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A number of medications do not have a licence, or label, for use in the paediatric age group nor for the specific indication for which
they are being used in children. Over recent years, mycophenolate mofetil has increasingly been used off-label (i.e. off-licence) in adults
for a number of indications, including autoimmune conditions; progressively, this wider use has been extended to children.This review
summarizes current use of mycophenolate mofetil (MMF) in children, looking at how MMF works, the pharmacokinetics, the clinical
conditions for which it is used, the advantages it has when compared with other immunosuppressants and the unresolved issues
remaining with use in children. The review aims to focus on off-label use in children so as to identify areas that require further research
and investigation. The overall commercial value of MMF is limited because it has now come off patent in adults. Given the increasing
knowledge of the pharmacodynamics, pharmacokinetics and pharmacogenomics demonstrating the clinical benefits of MMF, new,
formal, investigator-led studies, including trials focusing on the use of MMF in children, would be of immense value.

Introduction

A number of medications do not have a licence for use in
the paediatric age group or are used outside their licensed
indication in children, i.e. off-label. Mycophenolate mofetil
falls into this category. It has increasingly been used in
adults for a number of indications, including autoimmune
conditions; progressively, this wider use has been extended
to children. This review summarizes the current use of
mycophenolate mofetil (MMF) in children in order to iden-
tify areas that require further research and investigation.

Search methodology and selection
criteria

A search of MEDLINE from 1996, the year in which MMF
was first licensed in adults, to October 2011 was carried out
using the terms ‘mycophenolate mofetil’ and ‘mycophe-
nolic acid’in combination with ‘humans;‘English;‘neonate;
‘infant’ and ‘child’. Publications were then selected which
were of relevance, and some citations made in these were
also searched.

What is mycophenolate mofetil?

Mycophenolate mofetil is the 2-morpholinoethyl ester of
mycophenolic acid (MPA). The development of mycophe-
nolate mofetil as an active medicinal compound has its
roots in a discovery made in 1893 by the Italian physician
Bartolomeo Gosio. In the 1890s, he was studying fungal
contamination of corn, working on the then widely held
belief that there was a link between deterioration of corn
by mould and pellagra. In his attempts to find this link,
Gosio isolated a crystalline substance from mould found
on corn, which he later discovered inhibited anthrax bacilli
[1]. Gosio presented these findings at Reale Accademia
Medicina di Torino in May 1893 [1]. Unfortunately, as Gosio
had isolated only a small amount of this crystalline mate-
rial he was unable to take his research further. Conse-
quently, Gosio did not come to realize what a growing
impact his unnamed crystals would have in the future field
of medicine.

Likewise, Alsberg and Black, working on corn moulds
from an agricultural perspective at the US Department of
Agriculture, isolated a substance which they named myco-
phenolic acid in a 1913 bulletin by the Bureau of Plant
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Industry [2]. Mycophenolic acid is now generally accepted
as being one and the same substance as Gosio’s crystals
[1]. Gosio/Alsberg and Black’s discovery continued to go
unnoticed until 1969, when the potential of MPA was to be
rediscovered by a research team in England. The team at
the Pharmaceuticals Division of Imperial Chemical Indus-
tries Limited (ICl) in Cheshire was routinely screening
mould compounds for activity against mouse fibroblasts,
when they found that MPA, obtained from a culture of
Penicillium stoloniferum, suppressed mitosis and hence, cell
proliferation. Although the mechanism at this time was not
fully understood, it was proposed as a potential anticancer
agent [3].

Over the subsequent years, the antibacterial, antifungal
and antiviral properties of MPA have been demonstrated in
vitro but not so successfully in vivo [1], with the conse-
quence that the mechanism of these particular actions of
MPA remain, as yet, not fully explained. Unfortunately, the
trials as an anticancer agent, initiated by the team at ICl,
were not very promising. Likewise, earlier trials in the 1970s
for psoriasis showed limited success; the rationale for use
in this condition being that other agents that slowed cell
turnover were effective in psoriasis [1]. Solubility problems
and fears that medications which suppress the immune
system may have the potential to cause cancer meant
that development as a therapeutic agent was hampered at
this time. Consequently, interest in MPA waned. It was not
reignited until the 1980s, when there was an increasing
focus on immunosuppressant drugs, and the long road to
develop a derivative with improved uptake and, thus,
potential activity within the body began. This renewed
interest led directly to the development of MMF by a
research group at Syntex Research (now part of
F. Hoffmann-La Roche) [4]. Mycophenolate mofetil is much
more soluble than MPA. As a consequence, when taken
orally, it has better absorption, after which it is metabolized
to MPA, i.e. MMF is a prodrug of MPA.

