method application was limited to the platforms of the kit
manufacturer (COBAS C and Cobas INTEGRA series), a
successful open-channel adaptation (ABX Pentra 400 ana-
lyzers; Horiba Ltd, Kyoto, Japan) was reported.313

The analytical performance of the Roche Total MPA kit
was shown to fulfill target acceptance criteria for MPA
TDM,16 except for its lower limit of quantification (LLOQ)
of 0.31–0.50 mg/L,145,313–315 which is higher than that rec-
ommended by IATDMCT (0.2 mg/L). Another relative dis-
advantage of the method is a narrow analytical measurement
range with ULOQ of 15 mg/L. This would necessitate sample
dilutions if AUC-based TDM strategies are being used. The
intra-assay imprecision varied from 0.7% to 5.5% and the
inter-assay imprecision from 0.9% to 9.6% throughout the
measurement range.313,314,316

Because the mechanism of action of the drug is the
basis for the assay, it achieved better analytical specificity
than immunoassays. In validation studies with LC-MS/MS as
the reference, overestimation of MPA concentrations of ,5%
was demonstrated using samples from kidney, heart, and liver

transplant recipients, as well as from children with idiopathic
nephrotic syndrome. This bias was considered of almost no
clinical relevance.145,313,314,316,317

Method-specific PK models and Bayesian estimators
were developed for PK-guided TDM using this IMPDH
inhibition-based assay for (adult or pediatric) kidney or lung
transplant recipients administered MMF and cyclosporine A,
tacrolimus, or sirolimus, at different posttransplant periods.145

Consistency of MPA Results Generated by
Different Analytical Methods

MPA is prescribed as a long-term therapy, and the
importance of consistent analytical performance of methods
and laboratories over long periods is critical. Method
inconsistency may have an impact on patient care for several
reasons including its effect on clinical decisions regarding
alterations in drug dosing and, therefore, also have an impact
on long-term patient outcomes. Because the retrospective
analysis of the analytical data or the interpretation of pooled
data from clinical trials may be used for regulatory purposes
or to establish clinical decision points, this may also be
impacted by variability in analytical data.

Inconsistency with analytical methods over time is still
an issue, not to mention the biases between methods and
elevated CVs frequently reaching 10%. A further compli-
cating factor is the low level of method harmonization,
particularly with what is perceived as the reference methods,
which are almost exclusively LDTs. A patient may be
perceived as being above or below the therapeutic target
simply because drug concentrations were determined by a
different method or laboratory. If the treating clinician is
unaware of these methodological differences, it might lead
to an inappropriate dosage change and the patient receiving
either an insufficient dose and rejecting the organ or
receiving a too high dose with the risk of over immunosup-
pression. The introduction of laboratory- (or method-)
specific target ranges as developed with the EMIT assay295

is a helpful approach to attenuate the impact of between-
method differences on patient classification. Still, this
approach may pose a hidden danger, particularly when lab-
oratories need to change the methodology at short notice
(eg, because of problems with reagent supply) or when
transplant physicians have to simultaneously interpret
results provided by different laboratories. In addition,
because of concentration dependence of the cross-
reactivity to AcMPAG in the immunoassays plus a broad
interindividual and intraindividual variability of the metab-
olite concentration,261 a reliable extrapolation of MPA con-
centrations measured by immunoassays to respective
“chromatographically determined concentrations” is not
possible and cannot be recommended. By contrast, because
of the very good comparability of MPA concentrations
determined with the IMPDH inhibition assay and chromato-
graphic methods, the use of the identical therapeutic targets
or target ranges with these techniques seems appropriate.316

There has been continuous improvement of analytical
performance; however, the methods currently available still
have a wide range of performance characteristics, which will
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need critical consideration when implementing or changing
TDM services for MPA. The current state of assay calibration
and PT will be discussed below.

Method Calibration and Proficiency Testing

Method Calibration and
Measurement Standardization

The applicability and reliability of results generated by
laboratories depend on the quality of the data, especially their
accuracy. This general remark is valid for any kind of
measurement service and is not limited to clinically relevant
analytes, such as MPA. Laboratory medicine adopted rela-
tively early the general metrological concept of traceability
and established a close relationship with national metrological
institutes.318,319 By founding the Joint Committee for
Traceability in Laboratory Medicine (JCTLM), located at
the International Bureau of Weights and Measures,320 chem-
ical and biological entities in laboratory medicine have been
raised to the same level of international consistency and used
classical SI units for measuring time, weight, and length.
Measurement procedure accuracy is achieved through ensur-
ing specificity of the applied methods and is the responsibility
of individual laboratory units offering defined measurement
services and determined through proper and thorough method
validation. The calculation of total error or measurement
uncertainty321–323 can be used to investigate the error com-
ponents bias and precision, which in combination define the
accuracy of a measurement system324

Generally, the end user must rely on the quality of the
used raw materials, including their thorough characterization
and traceability to a higher metrological order. For the
quantification of MPA, in vitro diagnostic medical device
(IVD)-conformité européenne (CE)-certified kits were made
available by IVD industry partners (Table 2). MPA measure-
ments generally rely on calibration with pure substance(s),
available in high quality from different vendors and including
ISO34-certified materials. Whereas in immunoassays or in
methods relying on enzymatic reactions solely, single analyte
(MPA)-based calibration models in combination with cross-
reactivity statements regarding MPA metabolites can be used;
chromatographic methods can be designed so that MPA
metabolites can be quantified separately. Some laboratories
measure both parent drug and its metabolite, MPAG,
although the clinical need of such measurement is still
undetermined.

If LDTs are produced locally, this responsibility is with
the producing laboratory. It must be understood that intended
use claims and purity statements on producer certificates must
be read with great care to avoid misunderstandings. For
example, materials clarified by the US Pharmacopeia stan-
dards should not be used for quantitative purposes. Only
ISO34 certification ensures complete metrological traceability
of a pure compound or solutions made thereof in the sense of
a “higher metrological order.”

MPA analysis lacks any kind of high-order measure-
ment procedures or materials provided by metrological
institutions, such as the European Commission’s Joint
Research Centre325 or the National Institute of

standardization.326 The JCTLM database327 shows no entries
for candidate reference methods or services. As of now, the
only available material with ISO34 certification is the refer-
ence material M-106 from Cerilliant (Round Rock, TX). No
efforts have been undertaken by the scientific community to
establish candidate measurement procedures fit for JCTLM
listing. No raw material characterizations meeting ISO34
standards have been published in the JCTLM database after
undergoing the standard JCTLM expert team review. The
Immunosuppressive Drugs Work Group under the
International Federation of Clinical Chemistry and
Laboratory Medicine328 will try to bundle efforts to fulfill
the goal of making MPA measurements traceable to SI units
by establishing materials and measurement tools of a higher
metrological order. However, at the current time, it must be
stated that MPA measurement services are not traceable to a
higher metrological order.

Proficiency Testing
PT for MPA is available from several sources, with

LGC Axio PT (as successor to the previous “International
Proficiency Testing Scheme”) serving for decades as the larg-
est international cohort with up to 148 participants and the
College of American Pathologists (CAP)-based service tradi-
tionally more present in the United States. PT cohorts allow
an anonymous retrospective analysis of assay performance
independent from literature data and diagnostic industry or
diagnostic laboratory quality claims. Data analysis of PT chal-
lenges (2017–2019) has been performed from CAP and LGC
PT data summaries (Figs. 2 and 3). Because of statistical
limitations (number of participants), direct CAP and LGC
data comparison was only possible for all methods combined
(Fig. 2B) and the LC-MS/MS subgroup (Fig. 2A). Overall,
MPA measurements show an interlaboratory error in the
range of about 5%–20%, with only a limited number of
results associated with one of the immunoassays (Fig. 3B)
exceeding this number. The overall CV is almost independent
from the analyte concentration.

Independent of the scheme, LC-MS/MS subgroup CV
is slightly lower than the all methods’ interlaboratory CV and
ranges between 5% and 13%. Detailed analysis of the LGC-
PT scheme unveils that LC-MS/MS shows better interlabor-
atory measurement uncertainty compared with HPLC- and
EMIT-based measurement services (Fig. 3A). IMPDH-
based assay realizations are not sufficiently represented in
the LGC cohort to allow subgroup statistics; however, in
the CAP scheme a comparison between LC-MS/MS and
IMPDH PT results was possible (Fig. 3B). The subgroup
measurement uncertainty of laboratories performing the
IMPDH assay based on enzyme kinetics (see above) shows
uncertainty figures of approximately 2.5-fold lower than the
LC-MS/MS-based analysis.

Because the CV value in PT analysis is a combination
of systematic and random error components, this difference
can be partially attributed to interlaboratory bias contributions
from individual calibrator productions in LDT systems that
lack traceability to certified reference materials. It is well
known from other case studies that this effect is present.16
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FIGURE 2. Comparison of MPA PT data of all CAP (n = 18, spiked samples) and LGC (n = 30, spiked and patient samples) testing
rounds from 2017 to 2019. Each data point represents the result of a single PT challenge sample. The participants mean result is
plotted against the coefficient of variation of the results. A, The LC-MS/MS subgroups from the 2 schemes are presented (LC-MS/
MS subgroup number of participants CAP 20–28, LGC 29–57). B, The corresponding data for all methods are shown (overall
number of participants CAP 60–68, LGC 93–148). The overall interlaboratory CV ranges from 5% to 12% in the CAP PT scheme
and from 6% to 21% in the LGC PT scheme. For the LC-MS/MS subgroup, the interlaboratory CV ranges from 6% to 13% in the
CAP PT scheme and from 5% to 11% in the LGC PT scheme. It is emphasized that the interlaboratory CV in the PT scheme analysis
reflects overall interlaboratory measurement uncertainty. It is a combination of unknown systematic (eg, calibration bias related)
as well as random (eg, measurement uncertainty) error components.

FIGURE 3. MPA PT subgroup data analysis for all CAP (n = 18, spiked samples) and LGC (n = 30, spiked and patient samples)
testing rounds from 2017 to 2019. A, All LGC subgroups with a sufficient number of participants to give a subgroup mean and (B)
the same data from the CAP scheme. A, In the LGC scheme with an overall number of participants ranging from 93 to 148, LC-
MS/MS (29–57 participants), HPLC (18–39 participants), and EMIT (16–27 participants) subgroup data are provided by the PT
provider. These 3 subgroups represent 76%–84% of all participants. Interlaboratory subgroup CV ranges from 5% to 11% for LC-
MS/MS-, from 8% to 17% for HPLC-, and from 5% to 25% for EMIT-based measurement services. B, In the CAP scheme with an
overall number of participants ranging from 60 to 68, LC-MS/MS (20–28 participants) and Cobas C (10–16 participants) sub-
group data are provided by the PT provider. These 2 subgroups represent 54%–62% of all participants. Interlaboratory subgroup
CV ranges from 6% to 13% for LC-MS/MS- and from 1% to 5% for Cobas C-based measurement services. Because of small
numbers of participating laboratories, subgroup analyses do not include CEDIA, HPLC, Siemens Dimension, and Syva EMIT 2000
methods.
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However, this does not completely explain the difference
between the LC-MS/MS and the Cobas C platforms. It is also
likely that intralaboratory random error contributions in LC-
MS/MS-based services exceed interlaboratory measurement
uncertainty in automated Cobas C installations.

Alternative TDM Approaches

Free MPA
The free (unbound) drug is considered the pharmaco-

logically active component, and therefore in general, free
drug concentrations are considered more likely to be associ-
ated with drug-related effects than the total drug concentra-
tions. For drugs with high protein binding, such as MPA
(z99% in healthy individuals), small changes in protein
binding may result in shifts in total or free drug concentra-
tions that may or may not impact the PD. Consequently, there
is an interest in measuring fMPA concentrations to use for
TDM.