How does mycophenolate work?

Replicating cells in the body need to synthesize purine
(adenine and guanine) nucleotides to produce DNA and
RNA during cell division and replication. There are two
ways in which cells can produce the purine nucleotides: de
novo synthesis and the salvage pathway.T and B lympho-
cytes are dependent on de novo synthesis of guanine
nucleotides, mediated by inosine 5-monophosphate
dehydrogenase (IMPDH),in order to proliferate and partici-
pate in immune responses, while in general, other cells in
the body can form guanine nucleotides by using alterna-
tive, salvage pathways.The de novo synthesis of guanosine
nucleotide is shown diagrammatically in Figure 1.

Mycophenolic acid is a potent, selective, uncompetitive
and reversible inhibitor of IMPDH, a crucial enzyme in
lymphocyte proliferation. The prodrug, MMF, is rapidly
metabolized in the body to pharmacologically active MPA
(see Figure 2), which inhibits IMPDH.

Inosine 5-monophosphate dehydrogenase catalyses
the oxidation of inosine 5-monophosphate (IMP) to xan-
thosine 5-monophosphate (XMP), which is then converted
to guanosine 5-monophosphate (GMP), a precursor of
guanine nucleotides. Inosine 5-monophosphate dehydro-
genase exists in two isoforms: IMPDH1 and IMPDH2.
Inosine  5"-monophosphate dehydrogenase2 is the
isoform expressed in activated T and B lymphocytes, and
MPA has a more potent effect on this isoform [4]. Thus,
inhibition of IMPD2 selectively depletes the pool of
guanine nucleotides available for proliferation of T and
B lymphocytes.

Guanine nucleotides are also required for the synthesis
of glycoproteins, such as selectins and integrins, which are
important in the leucocyte inflammatory immune
response [5]. Depletion of tetrahydrobiopterin, a limiting
cofactor in nitric oxide production, follows a decrease in
the pool of guanine nucleotides. Nitric oxide has been
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Known metabolism of mycophenolate mofetil (MMF) in humans

implicated in nephropathy and allograft rejection, and it is
thought that the indirect effects on nitric oxide production
may contribute to the clinical effect of MPA [4]. Thus,
although the primary effect of MPA is to decrease produc-
tion of lymphocytes, it has secondary effects on cell signal-
ling and inflammatory responses. By targeting IMPDH, MPA
has a selective, but potent, cytostatic effect on lympho-
cytes. More recently, however, in experimental studies MPA
has been shown to have additional effects other than its
primary one of IMPDH inhibition, as follows.

* Angiogenesis - MPA can block tumour-induced angio-
genesis in vivo [6], indicating that it may have a wider role
in therapy rather than only as an immunosuppressant.

+ Maturation of dendritic cells — MPA can have a direct
effect on antigen presenting cells by disrupting the matu-
ration of dendritic cells, which present antigens to T lym-
phocytes [7].

* Endothelin T — MPA can reduce endothelin 1 concentra-
tions, which has been implicated in ischaemic and drug-
induced renal failure [8].

The latter two of these effects may partly explain the
apparent advantages of MMF over other commonly used
oral immunosuppressant agents. For example, MMF is con-
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sidered more potent than azathioprine, possibly due to its
effects on maturation of dendritic cells, yet it has less
adverse effects on kidney function than ciclosporin A
(CsA), which may be as a result of reduction of endothe-
lin 1.

Pharmacokinetics in children

When taken orally by adults, MMF is rapidly metabolized in
the liver to MPA (Figure 2), achieving a bioavailability of
94% relative to intravenously administered MMF in adults,
based on MPA area under the curve (AUC) measurements.
The AUC is directly proportional to the total amount of
MPA in the plasma. The manufacturer's pharmacokinetic
data [9] confirm similar findings in paediatric renal trans-
plant patients given 600 mg m~2 Mycophenolic acid is 97%
bound to plasma proteins and shows two peak levels of
MPA as a result of enterohepatic recirculation of glucu-
ronidated MPA, mycophenolic phenolic glucuronide
(MPAG) [10]. Apart from MPAG, there are two other minor
metabolites of MPA which have been identified, the 7-O-
glucoside and acyl glucuronide (AcMPAG) [11].Initial inves-
tigations revealed that the 7-O-glucoside had no activity
[11]. Additionally, in further studies it has been established

Br | Clin Pharmacol / 75:1 / 47



BJCP H.J. Downing et al.

that MPAG has no immunosuppressant activity. Notwith-
standing, AcCMPAG is pharmacologically active; it may thus
contribute to the immunosuppressive action and to the
adverse effects of MMF treatment [12, 13].

Table 1 summarizes published studies of MMF used for
an unlicensed indication or off-label in children under the
age of 13 years. Some of these studies investigated the
implications of pharmacokinetics and plasma concentra-
tions of MPA on clinical outcome [14-16]. For example, the
low AUC for MPA in the paediatric study by Dorresteijn
etal. was cited as the possible reason for relapse in a
patient with nephrotic syndrome [15].

More specific paediatric pharmacokinetic studies have
been carried out in different patient groups. For stable liver
transplant patients, large interpatient variations in AUC
levels for MPA have been found [17]. In children following
renal transplant, no relationship between MMF dose and
drug exposure was found, the conclusion being that chil-
dren could be overexposed to MPA when given doses
based on weight or surface area rather than doses based
on MPA blood levels [18].In another study, children receiv-
ing stem cell transplantation under the age of 12 years
appeared to have a significantly different MPA pharmaco-
kinetic profile compared with older children and adoles-
cents; this could indicate that younger children require
more frequent dosing [19]. In paediatric patients taking
MMF for systemic lupus erythematosus, only a moderate
correlation was shown between weight-adjusted dosing
and improvement of the disease, with maximal clinical
response seen at doses giving area under the curve, from
0-12 hours, of 30 mg h I" MPA [20].

A study by Tredger et al. showed that children with low
albumin required higher doses of MMF, as do adults [21].
Mycophenolic acid is highly bound to plasma proteins,and
as a result, low serum albumin decreases MPA protein
binding. Consequently, more free MPA is available, which is
then quickly cleared by the body, so lowering MPA levels in
the plasma and requiring higher or more frequent dosing.
However, the other observation in the adult population
from Tredger’s study, i.e. that patients with elevated creati-
nine levels had higher MPA predose concentrations, was
not seen in the paediatric patients. When looking specifi-
cally at patient populations with abnormal creatinine con-
centrations, there appears to be little information on the
correlation between MPA levels and creatinine concentra-
tions for paediatric patients. A small paediatric pharmaco-
kinetic study by Aigrain et al. [22] on only eight patients
listed a wide range of MPA AUC levels, but the patients had
only a narrow range of creatinine concentrations, hence
a true relationship to renal function was impossible to
determine.

In an attempt to improve consistency in studies for
children, population pharmacokinetic models are being
proposed which may help to address the issue of optimal
paediatric dosing levels [23-26]. Furthermore, findings
from these studies support earlier observations that serum
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albumin, bodyweight and coadministration of CsA all have
a significant impact on clearance of MPA. Future pharma-
cokinetic studies in children may be easier to interpret and
correlate using such models.

In which clinical conditions is MMF
used in children?

In the UK, the only licensed paediatric indication for MMF is
kidney transplantation. This UK licence, granted in 2001, is
for combination therapy (with corticosteroids and
ciclosporin) for children aged 2 years and over. In the USA,
there is a much younger age limit of 3 months listed on the
‘label’ or licence. However, following licensing in adults in
1996, MMF had been used off-label in paediatric kidney
transplantation well before 2001. Initial studies, such as
that of Antoniadis et al.[25] in 1998, showed that MMF was
well tolerated in children aged 4-12 years for the treat-
ment of acute rejection, when used in combination with
CsA and steroids. Mycophenolate mofetil is further
licensed as a combination therapy in adults for heart and
liver transplantation, leading to the off-label use for these
same conditions in children.

Mycophenolate mofetil and
steroid-free/steroid-reduced renal transplant
regimens

The adverse effects of corticosteroids on growth in chil-
dren are significant [26, 27] A restriction in growth cannot
always be reversed on ceasing prolonged oral treatment,
and this in turn can restrict final height. Other recognized
side-effects of steroids, including hypertension, adrenal
suppression and effects on behaviour/mood can have
long-term, significant sequelae in children. These facts
have prompted studies of MMF to try to reduce or avoid
steroids altogether following kidney transplantation.