Because fMPA assays are all LDTs, it should be
pointed out that in addition to the usual analytical parameters
and issues regarding assay development and validation,
sample collection, storage, and pretreatment will all have a
significant impact on overall method performance. The matrix
for the analysis of fMPA is deproteinized plasma; it is isolated
by equilibrium dialysis, ultracentrifugation, or ultrafiltration;
the latter being the most frequently used. Many research
groups adopted the ultrafiltration procedure originally applied
by Nowak and Shaw,257 but the diversity of conditions re-
ported in the literature is broad, and no data on their compa-
rability are available. Different temperatures used during
ultrafiltration (378C or ambient) contribute to differing
results.329,330 It is well known that some microfiltration
devices may interfere with the analysis because of drug
adsorption on their surface or impurities derived from the
filters.331,332 In addition, different matrices used to prepare
assay calibrators may impact result comparability.329

Currently, no automated ultrafiltration procedure has been
published; development of such methods would undoubtedly
be important to foster research on the role of fMPA in TDM
of MPA.

Some HPLC-UV methods have been developed to
determine fMPA, but their LLOQs (5–10 mcg/L) were not
compatible with accurate and precise quantitative analysis,
particularly of predose fMPA concentrations that are fre-
quently in or below this range.205,283 The use of fluorescent
detection has been proposed, however with a marginal
improvement (LLOQ z2.5 mcg/L).287

Modifications of the EMIT 2000 MPA Assay287,329

expected to be compatible with an fMPA analysis on an
automated clinical chemistry platform have been reported.
Unfortunately, the LLOQ was similar or higher than that of
the HPLC procedures and cross-reactivity (discussed above)
remained a significant issue.287

LC-MS/MS methods have an improved LLOQ of
#1.0 mcg/L283 and clinically acceptable performance
(imprecision and bias ,10% over the main part of the mea-
surement range). In addition, even with the extra time
needed for sample preparation, LC-MS/MS methods can

provide a clinically acceptable turnaround time and the
opportunity to measure the free (not protein bound) concen-
trations fMPA, fMPAG, and fAcMPAG simultaneously.331

Finally, LC-MS/MS frequently require plasma volumes as
low as 500 mL–200 mL,267 which is particularly important
for pediatric patients.

To provide quality control for the full analytical pro-
cedure (sample pretreatment and measurement) and to also
outline possible interferences by the MPA metabolites, the
use of pooled patient plasma in addition to spiked QC
materials is recommended. This also concerns the method
development and validation as well.

Despite the theoretical advantage of measuring the
biologically active part of MPA, there is not sufficient
evidence that monitoring of fMPA concentrations correlates
better with clinical outcome than total concentrations and
therefore no recommendation for monitoring fMPA in routine
services can be given at this time point.

Intracellular Concentrations
Drug targets for most immunosuppressive drugs are

located inside the T cell. Determining concentrations
within lymphocytes, or for practical reasons in PBMCs,
may have advantages over plasma MPA and may represent a
closer reflection of its immunosuppressive activity. MPA
also exerts its inhibition of IMPDH activity intracellularly.
The amount of drug available inside the cell might,
therefore, represent a better surrogate of its immunosup-
pressive activity.

There are LC-MS/MS methods with sufficient sensitiv-
ity for measurement of intracellular MPA concentra-
tions,333,334 but only few clinical studies have been
conducted on this topic. PK-PD analysis in 40 KTR showed
minimal if any correlation between PBMCs concentrations
and IMPDH activity during the first 10 postoperative days.335

A study conducted in KTR reported that patients with
rejection (n = 15) had lower intracellular trough concentra-
tions of MPA than patients without rejection (n = 33),
whereas neither plasma trough MPA concentrations,
fMPA, nor IMPDH activity was different between the 2
groups. Interestingly, in this study, there was no effect of
albumin or MRP2 (ABCC2) phenotype on MPA intracellu-
lar concentrations.336 This study highlights the potential of
intralymphocyte MPA monitoring, but there is insufficient
evidence to recommend it in routine clinical practice at this
time.

Microsampling, including DBS
In theory DBS sampling can be used for TDM of MPA

in a clinical setting, especially for remote areas, pediatric
setting, or patients who are confined to their homes. DBS or
other microsampling techniques have the potential to become
wide spread if analytical and clinical performances conform
to recommendations for TDM services. In addition to the
IATDMCT recommendations on analytics for immunosup-
pressive drugs mentioned above, a specific guideline on the
development and validation of DBS-based methods for TDM
was published.16,337
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A limited number of DBS or other microsampling
bioanalytical methods for MPA have been described in the
literature.268,269,338–343 The TDM of MPA using DBS/
VAMS has been studied in a clinical setting, by applying
conventional HPLC equipment or more sophisticated LC-
MS/MS methods. Both multi- and single-component assays
have been developed. Most methods meet the general cri-
teria of the EMA bioanalytical validation guidelines.344

Some of the studies also described clinical validations
including evaluation of clinical utility.269,338,342,343 A sum-
mary of these assays and types of evaluations are presented
in Table 4.

Widespread application in routine practice has not yet
been achieved, possibly because of a lack of correlation and a
bias compared with venous samples or establishment of
appropriate therapeutic ranges. However, the increased need
for home sampling methods for monitoring transplant recip-
ients with decreased accessibility to routine health care may
increase the acceptability of a slightly higher bias and
imprecision compared with conventional plasma methods
that use venous blood sampling. Currently, there are

challenges with turnaround time and workload for the assays
and also with sample logistics, but this is rapidly improving
because of an increasing demand.

One challenge with the microsampling methods
described so far is the translation of dried whole blood to
plasma concentrations because therapeutic ranges for TDM
of MPA are only available for plasma. It has been shown
that plasma and DBS/VAMS samples yield different
concentrations due to the dilution effect of blood cells, as
MPA is present almost exclusively in plasma.341,345

Theoretically, this effect can be corrected for by using
the actual hematocrit in the sample, the mean from recent
samples of the patient or a correction factor. The mathe-
matical correction of concentrations measured in whole-
blood DBS, or other microsamples, to concentrations
equivalent to plasma and serum concentrations could be
different depending on the type of sampling technique.
More detailed information on the influence of the hemato-
crit on the results obtained with DBS-based methods and
how to deal with this issue can be found in the IATDMCT
guideline.337 Examples of proposed calculations to

TABLE 4. Microsampling Approaches Reported for Mycophenolic Acid (MPA) and Its Metabolites

Publication Compounds Type of Validation Volumetric Correction Factor Sample Preparation

Koster
et al268

TAC, EVR, SIR, MPA,
TSIR, and CsA

Analytical Yes (Mitra VAMS) NA Multistep extraction with
sonification and vortexing

Martial
et al269

TAC and MPA Analytical and clinical No (Whatman 903) Plasma/DBS = 1.3 One step extraction with
vortexing

Zwart
et al338

TAC, MPA, SIR, EVR,
and CsA

Analytical for all and
clinical for TAC + MPA

Yes (Hemaxis) DBS/Plasma = 0.66 One step extraction with
vortexing

Iboshi
et al339

MPA, MPAG, and
AcMPAG

Analytical No EPC = DBS
concentration/1-Hct value

Microwave drying and
one step extraction with

vortexing

Wilhelm
et al340

MPA Analytical No (Whatman 903) NA Two step extraction with
vortexing

Arpini
et al341

MPA Clinical No (Whatman 903) EPC = DBS/[1
2 (Hct/100)]

Mean or individual Hct

Two step extraction with
vortexing

Koster
et al342

TAC, MPA, SIR, EVR,
and CsA

Analytical and clinical
only for TAC and CYA

No (Whatman FTA
DMPK-C)

NA One step extraction with
vortexing and sonification

Almardini
et al343

MPA Only application Yes, 15 uL plastic
(Guthrie cards)

NA One step extraction with
vortexing, dried under

408C Nitrogen

Publication Stability Ambient* Stability Freezer* Stability Extreme* Analytical Technique LLOQ

Koster et al268 $60 d $50 d, 2208C NA LC-MS/MS 0.100 mg/L

Martial et al269 $240 d $240 d 48C Unstable at 728C LC-MS/MS 0.5 mg/L

Zwart et al338 $180 d NA NA LC-MS/MS 0.2 mg/L

Iboshi et al339 MPA: 10 d

MPAG: 7 d

AcMPAG: 3 d

NA NA LC-MS/MS MPA and MPAG: 0.1 mg/L,
AcMPAG: 0.125 mg/L

Wilhelm et al340 NA $26 d, 48C NA RP-HPLC-DAD 0.74 mg/L

Arpini et al341 $20 d $20 d, 48C NA UHPLC-DAD 0.25 mg/L

Koster et al342 $60 d at AT and 378C $60 d, 2208C 14 d, 508C LC-MS/MS 0.1 mg/L

Almardini et al343 NA NA NA HPLC-UV 0.25 mg/L

AT, ambient temperature; CsA, cyclosporine A; EPC, estimated plasma concentration; EVR, everolimus; Hct, hematocrit; NA, not available; SIR, sirolimus; TAC, tacrolimus;
TSIR, temsirolimus.

*MPA stability in the presence of MPAG and AcMPAG has not been investigated, except by Iboshi et al.339
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estimate the plasma MPA concentrations from the DBS are
shown below:
Hematocrit Dependent:

Estimated  plasma  concentration

¼ DBS  concentration=½12 ðhematocrit=100Þ�
where percent hematocrit is expressed as an integer.

Estimated  plasma  concentration

¼ DBS  concentration=ð12 hematocritÞ
where percent hematocrit is expressed as a decimal number.
Hematocrit Independent:

Estimated  plasma  concentration

¼ DBS  concentration · 1:3
Estimated  plasma  concentration

¼ DBS2 concentration=0:66

Only one publication included quantification of MPAG
and AcMPAG in addition to MPA; however, the stability
of these metabolites seems to be much less than that of
MPA, and it was proposed that a microwave treatment
could potentially increase the stabilities of MPA, MPAG,
and AcMPAG at ambient temperature for 10, 7, and 3
days, respectively.339

Because of its minimally invasive handling and the
potentially increased stability of the analytes compared with
traditional samples, dried blood microsampling can be
considered a promising alternative, particularly when venous
blood sampling or sample shipment is difficult. More research
and experiences with microsampling in TDM of MPA are
warranted to establish the utility of this matrix.

Other Matrices
One of the major advantages gained by the progress

in LC-MS/MS methods is sensitivity, thus providing the
opportunity to determine the concentration of MPA and its
metabolites in alternative sample matrices, such as urine,
oral fluid, and tissue samples, for example, from graft
biopsies. Some LC-MS/MS procedures to measure
urine259 or tissue331,346 drug concentrations with satisfac-
tory analytical characteristics have been published.

Oral Fluid
Assuming that only the nonprotein bound drug (free

drug) enters the oral fluid and reflects the pharmacologi-
cally active form,347 combining this with the benefit of
being noninvasive makes oral fluid a very attractive matrix.
When repeated sampling (eg, to evaluate the AUC) is
needed or when sample collection may be difficult (pedi-
atrics), it encourages development of LC-MS/MS methods
to measure the concentrations of MPA and its metabolites
in oral fluid.283,286

LC-MS/MS yields the high analytical sensitivity
required to precisely measure the very low drug concentra-
tions in saliva (usual LLOQ ,3 mcg/L), but may be chal-
lenged by some matrix-specific factors. In particular, the high
mucopolysaccharide content may interfere with the pipetting
accuracy. Sample pretreatment by sonication and freeze–thaw
cycles followed by centrifugation was proposed to facilitate
mucopolysacharides breakdown, but with limited suc-
cess.348,349 In addition, sample collection, although conve-
nient for the patient, represents a significant source of
variability of the concentration. Insufficient specimen vol-
umes; interference from food particles, substances, and drugs,
which can change the pH and the flow of the oral fluid;
contamination by blood released from teeth after brushing or
flossing; and the microbial flora dependent on dental hygiene
can modify the actual concentration or compromise mea-
surement accuracy.348,350 The wide variety of specimen col-
lection methods (with and without stimulation) and devices
may also significantly contribute to result variability.