An early paediatric clinical study by Birkeland et al.
[28] of maintenance therapy using steroid-free immuno-
suppressive protocols of CsA alone and in combination
with MMF was promising. In this case series study, follow-
ing the introduction of a local combination protocol that
included MMF, there was an observed reduction in the
number of acute kidney transplant rejection episodes at
the study hospital. A further, retrospective paediatric
study supported the finding that steroid-free immuno-
suppression is safe and efficacious in renal transplant
patients [29].

Other studies have looked at attempts to restrict
steroid use. These have often been conducted on adult
patients, with only a few paediatric patients included. A
trial by Nematalla etal. in 2007 with an unspecified
number of children from the age of 5 years demonstrated
that steroid avoidance after 3 days was feasible in renal
transplant patients [30]. A well-conducted, although small,
paediatric randomized controlled trial (RCT) by Hocker
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et al. investigated late withdrawal of steroids using MMF.
The conclusion of this 2 year study was that in combination
with CsA, withdrawal of steroids is possible, which in turn
improves growth and the cardiovascular risk profile [31,
32].Chavers et al. demonstrated that in paediatric patients
over 5 years of age prednisolone could be discontinued
after only 6 days by using MMF with CsA as maintenance
after induction with thymoglobulin [33]. Likewise, the
TWIST study, a large randomized paediatric trial, which
assessed the impact on growth of early steroid reduction,
showed that following induction with daclizumab, steroids
could be withdrawn after 4 days with a maintenance
regimen of tacrolimus and MMF [34].

In light of these studies, MMF appears to have a steroid-
sparing effect that allows reduction or removal of steroids
from immunosuppressant protocols. Admittedly, these
studies are few in number, and future trials are needed to
confirm this potential benefit, particularly in different clini-
cal conditions.

Mycophenolate mofetil and calcineurin
inhibitor-free renal transplant regimes
Ciclosporin A (a calcineurin inhibitor) is markedly toxic to
kidney function. To date, two trials including paediatric
subjects have investigated using MMF as an alternative to
calcineurin inhibitors, such as CsA and tacrolimus.
Krischock et al. demonstrated that for kidney transplant
patients, complete withdrawal of CsA or tacrolimus could
be successful in preserving renal function in a population
treated with a maintenance MMF and corticosteroid
regimen [35]. Cransberg et al. compared a MMF and pred-
nisolone regimen with an established CsA and predniso-
lone regimen to prevent renal graft rejection in the long
term [36]. This relatively small RCT involving a total of 44
patients demonstrated that MMF with prednisolone tem-
porarily improved kidney function and dyslipidaemia. It
also found that MMF may improve graft and patient sur-
vival in the long term. For five patients in this study, ste-
roids were withdrawn, with MMF being continued as
monotherapy for a mean of 6.71 years post-transplant.This
demonstrates that in clinical practice, in a subgroup of
patients, MMF can become the only immunosuppressant
agent used.

Off-label conditions

The British National Formulary for Children 2010 (BNFc)
gives off-label dosing guidance for hepatic transplantation
and for renal transplantation with tacrolimus, as well as
stating that MMF is used in severe refractory eczema.There
are no dosing recommendations for any other off-label
conditions, such as autoimmune disease. However, in clini-
cal practice MMF is frequently being used in these other
off-label conditions. Table 1 summarizes studies reporting
off-label use of MMF in children following renal transplan-
tation (without CsA/steroids), following transplantation of

Paediatric use of mycophenolate mofetil BJCP

other organs, in paediatric rheumatological conditions and
in other autoimmune disorders.

Is mycophenolate, used off-label,
effective in children?

Many of the studies listed in Table 1 are case reports or
small, retrospective, single-centre, uncontrolled studies.
Those that are RCTs are typically adult trials that include a
small, and sometimes unspecified, number of children of
various ages [37]. Others, such as the study by Sinclair
etal. [38], have a minimum age of 12 years and, here
again, it is difficult to determine the exact numbers of
young people who took part and thus the efficacy of
MMF in children.

Randomized controlled trials of MMF which are exclu-
sively paediatric are few and have small numbers of par-
ticipants. One such trial compared the efficacy of MMF
with that of CsA for maintaining remission in relapsing
nephrotic syndrome [15]. This study suggested that CsA
was more effective, but the adverse effect profile was
much more acceptable in the MMF group. Although the
study was small, there was no significant difference in the
trough MPA blood levels between those who relapsed and
those who did not. A limitation, however, was that trough-
level data were not available for all patients who relapsed,
with one child who had the lowest AUC relapsing several
times.In a recent RCT, which analysed paediatric data sepa-
rately, it was demonstrated that ‘overall efficacy and toler-
ability of MMF in paediatrics appear to be comparable with
that in adults'[39].

As many of the studies contain only a few children
amongst a majority of adult patients, it is possible that
the efficacy results of MMF in children may be distorted
by the adult data. This possibility appears to be sup-
ported in an early 1999 trial by Benfield et al. [40]. This
RCT of paediatric transplant patients did not demonstrate
a significant advantage in graft rejection through the
addition of MMF to the immunosuppressive regimen. A
number of theories were put forward by the authors as to
why the result of this RCT failed to support evidence of
MMF efficacy in this particular study, including a differ-
ence in how rejection was identified, the higher mass of
renal graft to body mass of children compared with that
of adults and the small number of patients studied.
Although this trial did not support the efficacy of MMF in
children, commercial trials did show MMF to be effective
in paediatric renal transplantation, and its benefits out-
weighed it risks; therefore, MMF was granted a paediatric
licence. There are few data to establish how effective
MMF is in children, particularly for those conditions in
which it has been tried off-licence. Further paediatric RCTs
to compare MMF against a recognized, ‘gold standard’ or
licensed treatment are needed to discover how effective
MMF is in children.
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What are the advantages of MMF
compared with other
immunosuppressants?

All commonly used immunosuppressants have adverse
effects, which can limit their use, as summarized in Table 2.
Azathioprine (AZA) was originally used in renal transplan-
tation but is increasingly being replaced by MMF in paedi-
atric renal transplant patients because it is associated with
a reduced rejection rate and improved long-term graft
function [35]. Azathioprine, like MMF, is another antiprolif-
erative immunosuppressive agent, which affects DNA syn-
thesis and thus production of lymphocytes. Compared
with AZA, MMF is more potent and has a better clinical
outcome in paediatric renal transplant patients [35].
Besides renal transplant, AZA has traditionally been used
with clinical benefit in a number of autoimmune condi-
tions [41]. This has led in turn to MMF being tried in these
same autoimmune conditions, as observed in the off-label
use studies listed in Table 1.

Immunosuppressive agents, such as CsA and cyclo-
phosphamide, adversely affect renal function.Mycopheno-
late mofetil does not have adverse effects on creatinine
concentrations [42]. These advantages in renal function of
MMF over CsA mean that MMF is also being evaluated for
use in conditions where CsA is traditionally used therapeu-
tically. Nephrotic syndrome, which primarily affects chil-
dren, is one of these conditions; MMF has been shown to
be a safe and effective alternative treatment option to CsA
for nephrotic syndrome [42, 43].

As it becomes more commonplace to replace the use of
AZA and CsA with MMF, this brings to the forefront a range
of conditions for which MMF could be further trialled in the
paediatric population, i.e. conditions in which these two

Table 2

drugs are currently being used as recognized, but not nec-
essarily licensed, therapeutic agents.

Unresolved issues with the use of
MMF in children

Further trials to investigate efficacy and use in clinical con-
ditions outside of MMF's paediatric licence are important.
Additionally, there are several unresolved issues which also
require investigation to clarify the role of MMF in paediat-
ric clinical practice.

Dosing

Dosage regimes for children are often extrapolated
from adult data to give an initial dosage of around
40mgkg'day' [44], although doses of up to
50 mg kg™ day™' have been used [45]. However, medica-
tions for children are more usually quoted for surface area
(in milligrams per square metre). This is because children
have a larger surface area to body mass than adults. The
rate of distribution or metabolism of a drug correlates with
heat loss which, in turn, is generally considered as being
proportional to surface area. Thus, surface area is widely
accepted as being the best criterion when calculating drug
doses in children.