These issues taken collectively are likely responsible
for the very conflicting results generated using oral fluid in
the clinical setting. Some studies reported an acceptable
correlation of total as well as fMPA concentrations between
plasma and oral fluid concentrations,266,267,351 whereas others
found a poor correlation.350 Therefore, the use of oral fluid for
the purpose of MPA TDM cannot be recommended yet, and
further studies are needed to identify the most appropriate
sampling and sample pretreatment conditions.

Tissue
An LC-MS/MS method has been developed for the

quantification of MPA concentrations in core needle biopsies
(weighing as little as 0.1 mg) from KTR taken as part of
routine clinical care. The procedure was based on a mechan-
ical tissue homogenization technique instead of enzymatic
tissue digestion, to prevent degradation of AcMPAG during
sample preparation. It was followed by liquid–liquid extrac-
tion to minimize potential matrix interferences.346 Because of
the invasive nature and small sample size, the indications for
these types of analytical methods will most likely be restricted
to PK or other research settings seeking better understanding
of the relationship between plasma and graft concentration
and to help predict transplant outcomes.

Summary of Recommendations for
Measurement of MPA Concentrations
1. EDTA plasma, heparinized plasma, and serum are the rec-

ommended sample matrices to determine MPA concentra-
tions for TDM services.

2. Samples (EDTA plasma) for analysis of MPA concentra-
tions can be stored up to 8 h at ambient temperature, 4
days at 2–88C, and 11 months at 2208C. For rare excep-
tions of this recommendation see section challenges with
modeling MPA absorption.

3. Methods of choice for the determination of MPA concen-
trations for TDM services are those enabling specific anal-
ysis of the drug (eg, chromatographic methods that
separate MPAG and AcMPAG from MPA, and the
IMPDH inhibition assay).
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4. If using an immunoassay, information on cross-reactivity
with metabolites should be reported with a statement on
clinical relevance. Reliable extrapolation/conversion of
MPA concentrations measured by immunoassays to
respective “chromatographically determined concentra-
tions” is not possible and cannot be recommended.
Laboratories should educate the clinicians and pharmacists
that values obtained with different methods cannot be used
interchangeably.

5. Evidence available suggests that the use of the same target
therapeutic ranges with chromatographic methods and the
IMPDH inhibition-based assay is possible.

6. Recommended acceptance criteria for analytical perfor-
mance include:
B LLOQ #0.2 mg/L,
B interassay imprecision #10%, preferably #5%,
B analytical bias #10%, preferably #5%,
B Method characteristics, established by comparison

with a validated method as described below
� linear regression slope 1.0 6 0.1,
� linear regression y-intercept not statistically different

from zero, and
� standard error of the estimate (Syx) # 10% of the

average of the therapeutic concentrations.
7. Because no reference method is available, for method

comparison studies the use of a fully validated LC-MS/
MS method with calibration traceable to an ISO34-
certificated reference material is recommended.

8. Stable isotope-labeled derivatives are preferred as internal
standards for LC-MS/MS methods.

9. Laboratories involved in TDM of MPA should participate
in an external PT program to allow continuous monitoring
of quality. External PT programs that include both spiked
samples and pooled patient samples should be preferred.

PHARMACOGENETICS
PG has emerged rapidly as a tool to attempt to

individualize drug treatment by selecting drugs and drug
doses based on genetic variation. Several large international
consortia including the Clinical Pharmacogenetics
Implementation Consortium and the Dutch
Pharmacogenetics Working Group have systematically re-
viewed over a 100 gene–drug interactions resulting in more
than 50 guidelines providing therapeutic recommenda-
tions.352,353 Concerning immunosuppressive drugs, the avail-
able guidelines only provide recommendations concerning
the starting dose of tacrolimus in patients who express the
cytochrome P450 (CYP) enzyme 3A5.354 Here, we summa-
rize the available evidence for MPA.

PG–PK Relationships
MPA undergoes glucuronidation by various members

of the UGT family to produce its main metabolite MPAG and
several other MPA metabolites, including AcMPAG. The
ATP-binding cassette subfamily C member 2 (ABCC2)
protein (also referred to as multidrug resistance-associated
protein 2; MRP2) is involved in the excretion of MPAG into
bile, which then undergoes enterohepatic cycling. Most MPA

is excreted by the kidneys as MPAG. Organic anion trans-
porting polypeptides (OATPs, encoded by the SLCO genes),
ABCB1 (P-glycoprotein, encoded by the ABCB1 gene), and
CYP2C8, CYP3A4, and CYP3A5 are also involved in MPA
PK.15,355

Regarding metabolizing enzymes, UGT1A9 accounts
for more than 50% of the biotransformation of MPA to
MPAG and displays genetic variations.355 Kuypers et al first
demonstrated that UGT1A9 -2152C.T (rs17868320, c.-
2153C.T) and/or -275T.A (rs6714486, c.-276T.A) vari-
ant carriers display a significantly reduced MPA exposure
compared with noncarriers suggesting a higher activity of
these variants toward MPA.356 Efforts aimed at confirming
these findings have yielded conflicting results,357–367 also in
population pharmacokinetic analyses.368–370

Another UGT1A9 variant, UGT1A9 c.98T.C (or
UGT1A9*3a; rs72551330, p.Met33Thr), has been associated
with higher MPA exposure in healthy volunteers and KTR in
a number of studies,356,360,361,371 whereas other stud-
ies357,358,364,367 and several population pharmacokinetic anal-
yses368,369,372 did not detect such an association. Of note, the
allelic frequency of UGT1A9 c.98T.C is relatively low ,3%
(Table 5).361{Barraclough, 2010 #433} Consequently, only very
limited numbers of UGT1A9 c.98T.C carriers were included
in clinical studies that complicates interpretation. Less data
are available regarding the association of other UGT1A9 var-
iants and MPA PK.15,355,373,374 Genetic variants in
UGT1A7,171,375–378 UGT1A8,364,368–370,378–384

UGT1A10,369,383 and UGT2B7171,358,364,367–370,376–380,382–388

have yielded conflicting results.
Among drug transporters, ABCC2 is involved in the

biliary excretion of MPAG and displays several genetic
variants.15 The available evidence on associations of ABCC2
variants with MPA PK is contradictory, with a number of studies
supporting357,366,380,382,389,390 but others oppos-
ing355,358,359,361,363,367,381,387,391 such relationships. Similarly,
one population pharmacokinetic study in 65 KTR reported
ABCC2 variants to affect MPA absorption and clearance,392

whereas others found no associations between ABCC2 variants
and MPA PK.368–370,377,383,384,393–396 Of note, the interpretation
of associative studies on ABCC2 variants and MPA PK may be
complicated in patients receiving concomitant immunosuppres-
sive therapy with cyclosporine A, which is not uncommon in the
population receiving MPA. Cyclosporine A exhibits extensive
inhibition of ABCC2, which likely masks any impact of ABCC2
variants on MPA PK.15,374 Aside from ABCC2, it has been
suggested that ABCB1 is involved in MPA absorption.397 A
study in 338 KTR and 2 smaller studies with 39 and 46 patients
with glomerulonephritis found no associations between several
ABCB1 variants [(rs1128503 c.1236C.T, pGly412),
(rs2032582, c.2677G.T/A, p. Ser893Ala/Thr), and
(rs1045642, c.3435C.T, p. Ile1145Ile=)] and MPA
PK,171,376,398 whereas a population pharmacokinetic study in
78 KTR did report the ABCB1 3435C.T (rs1045642) variant
to affect the clearance of unbound MPA from PBMCs.396

Two other drug transporter genes, SLCO1B1 and
SLCO1B3 encoding OATP1B1 and OATP1B3, respectively,
are involved in the hepatic uptake of MPAG, contribute to
enterohepatic circulation, and exhibit functional genetic

Bergan et al Ther Drug Monit � Volume 43, Number 2, April 2021

174 Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



variations.15 For SLCO1B1, 4 studies in solid organ transplant
recipients found no associations of any SLCO1B1 variant or
haplotype with MPA PK.363,366,367,399 One population phar-
macokinetic study did report lower MPA clearance in
SLCO1B1 c.388A.G variant (SLCO1B1*1B; rs2306283,
p.Asn130Asp) carriers,377 whereas 2 others reported no effect
from any of the SLCO1B1 variants c.388A.G, SLCO1B1*5
(rs4149056, c.521T.C, p.Val174Ala), SLCO1B1*15
(rs2306283, c.388A.G, p.Asn130Asp/rs4149056, c.521T.C,
pVal174Ala), (rs2291073, c.226+89T.G), (rs2291075,
c.597C.T, p.Phe199=), (rs2417955, 1883T.A, intronic),
(rs3829306, c.-61-2168C.T), (rs4149026, 10169A.C, in-
tronic), or (rs4149058, c.727+1260A.G) on MPA
PK.383,395 In another study, SLCO1B1*15 (rs2306283/
rs4149056) carriers displayed lower MPAG concentrations
than noncarriers.400 Regarding SLCO1B3, 2 studies reported
reduced MPA exposure in SLCO1B3 c.334 G (rs4149117)
carriers as compared to noncarriers,363,381 whereas 2 other
studies found no associations between SLCO1B3 variants
and MPA PK.382,390 One population pharmacokinetic study
reported an increased distribution volume of MPAG for
SLCO1B3 c.334T.G (rs4149117) carriers, whereas 4 other
studies found no effect of SLCO1B3 on MPA
PK.370,377,383,384,396

PG–PD Relationships
MPA exerts its immunosuppressive effect through

inhibition of the IMPDH enzyme, which is involved in the
de novo purine synthesis. In particular, the efficacy of MPA

relies on selective targeting of IMPDH2, which is predom-
inantly expressed in activated lymphocytes, over IMPDH1,
which is expressed in most cell types.401 Genetic variation in
IMPDH2 and IMPDH1 likely results in differential expres-
sion of these target enzymes and may explain part of the
between-subject variability in an MPA response. Indeed, a
large number of genetic variants of IMPDH2 and IMPDH1
have been identified.397,402–405

Regarding IMPDH2, a number of studies have evalu-
ated associations of pharmacogenetic variants with IMPDH2
activity, expression, or PD markers. Most studies focused
on the IMPDH2 3757T.C (rs11706052) variant, which
was associated with increased IMPDH2 activity in 80 KTR
receiving MPA therapy,406 reduced antiproliferative effect of
MPA on lymphocytes in 100 healthy volunteers,407

and increased lymphocyte counts at week 4 and 8 after
transplantation in 177 KTR.408 Regarding other IMPDH2
variants, in vitro or in silico experiments predicted at least
3 additional variants, IMPDH2 787C.T (rs121434586),409

-95C.T (no rs-number),410 and 3624A.G(rs4974081)411–413

to be associated with altered IMPDH2 activity. Regarding
IMPDH1, to date, to the best of our knowledge, no studies
have evaluated associations of the most frequent IMPDH1
variants [(125G.A, rs2278293, c.579+119G.A) and
(rs2278294, c.580-106G.A)] with IMPDH1 activity, expres-
sion, or PD markers.15 One study did find an association
between the IMPDH1 1079C.T (rs72624960, p.Ser275Leu)
variant, only found in Han Chinese, and reduced IMPDH1
activity.15,405

TABLE 5. Most Relevant Pharmacogenetic Markers by Ethnicity: Variant Allele Frequencies of Selected Genes Involved in PK and
PD of MPA