There are major ambiguities which may arise from the
fact that the BNFc shows the MMF dose in milligrams per
kilogram as well as in milligrams per square metre [46].The
licensed dose of MMF for renal transplant, used in combi-
nation with CsA and steroids, is 600 mg m™ twice a day. A
dose of 300 mg m~ twice a day is shown for use with tac-
rolimus and steroids, an unlicensed combination. Such
dosing takes account of the known interaction between

Advantages and disadvantages of mycophenolate mofetil (MMF) in comparison to some commonly used immunosuppressants

MMF Azathioprine

Primary mechanism Inhibition of inosine
of action 5’-monophosphate
dehydrogenase, resulting
in inhibition of T and
B cell proliferation

Inhibition of purine
synthesis, resulting in
inhibition of T and B cell
proliferation

Advantages More selective for Extensive clinical
lymphocytes than experience as
Azathioprine immunosuppressant
agent

Gastrointestinal
disturbances
Myelotoxic

Disadvantages
those with low activity
of enzyme thiopurine
methyltransferease

Cyclophosphamide

Alkylating agent that leads to  Calcineurin inhibitor,
inhibition of DNA synthesis

Can be effective as a
second-line
immunosuppressant after
failure of first-line agent

Risk of myelosupression in  Gastrointestinal disturbances — Gastrointestinal

Can cause haemorrhagic

Myelotoxic

Ciclosporin A Tacrolimus

Calcineurin inhibitor, resulting in
resulting in inhibition inhibition of T cell proliferation

of T cell proliferation

Virtually nonmyelotoxic ~ Useful second-line
immunosuppressant, also licensed
as a topical agent for eczema

Gastrointestinal disturbances
disturbances

Nephrotoxic Increased risk of neurotoxicity
compared with ciclosporin A

Can cause cardiomyopathy

Altered glucose metabolism

Hypertension
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CsA and MMF, necessitating an MMF dose reduction when
tacrolimus rather than CsA combination is used. However,
for hepatic transplantation, in combination with steroids
and CsA or tacrolimus, a dose of 10-20 mg kg™ twice daily
is recommended in the BNFc. This same milligrams per
kilogram dosing strategy was used for hepatic transplan-
tation in a study by Tredger et al.[21], and it would appear
that this is where the BNFc recommendations for the
unlicensed indication of hepatic transplantation have
stemmed. The BNFc hepatic transplantation dosing guid-
ance does not take account of the anticipated dose reduc-
tion required when using MMF with tacrolimus rather than
CsA, the dose being listed as the same for use in either
combination. There is an absence of dose information for
other conditions for which MMF is known to be used.
Without an appreciation of the diversity of conditions
being treated and the known interactions, dosing incon-
sistency can arise.

The study by Tredger et al.[21] was conducted on 147
adults and 63 children. Unlike many studies of both adults
and children, the paediatric data in this particular study
were analysed separately from those of the adults. Dosing
aimed to achieve predose, trough levels of MPA of 0.3-
5.2 mg mg I"". However, it is not clear how the MMF start-
ing dose of 5mgkg™ for the children in the study was
determined. Doses were increased up to 20 mg kg™ twice
a day, if tolerated by the child, and were required to
achieve the target predose level. No close correlation
between MMF dose and MPA levels was observed in
adults or in children. For adults, a therapeutic range of
predose MPA of 1-3.5 mg I"' was determined in this study;
doses above 3.5 mg ™" were associated with higher risk of
leucopenia, infection and gastrointestinal disturbances.
Conversely, levels below 1mgl™ were associated with
acute rejection episodes. A therapeutic predose MPA level
was not determined for the paediatric population,
because there were insufficient adverse event data to
make any calculations meaningful. However, it was noted
that all three episodes of acute rejection occurred when
MPA levels were less than 0.5 mg I”". The adult therapeutic
predose MPA range indicated by this study is similar to
that advocated by Filler [47] of 1.6-3.5 mg |"' for paediat-
ric patients. These studies, therefore, show that MPA
trough levels could be used to indicate whether a thera-
peutic level is being reached and maintained during MMF
treatment. Nevertheless, a study by Pape et al. disputes
the value of MPA trough-level monitoring in long-term
follow-up of transplant patients. They indicate that MPA
levels taken at 75 min after administration show a better
correlation with MPA AUC and are of the opinion that
such alternative monitoring of paediatric patients should
be used [48]. There are substantial intra- and interpatient
variations in MPA exposure in children; younger children
require more frequent dosing than adolescents and
adults [19, 49]. Such dosing discrepancy across age ranges
is thought to be due to age-dependent variations in the
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transporter, P-glycoprotein [47], implicated in reduced
absorption of medications.

APOMYGRE, a randomized multicentre trial of renal
transplant patients, looked at MMF dosing based on MPA
exposure, comparing fixed doses of MMF and
concentration-controlled dosing.This adult trial found that
dosing based on MPA blood concentrations significantly
reduced treatment failure and acute rejection [50].
Although this is an adult trial, the data, like those of the
Tredger study discussed above, do appear to support
monitoring of MPA blood concentrations to maintain an
optimal therapeutic concentration.

The value of therapeutic drug monitoring (TDM)
during MMF treatment remains controversial [51]. The
BNFc does not have a recommendation on monitoring
concentrations of MPA. Therapeutic drug monitoring of
MPA is not routine in the UK, although intermittent trough-
level monitoring of MPA is known to be carried out in some
UK centres, to guide dosing [35]. By contrast, in the USA,
TDM is carried out more routinely, because there is a Food
and Drug Administration-approved commercial assay for
MPA [47].

To add to the controversy surrounding TDM, assay
methods used to measure MPA have been questioned. It
has been established that cross-reactivity of ACMPAG in
assay techniques can result in an overestimation of MPA
levels, making it difficult to establish a therapeutic level for
MPA [13]. Measurement of IMPDH activity levels in paedi-
atric patients, to guide initial MMF dosing, may provide an
alternative to TDM [52]. There is a need for more research,
in this connection, to establish the validity, timing of blood
sampling and interpretation of relationship outcome.The
recently proposed paediatric population pharmacokinetic
models, discussed earlier, may assist in any further
research.

Variable response as a result of genetic
differences

It has been demonstrated that the way that the body
metabolizes MMF is a ‘multigenic process’ [53]. There are
many steps involved in this processing of MMF. Potentially,
each has its own, genetically different, components that
contribute to the overall effect. Those so far identified as
having potential for genetic variations are enzymes and
transporter proteins.

The target enzyme of MPA is IMPDH, of which there are
two forms, IMPDH1 and IMPDH2 [54]. Mycophenolate
mofetil has a more potent effect on IMPDH 2, which is the
form predominately present in activated leucocytes. Varia-
tions in the gene coding for IMPDH2 could have a dramatic
effect on the response to MPA therapy. Healthy adult sub-
jects with rs11706052 polymorphism of the IMPDH2 gene
have been shown to have around a 50% reduction in the
antiproliferative effect of MMF on lymphocytes [55]. Cur-
rently, there are few published data on the expression
of IMPDH in children; early reports demonstrate that
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haplotypes of IMPDH2 are associated with neutropenia
and haplotypes of IMPDH1 are associated with gastrointes-
tinal intolerance [56, 57]. In addition, the main metaboliz-
ing enzyme of MMF is uridine diphosphate-glucuronosyl
transferase (UGT), of which there are two isoforms, UGT1A8
and UGT1A9, which are significant to MMF metabolism
[53].Prausa et al.[58] have studied the association between
the main two adverse effects of MMF in children, namely
leucopenia and diarrhoea, with polymorphisms of UGT.
The data obtained from this study implicated UGT poly-
morphisms as potential predictors of adverse events
during MMF treatment in children. The strongest associa-
tion was for those who were homozygous for the single-
nucleotide polymorphism UGT1A9 —331T>C, all of whom
experienced leucopenia. No association was found with
diarrhoea and UGT polymorphism, suggesting that this
side-effect could be due to genetic variations in other
genes, including the transporter proteins involved in MMF
absorption. This correlates well with the knowledge that
MPA is a substrate and inhibitor of the transporter protein,
P-glycoprotein (MDR1) [47].In common with the isoforms
of IMPDH, further investigation of UTG in children is
desirable.

As well as MDR1, the organic anion transporter ABCC2
is known to be important in MMF pharmacokinetics, and
certain polymorphisms of this transporter protein can
change the proportions of each of the different metabo-
lites of MMF [53].In turn, this can change the effectiveness
and toxicity of MMF. There are few data on expression of
transporter proteins in children, although it has been
shown that some transporter proteins show highly vari-
able expression relating to age and distribution in intes-
tines and liver [47]. In a small study of paediatric heart
transplant patients, ABCC2 polymorphisms have been
shown to be associated with gastrointestinal intolerance
and bone marrow toxicity [56].