Gene Haplotype
Variant (Other

Names) rs id Whites
African
Ancestry

Asian
Ancestry

Admixed
Population References

579–582

UGT1A9 *1C c.-2153C.T
(-2152C.T)

rs17868320 0.075 0.307 0 0.06 355,361

c.-276T.A
(-275T.A)

rs6714486 0.015 0.17 0 0.06 355,361

*3a c.98T.C p.Met33Thr rs72551330 0.015–
0.0158

0.0025 ,0.001–
0.0022

0.016–0.2 355,357,361,583

UGT2B7 *2 c.802C.T p.Tyr268His rs7439366 0.52–
0.75

0.0085 0.27–0.4 0.5 355,361,584

c.211G.T p.Ala71Ser rs12233719 NFA 0.008–
0.29

0.13 0.0058 584

ABCC2 -24C.T rs717620 0.232–
0.392

0.0145 0.21–
0.44

0.18 355,357,380,381

SLCO1B1 *1B c.388A.G p.Asn130Asp rs2306283 0.45 0.267 0.267 355

*5 c.521T.C p.Val174Ala rs4149056 0.0271 0.0084 0.0821 0.17–0.308 355,363,398

SLCO1B3 c.334T.G p.Ser112Ala rs4149117 0.982 0.581 0.7–
0.921

0.962 355,363,381,398

IMPDH2 c.787C.T
(3375C.T)

p.Leu263Phe rs121434586 ,0.01–
0.104

,0.01–
0.056

,0.01–
0.0445

355,585

c.-95T.G ,0.01 ,0.01 ,0.01 585

c.819+10T.C
(IVS7+10T.C
3757T.C)

rs11706052 0.106–
0.107

0.008–
0.0269

0.025–
0.062

585

Frequencies are displayed as decimals.
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The Clinical Pharmacogenetics Implementation
Consortium has endorsed HPRT1, which encodes
hypoxanthine-guanine phosphoribosyl transferase (HGPRT),
as actionable pharmacogenomics (provisional level B) for
MPA therapy, which indicates that there is a preponderance
of weak albeit nonconflicting evidence to support HPRT1
genotyping as an option to guide MPA therapy.414 FDA
and EMA labels include warnings to avoid MPA therapy in
patients with rare hereditary HGPRT deficiencies, including
Lesch–Nyhan and Kelley–Seegmiller disease. HGPRT cata-
lyzes an active salvage purine synthesis pathway in non-
lymphocyte cell types, allowing for IMPDH-independent
guanosine production. Collins et al evaluated the hypothe-
sized association between HPRT1 gene expression and
MPA sensitivity in vivo using a lymphocyte viability assay
with material from healthy volunteers, (n = 40) and HPRT1
mRNA expression was 2.1 times higher in MPA resistant
versus MPA sensitive individuals (P = 0.049). This observa-
tion was confirmed after HPRT1 siRNA knockout yielding an
increase in MPA sensitivity (+12%, P = 0.003).415

PG and Clinical Outcomes
Although the available evidence on PG–PK and PG–

PD relationships for MPA is limited and in some cases con-
tradictory, various studies have aimed to establish associa-
tions between PG and clinical outcomes in patient
populations receiving MPA therapy.

Kidney Transplantation
Regarding metabolizing enzymes, a number of studies

have investigated associations of UGT1A9 variants with clin-
ical outcomes after renal transplantation. Two studies re-
ported an increased risk of BPAR in the first year after
transplantation for UGT1A9 -2152T (rs17868320) and/or
-275A (rs6714486) carriers,361,416 whereas 4 other studies
found no relation between UGT1A9 variants and graft rejec-
tion.356,417–419 Another study did report persistently lower
graft function for UGT1A9 c.98T.C (rs72551330) carriers
as compared to noncarriers, but this was not associated with
an increased risk of graft rejection or graft loss.420 Limited
evidence is available on variants in other UGTs, with one
study reporting associations of UGT2B7 c.802C.T
(rs7439366) with an increased graft rejection risk,421 whereas
others did not observe such relationships for UGT1A1*28 or
UGT2B72842G.A/2900G.A (rs7438135).419,422 Of note,
3 of the abovementioned studies did not specify whether the
participants received a fixed or TDM-guided MPA
dose.416,419,420 This is an important shortcoming because
any PG effect on MPA PK that may in turn affect long-
term clinical outcomes is likely corrected for or overcome
by TDM-guided dose adaptation. The other studies reported
to have applied fixed MPA dosing strategies. In addition to
efficacy-related outcomes, a number of studies have evaluated
associations of UGT variants with outcomes related to gas-
trointestinal and hematological toxicities, which are observed
frequently with MPA therapy. Gastrointestinal adverse effects
have been suggested to be related to UGT1A9 -331T.C
(rs2741046) and UGT1A8 518C.G (UGT1A8*2,
rs1042597),423,424 whereas other studies found no such

associations for other UGT1A9 variants,356,417,418,424

UGT1A1,422 UGT1A8,425 or UGT2B7.421,426,427

Hematologic toxicities have been related with several vari-
ants, including UGT1A9 -331T.C (rs2741046), UGT2B7
900G.A (rs7438135), and CYP2C8 -36G.A
(rs11572076).423,428–430 Albeit replicated, the underlying
pathophysiological mechanism of the association between
CYP2C8 variants and hematologic toxicity is unclear because
CYP2C8 only has a minor role in MPA metabolism.418,429

Studies on other UGT1A9 variants,356,417,418 UGT1A8425 and
UGT2B7421,426 have shown no associations with hematologic
toxicity. Also, Oetting et al did not observe any relationship
between MPA-related leucopenia and genetic variants in a
genome-wide association study in 3213 KTR.431

Regarding drug transporters, ABCC2 variants were not
associated with BPAR, gastrointestinal toxicity, or hemato-
logical toxicity in a number of studies,417–419,424,427,430

whereas 2 others did report a relationship between ABCC2
variants c.-24C.T (rs717620) and 3435C.T (rs1045642)
and gastrointestinal toxicity.357,422 For the OATPs, one study
suggested the SLCO1B1 c.521T.C (SLCO1B1*5,
rs4149056) variant to be associated with reduced MPA-
related hematological and gastrointestinal toxicity,417 whereas
another reported no such effect.419 Studies on other SLCO1B1
variants430 or SLCO1B3398,399,430 did not report any associa-
tions with MPA-related clinical outcomes.

With respect to target enzymes, the IMPDH2 3757T.C
(rs11706052) variant has been associated with an increased
risk of BPAR in a study in 237 KTR (OR = 3.39 95% CI
1.42–8.09, P = 0.006),432 but several efforts at confirming this
finding have yielded negative results.397,408,412,419,433

Regarding toxicity, Pazik et al408 suggested IMPDH2
3757T.C (rs11706052) to be associated with a reduced risk
of MPA-related lymphopenia, whereas another study found
no such relationship.430 Another IMPDH2 variant,
-3624A.G(rs4974081), was not associated with MPA-
related efficacy or toxicity.412,430 The IMPDH2 787C.T
(rs121434586) and IMPDH2 -95C.T (no rs-number) vari-
ants both display a very low minor allele frequency (,1%),
which render a clinically relevant contribution to the between-
subject variability in MPA response.401 For IMPDH1,
125G.A (rs2278293) and -106G.A (rs2278294), both
located in intron 7, 2 studies reported a reduced risk of
BPAR after renal transplantation,397,412 but other studies
did not find such a relationship for these variants.419,433–435

Wang et al reported an increased risk of hematological tox-
icity for IMPDH1 -106G.A (rs2278294),397 whereas another
study reported this variant to be protective for hematological
toxicity.430

Liver Transplantation
To date, to the best of our knowledge, only one study

has evaluated associations between PG and clinical outcomes
in LTR receiving MPA therapy.

In a small exploratory study on the IMPDH2 gene
expression level in 16 LTR, Vanozzi et al reported that
patients without toxicity (thrombocytopenia, leucopenia, or
gastritis) showed lower (0.771 6 0.300) IMPDH2 gene
expression as compared to patients who did experience
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toxicity (1.126 6 0.656).436 These authors did not investigate
whether the observed variability in IMPDH2 expression or
toxicity was related to specific IMPDH2 variants.

Thoracic Transplantation
Limited, and in some cases conflicting, evidence is

available for associations between pharmacogenetic variants
and clinical outcomes in heart and lung transplant recipients
receiving MPA therapy.

Among metabolizing enzymes, 2 UGT2B7 variants [c.-
125T.C (rs7668282) and c.-138G.A (rs73823859)] were
associated with increased graft rejection in a study in adult
heart (n = 32) and adult lung (n = 36) transplant recipients,
whereas UGT1A7 622T.C (rs11692021) and 3 variants in
the shared UGT1A 30UTR region [1813T.C (rs10929303),
1941G.C (rs1042640), 2042G.C (rs8330)] were associated
with reduced anemia (P = 0.0256) and reduced leucopenia
(0.0237), respectively.437 Variants in other UGTs, including
UGT1A9, UGT1A8, and UGT1A1, were not associated with
clinical outcomes in thoracic transplantation.437,438

Regarding drug transporters, one ABCC2 variant
[c.-24C.T (rs717620)] was associated with an increased risk
of rejection in a study in 290 pediatric heart transplant recip-
ients {5-year freedom of rejection [hazard ratio (HR) = 1.80,
95% CI = 1.01–3.20, P = 0.045]},439 whereas a study in 59
pediatric heart transplant recipients reported an increased risk
of gastrointestinal toxicity resulting in drug discontinuation
for carriers of this variant.440 Another study found no such
relation for ABCC2 c.-24C.T (rs717620) in adult heart (n =
32) and lung (n = 36) transplant recipients, but did report a
reduced risk of anemia for the ABCC2 c.1249G.A
(rs2273697, p, Val417Ile) (P = 0.0108).437 Other ABCC2
variants [(c.3563T.A, rs17222723, p.Val1188Glu),
(c.4544G.A, rs8187710, p.Cys1283Tyr), and (c.3972C.T,
rs3740066, p.Ile1092=)] showed no relations with clinical
outcome in thoracic transplant recipients.437,438 For the
OATPs, one study in 275 lung transplant recipients reported
associations between SLCO1B3 c.334T.G (rs4149117) and
699G.A (rs7311358) with decreased 1-year survival [HR =
7.76 (95% CI 1.37–44.04), P = 0.021; HR = 7.28 (95% CI
1.27–41.78), P = 0.026, respectively] and an increased risk
for acute rejection [OR = 2.01 (95% CI 1.06–3.81), P =
0.031; OR = 2.18 (95% CI 1.13–4.21), P = 0.019, respec-
tively].438 In addition, the SLCO1B3 699G.A (rs7311358)
variant was associated with reduced 3-year survival [HR =
1.97 (95% CI 1.04–3.72), P = 0.036], whereas c.334T.G
(rs4149117) was not [HR = 1.86 (95% CI 0.99–3.48), P =
0.054].438

Regarding target enzymes, the IMPDH1 -106G.A
(rs2278294) (P = 0.029) and 1572C.T (rs2228075) (P =
0.002) variants were associated with increased gastrointesti-
nal intolerance, whereas the IMPDH2 3757T.C
(rs11706052) variant was associated with increased neutrope-
nia (P = 0.046).440 In a follow-up study in the same popula-
tion, Ohmann et al combined 5 IMPDH1 variants [109A.T
(rs2288553), 227C.T (rs2288549), 125G.A (rs2278293),
2106G.A (rs2278294), and 1572C.T(rs2228075)] in 5
common IMPDH1 haplotypes, of which the IMPDH1 “B”
haplotype [rs2288553-T, rs2288549-C, rs2278293-T,

rs2278294-T, and rs2220875-T] was associated with
increased gastrointestinal intolerance in carriers versus non-
carriers (59.1% versus 21.6%, P = 0.005).440 None of the
other 4 common IMPDH1 haplotypes were associated with
gastrointestinal intolerance.440

Stem Cell Transplantation
Limited, and in some cases conflicting, evidence is

available on the association of pharmacogenetic variants with
clinical outcomes in stem cell transplant recipients receiving
MPA therapy.

Regarding metabolizing enzymes and drug transports,
variants in UGT2B7 (-842C.T rs7439366, p.Tyr268His) and
ABCC2 c.224C.T (rs717620) were evaluated, showing no
association with clinical outcomes.235

Regarding target enzymes, variants in IMPDH1
[-106G.A (rs2278294), 125G.A (rs2278293)] have shown
conflicting results, with studies reporting protective,441 haz-
ardous,442 or no235 effects on clinical outcomes. For
IMPDH2, one variant (3757T.C, rs11706052) was evalu-
ated, showing no relationship with clinical outcomes235,441

Autoimmune Disease
To date, to the best of our knowledge, only one study

has evaluated the influence of pharmacogenetic variants in
metabolizing enzymes and drug transporters on clinical
outcomes in patients with autoimmune diseases treated with
MPA.

Yap et al390 found no association between variants in
UGT1A8 (rs17863762), UGT1A9 [-275T.A (rs6714486),
-2152C.T (rs17868320), and c.98T.C (rs72551330)],
SLCO1B3 [699G.A (rs7311358) and c.334T.G
rs4149117)], or ABCC2 [1249G.A (rs2273697), 3972C.T
(rs3740066), 224C.T (rs717620), and 3563T.A
(rs17222723)] variants and the occurrence of clinical flares
or toxicity in Chinese patients with LN (n = 88) receiving
MPA therapy.

MPA Disposition Across Ethnicities
Emerging evidence suggests that there may be differ-

ences in the disposition of MPA between patients of distinct
ethnicity. In most of the studies, ethnicity was self-reported.

Whites and Persons of African Origin
Several studies have investigated differences in MPA

PK between Whites and people of African origin (PAO).
Shaw et al studied MMF and conducted a study on a small
population of 33 KTR (including 20 Whites and 13 PAO)
and concluded that there was no influence of ethnicity on
MPA C0 and AUC0–12

443 in the first 3 months. Pescovitz
et al studied the effects of ethnicity as well as sex on MPA
PK in a slightly larger population (n = 86, 43 Whites and
39 PAO) in a single 12-hour window. The Cmin, Cmax,
tmax, and AUC0–12 were compared between the ethnic
groups as well as sex. They reported that ethnicity, sex,
or ethnicity by sex was not significantly associated with
MPA or MPAG PK parameters and the systemic exposures
were found to be equivalent.444 In a subsequent study,
Burrows et al studied 117 KTR including Whites,

Personalized Therapy for MycophenolateTher Drug Monit � Volume 43, Number 2, April 2021

Copyright © 2021 Wolters Kluwer Health, Inc. All rights reserved. 177

Copyright © 2021 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.



Indo-Asian, and PAO, who were closely monitored for C0
and clinical covariates over a period of 12 months. After
performing multivariate analysis, they did not find any
influence of ethnicity on C0.445 In addition to these indi-
vidual studies, the effect of ethnicity on MPA PK was also
investigated in systematic reviews and meta-analyses,
including POPPK studies. These studies suggested that
although the PAO tend to exhibit a lower MPA exposure
in the early posttransplant period, this may be due to the
more frequent occurrence of delayed graft function in this
subpopulation rather than a true ethnic variability.446,447

However, a few subsequent independent studies did report
an association between ethnicity and pharmacokinetic
parameters and determinants: a more rapid MPA clearance
and less enterohepatic circulation (23%) in PAO compared
with Whites (42%)448 and significant interaction of ethnic-
ity and sex, as well as ethnicity and formulations of MPA
(MMF versus EC-MPS).449,450 Potential differences in the
PD between the 2 ethnicities have also been described.
Summarizing the evidence, the effect of ethnicity on
MPA disposition is controversial but likely to be small
between Whites and PAO.

Whites and Asians
Several studies investigated the difference between

Asians and Whites regarding MPA disposition. The pharma-
cometric evaluations in Asians were largely performed with
data from the Chinese population,451–454 with a few from
Japanese455,456 and other Asian populations.457 A direct com-
parative study of the PK of MPA is not available between
Asians and Whites. A comparative analysis of 8 pharmaco-
kinetic studies using MPA in healthy subjects (n = 132) did
not find any difference between subjects of Chinese and
White origin. However, a study conducted in Singapore
including Indian, Malay, Chinese, and Eurasians suggests
ethnic influence.457 A systematic review was conducted by
Li et al that included 21 pharmacokinetic studies that enrolled
participants of all ethnic origins. This study concluded that
Asians have a higher dose-normalized AUC0–12 compared
with Whites and PAO, indicating a lower MPA dose require-
ment. As the average body weight of the participants were
compiled, it was found that the Asians weighed significantly
less compared with Whites and PAO. This study suggested
that although body weight may be an important factor con-
tributing to ethnic difference, the role of other variables such
as enterohepatic circulation of MPAG, pharmacogenomics,
diet, and environmental influences may potentially contribute
to ethnic difference.458 Results from other studies also sug-
gest that a weight-based dosing may minimize the extent of
variability in the MPA disposition due to ethnic or sex
differences.457

Summary of MPA PG
1. A part of the PK and PD variability of MPA can be ex-

plained by pharmacogenetic variation. However, the avail-
able data are inconsistent and, in some cases, conflicting.
Hence, the effect of genetics on MPA PK seems to be
limited. Other variables, including renal function, plasma
protein concentration, and the type of concomitant

calcineurin therapy, seem to be more important determi-
nants of MPA PK variability.

2. Concerning the effect of genetic variation on the PD
between-subject variability, similar conflicting data are re-
ported. The discrepancies relate to the different panels of
genetic variants tested, lack of statistical power, and the
use of heterogeneous patient populations in terms of
immunosuppressive regimens, and co-medication, time
after transplantation, and ethnicity.

3. Currently, the use of PG to personalize MPA treatment
seems to have no added value to TDM, and pre-emptive
genotype-based dose adaptation is not recommended.

PD BIOMARKERS FOR MPA MONITORING

Drug-Specific PD Biomarkers
A drug-specific biomarker predicts or reflects the

molecular response to the drug of interest, exclusively.
Such a biomarker will by definition not be influenced by
other drugs used concomitantly. Ideally, the biomarker should
correlate to the risk of therapeutic failure or adverse reactions,
thus providing a basis for drug monitoring and allowing
beneficial interventions. The common understanding is that a
PD biomarker reflects the direct molecular effect during drug
exposure, either in terms of an absolute measure or as a
relative response. In addition, the underlying biomarker level
may serve as an indirect PD biomarker because it represents
the baseline level that the drug is expected to modulate.

In the context of MPA treatment, the drug-specific PD
biomarkers are closely linked to the target enzyme IMPDH.
The in vitro activity of this enzyme in blood cells, and also
downstream enzymatic products, has been assessed as both
direct response markers and predictive baseline markers for
MPA effects. Several studies have demonstrated the potential
of this biomarker to guide the initial exposure of MPA and
earlier dose adjustments, providing a more accurate assess-
ment of efficacy and toxicity. The IMPDH RNA and protein
expressions have also been subject to exploratory biomarker
studies. Although these will often be regarded as underlying
biomarkers that could predict the sensitivity to MPA or reflect
the activation status of immune cells, the IMPDH expression
itself may also be influenced by MPA exposure.

Drug-Specific Biomarkers—IMPDH Activity

Background
Monitoring of the IMPDH activity in relevant cells may

complement the TDM of MPA. The in vitro enzyme activity of
IMPDH has been widely studied in blood cells, mainly in
isolated PBMCs, from transplant recipients on MPA therapy.
One should keep in mind that the measured enzyme activity is
an in vitro model not identical to the actual in vivo activity.
Because MPA is an uncompetitive inhibitor of IMPDH (ie,
noncompetitive inhibition dependent on preformation of the
enzyme–substrate complex),459,460 its inhibitory effect is main-
tained under high substrate concentrations. Also, it does not
distinguish between the 2 isoenzymes IMPDH types 1 and 2.
Although the 2 isoenzymes have indistinguishable catalytic
properties, they are not mutually redundant.461 The type 1
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enzyme is constitutively expressed and represents the pre-
dominant form in resting cells (including leucocytes and eryth-
rocytes), whereas the type 2 enzyme is upregulated in
proliferating cells such as activated lymphocytes.460,462 Resting
cells rely on the salvage pathway for guanine nucleotide bio-
synthesis, whereas proliferating cells ultimately depend on the
de novo synthesis through IMPDH. Thus, MPA exerts selective
antiproliferative effects in activated lymphocytes, predominately
by inhibiting the type 2 isoenzyme, which is 5-fold more sen-
sitive to MPA compared with type 1.459 The assayed enzymatic
activity that is measured reflects the total IMPDH capacity in
cells exposed to MPA.

Methodological principles for the quantification of
IMPDH activity in blood samples have evolved from radio-
labeled assays463 into HPLC-UV464–467 and HPLC-MS/MS
methods.273–275,468 The common steps comprise preparation
and lysis of cells, incubation under saturated conditions, and
quantification of the produced XMP. Different strategies for
normalization of the XMP production in cell lysates have
been applied, including normalization to the hemoglobin con-
centration, cell number, total protein, and adenosine 50-mono-
phosphate (AMP) content.271

Several authors have emphasized that measurement of
IMPDH activity integrates the variability of the MPA PK
and target enzyme. In the clinical setting, Langman et al
showed that the IMPDH activity in whole blood was
inversely related to the MPA plasma concentration during
the dose interval in KTR.469 The reversible inhibition of the
IMPDH activity during the MPA dose interval was con-
firmed in whole-blood cells,465,470 PBMCs,471 and in
CD4+ cells.472 Within a standard MPA dose interval at
steady state, the maximum reduction of IMPDH activity
from the predose level was approximately 90% in isolated
whole-blood cells,470 80% in PBMCs,185,471 and 65% in
CD4+ cells.273 As is apparent from the variability of the
results obtained in these studies, the degree of IMPDH inhi-
bition may depend on the selected cell population and on the
MPA content retained during the cell preparation. Therefore,
direct comparison of results between laboratories would
need standardization of assay conditions.

IMPDH Activity and Its Relation With MPA
Exposure and Clinical Outcome

The IMPDH activity in PBMCs shows a high interin-
dividual variability (CV approximately 40%), independent of
age, sex, diurnal variation, or dialysis.185,471

MPA therapy may lead to induction of the IMPDH
activity; in fact, in whole-blood cells and erythrocytes, the
measured predose IMPDH activity increases approximately 5- to
20-fold during the first 2 months after transplantation and
initiation of MPA therapy.465,470,473–475 This induction is also
associated with increased IMPDH gene expression.476,477

However, such an induction is not apparent in circulating mono-
nuclear cells. In PBMCs from kidney and heart transplant recip-
ients, the predose IMPDH activity may be restored478 or
partially restored479 toward pretransplant activity during the first
year on MPA therapy. The timing of sample collection has to be
considered in relation to possible cut-off values because of the
time-dependent alterations in the underlying IMPDH level.

The relationship between IMPDH-based biomarkers
and clinical outcome has been explored in transplant recip-
ients. Glander et al first reported that low pretransplant
IMPDH activity in PBMCs predicted MMF dose reductions
(ie, indirectly associated with adverse reactions) and that high
pretransplant IMPDH activity was associated with the risk of
acute rejection in KTR.480 In another study, low IMPDH
activity in PBMCs one week after kidney transplantation
was also shown to predict MMF dose reductions.
Furthermore, measurements of IMPDH activity in PBMCs
activated ex vivo did not improve the predictive properties
of the biomarker.478 Also, the longitudinal alteration of pre-
dose IMPDH activity in PBMCs has been associated with
clinical outcomes. A steeper increasing trend over time for
the enzyme activity was observed among long-term KTR
experiencing acute rejections.481 A study in LTR reported
associations between high IMPDH inhibition in PBMCs
and viral infections and also that low IMPDH inhibition could
be associated with biliary complications and reduced
retransplantation-free survival.482 Studies of IMPDH activity
have been directed to measurement of IMPDH inhibition
in lymphocytes as a metrics of MPA PD. In the studies dis-
cussed above, IMPDH activity in such cells within a dose
interval was inversely related to MPA concentration.
Accordingly, these studies explored the potential for
IMPDH inhibition near MPA tmax, or the area under the
IMPDH inhibition curve, as biomarkers of MPA efficacy.
In earlier studies investigating the IMPDH activity in red
blood cells, unexplained activity increases over time were
observed.470,474,475 Glander et al suggested IMPDH measure-
ment in erythrocytes as a novel and useful strategy for the
longitudinal monitoring of MPA treatment.473 In contrast to
the previous hypotheses, this study suggest that in RBCs high
IMPDH activity (and IMPDH protein content) may predict
side effects of MPA while low activity is associated with the
occurrence of rejections. The authors suggested that IMPDH
activity in RBCs reflects medium-term MPA exposure
through not completely explained pathways could induce
IMPDH in the RBCs. They underlined that these associations
may not prevail during the first 2 months after initiation of
MPA, but these are results that could be relevant for long-
term individualization of MPA treatment.

The clinical utility of monitoring IMPDH activity as a
PD biomarker of MPA in transplant recipients has previously
been discussed by experts of the Biomarker Working Group
of the IATDMCT. The quality of evidence and the strength of
recommendation to monitor this biomarker were included in
the executive summary: Determination of IMPDH activity
before transplantation might be useful to KTR at higher risk
of acute rejection or MPA-associated side effects (B II);
Monitoring IMPDH activity may complement the determina-
tion of MPA PK to better guide MPA therapy (B II).483

IMPDH Gene Expression and Its Relation with
Clinical Outcome

The IMPDH gene expression (RNA) has been associ-
ated with clinical outcome in transplanted patients using
MPA. One study based on limited data from KTR reported
that the IMPDH1 gene expression in PBMCs was increased
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20-fold during the course of an acute rejection,477 whereas
another study based on more data (44 KTR) reported no such
relationship with rejection episodes.477 An association
between low posttransplant IMPDH1 and 2 gene expressions
and hematological adverse events during MPA therapy has
also been reported.484 However, the posttransplant IMPDH1
and 2 gene expressions are apparently influenced by gluco-
corticoid drugs,476,485 which make their potential application as
posttransplant biomarkers more complex. As a biomarker, pre-
transplant IMPDH gene expression seems more feasible. In
KTR, a higher pretransplant IMPDH2 gene expression in
CD4+ cells was associated with the incidence of acute rejection
early after kidney transplantation.476 Another study indicated a
trend where both pretransplant IMPDH1 and 2 gene expres-
sions in blood samples showed potential to predict acute rejec-
tion episodes.484 In a third study, high and low pretransplant
IMPDH1 gene expressions in PBMCs were significantly
related to the risk of acute rejection and hematological compli-
cations, respectively, after kidney transplantation.485

Feasible laboratory methods have been developed for
the determination of IMPDH activity and gene expression.
Their relevance as biomarkers depends on the type of sample
matrix, timing of sample collection, and principle of normal-
ization. Their reported associations with clinical outcome in
transplanted patients on MPA therapy are mainly based on
pretransplant measurements in mononuclear blood cells, thus
demonstrating potential as biomarkers with predictive prop-
erties. The IMPDH enzymatic production rate (activity) has
been normalized to cell number and total protein in studies
reporting associations between IMPDH activity and outcome.
Different reference genes have been used for the normaliza-
tion of IMPDH gene expression in the observational bio-
marker studies. There is a need for assay harmonization and
cross-validation between laboratories for both IMPDH activ-
ity and gene expression measurement.

Summary of Recommendations for IMPDH Activity
as MPA-Specific Biomarker
1. Determination of IMPDH activity in PBMCs before trans-

plantation may be useful for predictive risk assessment of
acute rejection and MPA-associated side effects in KTR.
Methodological conditions and cut-off values should be
consolidated before implementation in clinical routine.

2. IMPDH activity has demonstrated potential as a PD bio-
marker in LTR on MPA. More empirical data are needed
in this population of transplanted patients.

3. The increasing trend in IMPDH activity during the first
year after transplantation indicates the need to fine-tune
specific cut-off values for this PD biomarker.

4. IMPDH gene expression before transplantation shows
potential for predictive risk assessment of acute rejection
and MPA-associated side effects in KTR. Selection of
target gene(s), reference genes, sample matrix, and cut-
off values should be consolidated before implementation
in clinical routine.

5. The potential application of IMPDH gene expression as a
pretransplant biomarker seems more feasible compared
with enzyme activity.

Drug-Specific Biomarkers—Purine Pool

Background
Adequate levels of purine nucleotides are necessary to

maintain cellular processes. The pool of (deoxy)guanine
nucleotides is involved in nucleic acid synthesis (RNA and
DNA), signal transduction, energy transfer, and microtubule
stabilization. MPA inhibits the de novo (deoxy)guanine
nucleotide synthesis, leading to mid-G1 phase arrest as
described under section Mechanism of Action. Because there
are cross-regulations within and between the de novo and
salvage pathway for purine nucleotide synthesis, correlating
the plain enzyme activity with the purine pool and cellular
effects is not straightforward.486 Therefore, it will be relevant
to investigate the purine nucleotides as PD biomarkers for
MPA.

Quantification of purine nucleotides in biological
samples may be challenging as they are highly polar
compounds with similar chemical characteristics. Ion
exchange chromatography with UV detection479,487,488 and
LC-MS/MS methods489 has equally been applied for the
direct measurement of guanine nucleotides. Alternatively,
the purine nucleotide pool can be indirectly determined by
hydrolysis into purine bases and subsequent quantification
with LC-MS/MS.273

After induction of IMPDH, the guanosine triphosphate
pool in erythrocytes increases during prolonged MPA ther-
apy, as demonstrated in both heart490 and kidney487 transplant
recipients. With respect to PBMCs, long-term MPA treatment
has been reported to cause a reduction of guanosine triphos-
phate in KTR488 and a trend toward reduction after heart
transplantation.479 The inhibited de novo synthesis of guanine
nucleotides in PBMCs is apparently compensated by long-
term upregulation of the purine salvage pathway.479 The gua-
nine pool in circulating PBMCs showed a decreasing trend
over the first week after kidney transplantation and initiation
of MPA therapy and appeared to be restored thereafter. A
similar trend was observed in KTR not using MPA, indicating
that the guanine pool might be influenced also by other fac-
tors than MPA. The guanine and adenine pool in PBMCs
seem to be highly co-regulated in both resting and circulating
ex vivo-activated cells also during clinical exposure to
MPA.478

The guanine pool in circulating mononuclear cells is
rather stable within the MMF dose interval in liver (CD4+

cells) and kidney (PBMCs) transplant recipients.273,478

However, a significant decrease 1.5 hours after the MMF dose
has been demonstrated when the guanine pool was quantified
in ex vivo-activated PBMCs.478 The activated cells have a
considerable need for guanine nucleotides that the salvage
pathway cannot fulfill. Therefore, MPA may cause an imme-
diate reduction of guanine nucleotides in immuno-
activated lymphocytes. A study of the molecular PD of
MPA in circulating CD4+ cells early after LT suggested that
the guanine to hypoxanthine ratio could be an interesting
biomarker. Guanine and hypoxanthine represent the product
and substrate of the IMPDH-catalyzed reaction, and this ratio
was reduced from day 4 to day 17 posttransplant, whereas the
IMPDH activity was stable within the same period.273 Thus,
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the ratio could represent the metabolic consequence of
IMPDH inhibition.

Purine Pool and Its Relation With MPA Exposure
and Clinical Outcome

There are limited data on purine nucleotides as PD
biomarkers for MPA and the studies have generally included
rather small numbers of patients. In the context of MPA
therapy, no relevant relationship between purine nucleotide
levels and clinical outcome has been reported. Future studies
should strive to fill this knowledge gap.

Summary of Status for Purine Pool as MPA-
Specific Biomarker
1. There are limited clinical data on purine nucleotides as PD

biomarkers for MPA.
2. The guanine to hypoxanthine ratio in circulating cells

might be an interesting biomarker because it represents
the metabolic consequence of IMPDH inhibition.

Drug Nonspecific PD Biomarkers
A drug nonspecific biomarker does not assess the effect

of a drug on a molecular target, which directly reflects the
drug action, but it monitors the response of an individual to a
pharmacological intervention in a broader sense. For an
immunosuppressant drug such as MPA, biomarkers that
estimate the inhibition of the adaptive immune system, ideally
both the cell-mediated and humoral responses would fall into
this category. Markers of organ integrity due to successful
immunosuppression can also be assessed.

The recognition of non-self plays a pivotal role in T-cell
activation and proliferation, followed by the production of
antibodies by B cells. In solid organ transplantation particularly,
posttransplant (also called de novo) donor-specific anti-human
leucocyte antigen antibodies (dnDSA) would be favored by under-
immunosuppression.491 T-cell activation relies on antigen presen-
tation to the T-cell receptor and on the proliferating stimulus by
mediators such as cytokines. Therefore, monitoring of cytokines
inside lymphocytes can also serve as a non-drug–specific bio-
marker of the immunosuppressive effect. Furthermore, graft
damage due to acute and chronic rejection is also a sign of under-
immunosuppression.492 In the case of solid organ transplant the
gold standard to assess the type and grade of rejection is a needle
biopsy. However, a promising noninvasive biomarker is the
measurement of donor-derived cell-free DNA released from the
graft into the recipient blood stream in response to an immune-
mediated damage.493

Apart from biomarkers of cell damage, immune
activation biomarkers generally require ex vivo cell function
assays lasting several days, which complicates monitoring of
this type of PD biomarkers.494

Because MPA is frequently co-administered with other
immunosuppressants such as steroids or CNIs, it could be
argued that it will be difficult to filter out the particular effects
of MPA. However, the aim of such biomarkers is to assess the
overall level of immunosuppression, in line with the common
goal of pharmacological intervention that is to prevent
immune activation and graft damage.

Drug Nonspecific Biomarkers: T-Cell
Proliferation and Activation

Background
T-cell proliferation and activation is influenced by MPA in

different ways. The major mechanism of action of MPA is the
inhibition of the T-cell and B-cell proliferation and the in vivo
suppression of humoral immune responses through the inhibition
of IMPDH.494 As a result, MPA induce arrest in cell cycle pro-
gression at the G0/G1 phase of their cell cycle and thus prevent
proliferation.27 The mechanism is explained by different ways,
which have in common to inhibit proper glycosylation and mem-
brane synthesis of T-cell surface markers.495–497 Inhibition of
CD62L expression on T-regulatory lymphocytes (Tregs) was
observed in long-term heart transplant recipients treated with an
immunosuppressive regimen that included MPA.498

T-Cell Markers for PD Monitoring of MPA and
Clinical Outcome after Transplantation

To assess the influence of MPA on T-cell proliferation, 2
well-established proliferation assays can be used: the flow
cytometric measurement of the proliferating nuclear cell antigen
(PCNA) and the tritium-labeled thymidine ([3H]-TdR) incorpo-
ration assay. Both methods were used to monitor T-cell
proliferation in KTR receiving MPA-containing immunosuppres-
sion and detected a decrease in T-cell proliferation after trans-
plantation.499,500 A decrease of T-cell proliferation is directly
associated with a reduced functionality of T cells and displays
the immunosuppressive effect after MMF administration. Thus,
the monitoring of T-cell proliferation after MMF intake could be
useful to quantitate the patient-specific immune function to opti-
mize immunosuppression. PD monitoring of PCNA after MMF
intake revealed that the T-cell proliferation decreased in the first
hours but returned to baseline levels 4 hours after MMF admin-
istration.501–504 The median MPA half maximal inhibitory con-
centration (IC50) for T-cell proliferation was observed between
1.3 and 1.6 mg/L.503,504 Also, a dose-dependent inhibition of
MPA on both T-cell proliferation and expression of T-cell acti-
vation markers was observed in ex vivo-stimulated human
whole-blood cultures by flow cytometric analysis.505

The changes in T-cell activation induced by MPA in solid
organ transplant recipients can be measured by flow cytometric
analysis of surface activation markers in small amounts of whole
blood. For the PD monitoring of MPA, surface antigens such as
CD11a (integrin-aL), CD25 [interleukin (IL)-2 receptor], CD71
(transferrin receptor), CD95 (Fas receptor), and CD154 (CD40L)
were measured in kidney, heart, and liver transplant recipents
(Table 6). All surface markers were upregulated after T-cell acti-
vation,506 and most of the studies used more than one activation
marker to demonstrate T-cell activation. A single dose of MMF
1 g was sufficient to inhibit T-cell proliferation in a plasma
concentration-proportional manner.504 A correlation of MPA con-
centrations was reported with both T-cell activation and T-cell
proliferation in KTR.503 The IC50 for CD25 and CD71 expres-
sion on T cells ranged from 2.1 to 13.1 mg/L and 1.6 to 7.9 mg/L,
respectively.503,504

Another way to monitor the PD effects of MPA is
through immune function scores that combine T-cell pro-
liferation and T-cell functions. For example, a biomarker
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study including 138 renal and 14 combined renal/pancreas
transplant recipients used an immune function score combin-
ing CD4+ cell counts, the phagocytic immune cell capacity,
reactive oxygen species by neutrophils, and T-cell mitogen-
induced proliferative responses.507 Compared with patients
off MPA, those on MPA immunosuppression had a lower
immune function score, which could be explained by a
reduced lymphocyte mitogen response.507

Summary of Status for T-Cell Proliferation
Biomarkers (Drug Nonspecific)
1. T-cell proliferation and activation are inhibited by MPA in

in vitro and in ex vivo cell culture experiments by MPA.
2. Immune function scores combining T-cell proliferation

and activation biomarkers are specifically reduced in
patients under MPA therapy.

3. The use of PD biomarkers based on T-cell proliferation
and activation to personalize MPA therapy has not yet
been validated clinically.

Drug Nonspecific Biomarkers—B-Cell
Function and Activation Including DSA

Background
In addition to the inhibition of both T-cell and B-cell

proliferation and suppression of the humoral immune
responses through the inhibition of IMPDH,508 MPA might
attenuate B-cell stimulation by other modes of action. The
phosphorylation of signal transducer and activator of tran-
scription 3 (STAT3) has been shown to play a role in memory
B-cell formation,509 and MPA may interfere with this path-
way in myeloma cells.510

TABLE 6. PD Biomarkers

Category PD Biomarker Assay Principle Clinical Trials

Used in
Clinical
Routine

Potential for PD
Monitoring of

MPA References

Drug-specific

IMPDH activity and
gene expression

IMPDH activity

mRNA expression

HPLC-UV; LC-
MS/MS

RT-PCR

No

Observational
studies, mostly in

KTR

No

No

1

2

Brunet et al14

Drug-specific

Purine pool

Purine nucleotides

Guanine/hypoxanthine
ratio

LC-UV, LC-
MS/MS

Limited
observational

studies

No 2

Drug nonspecific

T-cell proliferation
and activation

Proliferation markers:

tritium-labeled
thymidine ([3H]-TdR)

PCNA

Surface activation
markers:

CD11a (integrin-aL)

CD25 (IL-2 recep-
tor),

CD71 (transferrin
receptor),

CD95 (Fas receptor),

CD154 (CD40L)

CD62L (L-selectin)

Whole-blood
cultures, ex vivo

mitogen stimulation

Flow cytometry

[3H]-TdR

Observational,
monocentre,

Kidney, heart, and
LT

No 2 498,499,501–
504,506,507,586

Drug nonspecific

B-cell function and
activation including
DSA

Ex vivo B-cell pro-
liferation

B-cell subsets in whole
blood

Immunoglobulins

Donor-specific
antibodies

CD80/CD86 on CD19
cells

CSFE labeling

Flow cytometry

ELISA

Luminex

Observational
studies autoimmune
diseases and kidney

transplantation

No 2 13,511,513,515

Drug nonspecific

Cytokines

IL-1ß, IL-2 IL-6, IL-
10, IL-17, IL-18, IL-
21, and IFN-gamma

Flow cytometry

ELISA

No 3 517,518,529

Drug nonspecific

Donor-derived cell-
free DNA

Donor-derived cell-free
DNA (dd-cfDNA)

Digital droplet PCR,
NGS

Yes, heart, liver,
lung, and kidney
transplantation

No 2 539,542,587

1 = high potential, clinical trials; 2 = limited potential, no clinical trials but promising observational studies; 3 = no potential, limited evidence or technically not feasible.
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B-Cell Function and Activation
In patients with lupus erythematosus on MPA treat-

ment, using flow cytometry, Eickenberg et al observed
decreased frequencies and numbers of human leucocyte
antigen-DRhigh antibody-secreting cells as well as a depletion
of antigen-naive B cells. Consistent with the changes in B-cell
subsets in whole blood, lower IgG concentrations were found
in patients on MMF than in controls without drug treatment or
taking azathioprine.511

In vitro proliferation assays with monoclonal antibodies
and carboxyfluorescein succinimidyl ester–labeled cells using
purified CD27-IgD+ antigen-naive and CD27+ memory B-cell
subsets from healthy blood donors showed that MPA abol-
ished B-cell proliferation and differentiation of antibody-
secreting cells completely.511

Li et al observed in a CD19 B-cell in vitro culture
system that MPA was able to induce apoptosis of B cells and
to prevent IgM formation in B cells isolated from KTR
sensitized against the major histocompatibility complex class
I chain-related gene A (MICA) in a dose-dependent man-
ner.512 Compared with B cells from healthy controls, the
effects on B cells from MICA-sensitized transplant patients
was significantly more pronounced. Cells were incubated
with a B-cell stimulation cocktail including MICA antigen.
Apoptosis was assessed by flow cytometry, and antibodies
were measured by enzyme-linked immunosorbent assay
(ELISA).

In another study with B cells from patients suffering
from rheumatoid arthritis, MPA selectively inhibited B-cell
activation and potently blocked plasma cell differentiation
as assessed by flow cytometry of surface markers and
cytokines as well as by measurement of intracellular ATP
levels.27

Using both a direct in vitro stimulation model and a
model incorporating T-cell–dependent human B-lymphocyte
activation, Matz et al found that MPA was very effective in
inhibiting B-cell proliferation (carboxyfluorescein succinimidyl
ester–labeled CD19+ B cells) and the expression of CD80 and
CD86 on CD19+ B cells at concentrations of 100 ng/mL and 1
mcg/mL, respectively.513 B cells can act as antigen-presenting
cells and express various costimulatory molecules on activation
including the CD80/CD86 surface molecules. IgG and IgM
formation as measured by ELISA in the cell culture superna-
tants was also suppressed by MPA in both models, using the
direct and indirect stimulation of B cells.

These in vitro and ex vivo models demonstrate the
direct inhibitory effects of MPA on B-cell activation, pro-
liferation, and function. The cell isolation and culture models
are potentially suitable for a B-cell–specific PD monitoring of
MPA. However, most experiments were based on long-term
cell culture, which precludes a timely decision of dose adjust-
ments to individualize MPA therapy based on PD monitoring.

DSA and Its Relation to MPA Exposure
In kidney transplantation, DSA and chronic ABMR are

associated with the development of transplant glomerulop-
athy.514 A study of 32 pediatric KTR followed up for 8.4
years revealed that MPA trough levels ,1.3 mg/L were asso-
ciated with the formation of DSA.13 In a study with 617 living

donor KTR, there was however no statistically significant
association between the incidence rate of de novo DSA and
MPA through concentrations at 1-year posttransplantation.515

It is therefore unclear whether DSA formation correlates with
MPA dosing or drug concentrations. To assess the putative
beneficial effect of MPA exposure intensity on DSA forma-
tion, the measurement of MPA concentrations and the mon-
itoring of DSA formation in long-term prospective studies
with a sufficient number of patients are required.

Summary of Status for B-Cell Function and DSA as
Biomarkers (Drug Nonspecific)
1. Although the effect of MPA on B-cell proliferation and

activation as well as antibody formation has been demon-
strated in small studies of KTR and patients with autoim-
mune diseases using ex vivo cell culture experiments, no
conclusion can be made regarding the effect of MPA on
DSA formation in patients.

2. The use of PD biomarkers based on B-cell function and
activation is premature for MPA monitoring.

Drug Nonspecific Biomarkers—Cytokines

Background
Cytokines are substances secreted by several types of

cells, including lymphocytes, monocytes, granulocytes, and
endothelial cells, which mediate immune and inflammatory
reactions. Cytokines regulate the complex and dynamic
immune response against the implanted graft, and their
production and secretion can be modified by immunosup-
pressive drugs and by the rejection process. This review
focuses on current knowledge about the monitoring of
changes in the production of some cytokines as a potential
tool to predict personal response to MPA and the risk of
rejection and infection in transplant recipients.

The few studies evaluating the effect of MPA on
cytokine production have mostly been conducted in vitro.
They have focused on elucidating the mechanism of action of
MPA rather than on assessing cytokines as a potential
biomarker for evaluating the response to MPA treatment or
as a predictive biomarker of graft outcome in transplant
patients treated with this drug. In fact, very few transplant
patients receive MPA monotherapy. The most frequent
combination in transplant recipients is MPA and a CNI
(tacrolimus or cyclosporine A); therefore, the analysis of
cytokines as a PD biomarker has been performed within the
framework of evaluating possible synergies of action between
the 2 drugs rather than as a specific MPA PD biomarker.

Previous studies have reported that MPA is able to
promote IL-1b in association with phytohemagglutinin516 or
lipopolysaccharide (LPS),517 and IL-18 in association with
LPS because of its effect on NLRP3 (NOD-, LRR-, and pyrin
domain-containing protein 3) expression and caspase-1 acti-
vation.518 IL-1b is able to induce the synthesis of chemokines
that can modulate macrophage, neutrophil, and T-cell activ-
ity.519 IL-18 is a proinflammatory cytokine and is classified in
the IL-1 family, which has important functions on immune
regulation, innate immune response, and inflammation.520

Both cytokines indirectly participate in antiviral responses.
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However, this observed effect of MPA on IL-18 production
only occurred in the presence of LPS, MPA alone failed to do
so. Therefore, patients treated with MPA may not be able to
produce IL-18 unless exposed to pathogens. In the presence
of opportunistic infections, MPA might contribute to a more
efficient host defense against invading germs. In the context
of CMV infection, several studies have reported an associa-
tion between MPA and the risk of CMV infection: specifi-
cally, an immunosuppressive regimen containing MPA
increases the likelihood of CMV disease.521,522 Recovery
from CMV infection has been shown to be associated with
the expansion of natural killer cells and activated viral-
specific cytotoxic T lymphocytes523; in this regard, MPA
may have a specific depressant effect on the proliferation of
natural killer cells or CMV-specific cytotoxic T cells. A pre-
dominance of both Th1 [T helper cell (Th)] and Th2 cyto-
kines has been reported during CMV+ replication.524,525 Th1
cytokine production was strongly modified by Tac, whereas
CMV-specific Th2 cytokine production was suppressed by
antiproliferative drugs, such as MPA.526

An important cytokine involved in the earliest phases of
acute rejection is IL-17.527,528 This cytokine has been
described in an in vitro study529 performed in a model of
human CD4+ cell activation; although both drugs, tacrolimus
and MPA, decreased Th17-related transcripts, MPA exerted a
stronger inhibitory effect on IL-17 production than Tac. In
KTR treated with MPA in combination with Tac, those
receiving MPA in combination with a minimized dose of
tacrolimus tended to have lower circulating IL-17 than
patients treated with tacrolimus alone at conventional dose.
However, no correlation with MPA exposure was observed.
Therefore, the inclusion of MPA in the immunosuppressive
regimen could better control Th17 immunity. In the case of
CNI minimization, MPA might protect against Th17 over-
reactivity.

The only reported effect of MPA on monocyte
function is its inhibition of IL-6 and IL-10 production
through the phosphorylated Akt (protein kinase B) path-
way.530 However, it seems that the inhibition of Akt phos-
phorylation is not complete after MPA treatment, and the
residual phosphorylation may imply that monocyte func-
tions, such as phagocytosis or differentiation remain intact,
suggesting that the innate immune response induced by
monocytes after solid organ transplantation may still occur
in patients on MPA.

Finally, it is well known that MPA does not, by itself,
produce a direct inhibitory effect on the production of IL-2,
IL-10, IL-21, and interferon gamma (IFN-g), unlike tacroli-
mus or cyclosporine A.531 However, when both types of
drugs are combined, some synergistic effect can be observed.
The decrease in IL-2 and IFN-g production in patients receiv-
ing MPA in addition to CNIs in comparison with those
receiving a CNI alone can probably be attributed to the inhib-
itory effect of MPA on the clonal expansion of
activated lymphocytes. The marked decrease in the number
of active lymphocytes is probably responsible for the
decreased production of these cytokines.532–534

Cytokines and Its Relation With MPA Exposure and
Clinical Outcome

There are scarce data on cytokines as PD biomarkers
for MPA personal response and clinical outcome. In the
context of MPA therapy, no relevant relationship between
cytokine production and clinical outcome has been reported.

Summary of Status for Cytokines as Biomarkers
(Drug Nonspecific)
1. Cytokine production does not reflect individual patient

susceptibility or response to MPA treatment.
2. In patients receiving combined therapy based on a CNI

and MPA, monitoring cytokine production may reflect
the synergy of action between the 2 drugs.

Drug Nonspecific Biomarkers: Donor-Derived
Cell-free DNA

The rationale for using donor-derived cell-free DNA
(dd-cfDNA) as a biomarker in organ transplantation is based
on the fact that organ transplants are also genome trans-
plants.535 The dd-cfDNA is a marker of graft cell death and is
believed to be released into the blood stream as nucleosomes
after various damage mechanisms, such as necrosis or in
particular apoptosis. The half-life of cfDNA in the circulation
is only 30 minutes to 2 hours.536 This creates the possibility
of repeated, noninvasive monitoring for allograft injury
through serial measurements. Absolute quantification has
been shown to be superior to fractional determination,
because dd-cfDNA(%) determinations can be biased by
changes that occur in host cfDNA over time.537,538

Reviews have concluded that proof of concept has been
published for all solid organ transplant types that cfDNA is a
promising biomarker for monitoring the health of the graft
and that this biomarker could facilitate the detection of under-
immunosuppression and find use as a tool for monitoring
during immunosuppression minimization.539,540 So far, sev-
eral studies have proposed a link between the dd-cfDNA and
exposure of one specific immunosuppressant, namely that low
tacrolimus exposure was associated with elevated dd-cfDNA
levels indicating graft injury possibly related to immune acti-
vation.541–543

Considering the potential relevance of dd-cfDNA
specifically to guide MPA dose adjustments, the underlying
hypothesis would be that dd-cfDNA is efficient for the
detection of ABMR,539,544,545 which again is a result of the
development of DSA, and that this may be reduced by ade-
quate exposure to MPA.13 Other studies have concluded that
with appropriate methodology, T-cell–mediated rejection can
be equally well detected.540,542,546 However, so far there are
no reports that links between MPA exposure and dd-cfDNA
have been specifically investigated.

Summary of Status for Dd-cfDNA as Biomarker
(Drug Nonspecific)
1. dd-cfDNA detects under-immunosuppression also in

patients treated with MPA who require a higher level of
immunosuppression.
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2. dd-cfDNA may also prove helpful to guide tapering of
immunosuppression. More data are needed to evaluate
the utility for MPA therapy specifically.

POPPK MODELING OF MPA

Challenges With Modeling MPA Absorption
The PK of MPA is characterized by highly variable

absorption profiles and secondary peaks of various intensities,
appearing at variable time after dosing. These phenomena
lead to a complex absorption profile that cannot be modeled
by classical first-order absorption. Therefore, modeling of
MPA PK consists in finding models that can account for both
the direct absorption of the administered drug and enter-
ohepatic circulation. For this, a sufficient number of samples
have to be available to properly describe the 2 processes.
Several POPPK models have been developed to specifically
characterize MPA enterohepatic circulation. The principle of
these models is to use first-order absorption with a lag-time
chained to 2 or 3 compartment models.68,160–
162,168,169,232,372,377,394,547–557 More complex models have
also been developed, such as the Erlang model that is a sim-
plification of the gamma distribution in which the exponent is
an integer that represents the number of virtual transit com-
partments that the drug has to cross to reach the central com-
partment,368,392,558 but they did not always significantly
improve the description of MPA profiles.162 Finally, 1-, 2-
or more parallel gamma distributions have been able to
describe accurately the multiple MPA absorption peaks seen
with MMF in various clinical settings.157–159,172,173,214,281 To
add complexity, EC-MPS exhibits even more intricate MPA
absorption profiles (the tlag is much longer and more variable
than with MMF),169,377,392,552 rending its AUC very difficult
to predict accurately using a 3-point LSS in the first 4
hours.148,169

Secondary peaks may indeed correspond to enter-
ohepatic recycling of MPAG/MPA when they occur between
4 and 8 hours postdose,64 but because of their earlier appear-
ance in many patients, they may also correspond to sequential
absorptions of the administered dose at various segments of
the gastrointestinal tract.65 It has to be noted that these sec-
ondary peaks account for up to 60% (range 10%–60%) of
total MPA exposure meaning that modeling the secondary
peak accurately will be clinically relevant.59

Modeling MPA and MPAG Conjointly
Efforts have been made to develop POPPK models that

describe conjointly the profiles of MPA and its main
metabolite MPAG by the inclusion of enterohepatic circula-
tion compartments.160,171,231,372,553,559–562 Two studies devel-
oped a POPPK model for fMPA and MPAG by considering
protein binding68,394 and one encompassed MPA, MPAG,
and fMPA.232

Clinically Relevant Covariates
Cyclosporine A comedication decreases the enterohe-

patic circulation and leads to a decreased MPA AUC in
comparison with other comedications, particularly

tacrolimus.bib6868,162,169,232,394,549,551,554,562,563

Interestingly, low plasma albumin concentrations and high
MPAG concentrations decreased total MPA exposure by
reducing MPA binding to albumin but did not seem to have
any effect on unbound MPA
concentrations.68,160,166,168,231,232,377,394,549,551,554,559,560,562

In some studies, the increase in body weight has been
reported as increasing MPA oral clearance (CL), in
adults81,155,372,556 and in children.563 In lung transplantation,
CF clearly affects MPA oral bioavailability162 or CL,556

whereas when modeling concerned several types of organ
transplants in the same analysis, the type of transplant also
affected MPA bioavailability and CL.162,563 Other covariates
were more rarely reported, such as weight on the volume of
distribution (Vd) in children164 or creatinine clearance, albu-
min, sex on Vd,550,551 MRP2 variants and EC-MPS or MMF
formulations on CL,392 or UGT1A9 variant on absorption and
distribution of MPA from EC-MPS.377 Finally, in other stud-
ies, no covariates were investigated or retained in the mod-
els.156–158,172,312,548,552,553,555 Some of these models were
developed in populations in which all patients received cyclo-
sporine A for example, and the influence of the associated
CNI could not be tested.

PK PD Modeling
In patients on the waiting list for LT, Premaud et al

showed using a sigmoid inhibitory E(max) model that CD25
and CD71 expression and T-cell proliferation (contrary to IL-
2 and TNF-a expression) decreased with increasing MPA
concentrations with low estimated IC50 values (#2 mg/L).504

Dong et al,558 in pediatric KTR, used an Emax model
for the inhibition of IMPDH by MPA. The final population
parameter estimates (and their 95% CIs) were as follows: I0 =
3.45 (2.61, 4.56) nmol h(-1) mg(-1) protein and IC50 = 1.73
(1.16, 3.01) mg L(-1). Emax was fixed to 0.

In HSCT recipients, Li et al564 also used an Emax
model and found for IC50 values of 3.23 mg/L for total
MPA and 57.3 ng/mL for fMPA.

Similarly, in HSCT recipients, Yoshimura et al231 used
an Emax model and reported an IC50 = 3.59 mcg/mL for
MPA.

Interface to Estimate AUC Based on LSS and
MAP-BE

Few Web services are currently available for the MAP-
BE estimation of MPA AUC based on POPPK models. To the
best of our knowledge, up to now only 2 companies,
InsightRX565 and MWPharm,566 and a public university
(Limoges University Hospital)285,567 are providing such
platforms.

As an example, ISBA proposes MMF, tacrolimus, and
cyclosporine A monitoring by providing individual patient’s
exposure to the drug (interdose AUC) estimated using MAP-
BEs (developed using an Iterative Two-Stage Bayesian
method) on the basis of 3 blood samples, generally collected
in the first 3 hours after drug intake; the modeled
concentration–time curve; and one or a range of recom-
mended dose(s) to reach the therapeutic target. The Web site
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has now received about 123,000 requests (March 25, 2020).
This Web site is currently proposing several MAP-BEs for
MPA, adapted to different patient profiles, immunosuppres-
sive drugs, transplanted organ, or other conditions, drug asso-
ciations, etc. Some of the POPPK models and MAP-BEs used
have been published.157–159,172,173,214,281

Summary of Status for POPPK Modeling of
MPA
1. Complex models have been developed to catch the very

particular absorption profile and the multiple peaks of
MPA.

2. The covariates cyclosporine A, albumin, GFR, and body
weight (children) are relevant to explain part of MPA
exposure variability.

3. Many LSSs using either MLR or MAP-BE have been
reported. MAP-BEs are more accurate, reliable, and less
sensitive to sampling time variations than MLR methods,
but these methods may not be easy to apply in routine
practice. Web interfaces where MAP-BEs are made avail-
able can help implement MPA AUC monitoring in routine
practice.

CONCLUSION
There is sufficient evidence to recommend dose adjust-

ments to achieve target MPA concentrations for several
indications in solid organ transplantation. As single point
measurement (trough level) is a relatively poor predictor of
exposure, a LSS combining 3 concentration measurements
within the dosing interval is the recommended method for
TDM. For some other (off-label) indications and patient
populations more research is needed to provide supportive
data. Meanwhile, in some fields the extrapolation of recom-
mendations from solid organ transplantation can be applied.

The PG of MPA has been characterized to a large
extent, both with respect to genes encoding for proteins
involved in the PK of MPA and for PD outcomes. However,
at present, there is not sufficient evidence to recommend
genotyping transplant recipients (or those on the waiting list)
to include this information as a covariate in models for dose
adjustment. Furthermore, a range of potential PD biomarkers
has been investigated for their potential to correlate with the
effect and/or toxicity of MPA. For a few of these biomarkers,
for example, IMPDH activity and expression, promising
results have been reported. In daily practice, none of these
biomarkers has been widely accepted and implemented,
partly because of the fact that some of the assays are
complicated and labor intensive.

MPA is an established part of the most widely applied
immunosuppressive regimens in organ transplantation. In
view of the fact that there are very few new immunosuppres-
sive drugs under development for the transplant field, it is
likely that MPA will continue to be prescribed on a large
scale in the upcoming years. Discontinuation of therapy due
to adverse effects is relatively common and late rejections
contribute to graft loss. Therefore, the continued search for
innovative methods to better personalize MPA dosage is
warranted.
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