Adverse drug reactions
Information relating to adverse drug reactions in children is
sparse, which has prompted the setting up of a formal study,
adverse drug reactions in children, currently ongoing, to
examine the extent of adverse drug reactions in children
[59]. The data for adverse effects of MMF in children are
limited. The adverse effect profile has been described as
being similar to that of adults, principally being abdominal
pain, diarrhoea, vomiting, sepsis, leucopenia, anaemia, hyper-
tension and infection. This profile is more frequent and
severe in children under 6 years of age [9, 10].
Postmarketing surveillance data, which includes the UK
Yellow Card scheme, have identified isolated cases of pro-
gressive multifocal leukoencephalopathy (PML) in adults
taking MMF in combination with other immunosuppres-
sants. Progressive multifocal leukoencephalopathy is a rare
and usually fatal demyelinating condition found only in
severely immunosupressed patients, which is caused by a
human polyomavirus, JC virus [60].This observation of PML
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in extremely immunosupressed patients prompted a drug
safety alert for MMF in 2008.The contributory role of MMF
in development of PML has not been ruled out, and
recently there has been a reported case of PML in a child.
The child, an 11-year-old, post-renal transplant patient,
developed PML, with clinical improvement seen when
MMF was discontinued [61].

The gastrointestinal symptoms are often the cause of
cessation of treatment in children. As a result, an enteric
preparation of mycophenolate sodium has been devel-
oped, which was reported in a pilot study to reduce gas-
trointestinal complications, such as diarrhoea, nausea or
abdominal discomfort, in children [62, 63], although this
product is not currently licensed in children. As with any
enteric coated preparation, the peak drug concentration
can be delayed, and this effect was seen in a small trial of
post-renal transplant paediatric patients [64].

Some less common adverse effects have been reported
in children, as follows: an abnormal chromatin clumping
syndrome in two children associated with leucocytosis
[65]; pseudotumour cerebri syndrome in a 5-year-old child
taking MMF for autoimmune lymphoproliferative disease
[66]; and two cases of children with severe colitis [67].
Perhaps the most significant, albeit rare, adverse effects
have been due to respiratory problems, including a single
case of reversible chronic mineralizing pulmonary elastosis
in a 7-year-old boy [68] and several instances of bron-
chiectasis [69, 70]. Postmarketing surveillance has also
identified isolated reports of interstitial lung disease and
pulmonary fibrosis in adult patients treated with MMF
in combination with other immunosuppressants [9].
However, whether there is a true causal association
between the use of MMF and the occurrence of these res-
piratory adverse effects needs further study, including the
definition of mechanisms.

Reports of congenital malformations as a result of MMF
exposure in utero are now emerging. An ‘MMF embryopa-
thy’ is described as a combination of craniofacial abnor-
malities and complex cardiac defects, thought to be as a
result of interference with neural crest cell migration [71,
72]. Many of the side-effects, such as leucopenia, suscepti-
bility to infection and lymphoma, are understandable
and associated with most immunosuppressive agents.
However, there are adverse effects, such as the respiratory
and gastrointestinal problems, which are not so readily
explained. Until such time as the pharmacokinetics and
associated pharmacogenomics of MMF are researched
further, the reason for these will continue to be a challenge
to investigators.

Interactions with other drugs

Drug-drug interaction studies have not been reported in
children, but adult studies are listed in the product licence
information for MMF [9, 10]. The requirement to carry out
drug-drug interactions studies in children is not necessar-
ily a prerequisite for paediatric licensing. Presently, studies



are carried out on healthy adult volunteers, and extending
them to healthy children would raise ethical questions.The
adult drug-drug interactions listed in the licence literature
for MMF are often with medications already well recog-
nized as causing interactions with other drugs, such as
rifampicin, ciprofloxacin and CsA. For example, drugs
which affect absorption from the gut, such as iron prepa-
rations, antacids and cholestyramine, do reduce absorp-
tion of MMF and lead to lower MPA levels in adults [9].
Interactions of MMF with other drugs can also be pre-
dicted, if it is given with medications known to interfere
with absorption and distribution around the body.Thus, in
addition to the ethical argument surrounding the use of
healthy children for drug—drug interactions studies, there
is probably no real new information to be gained by expos-
ing children to these known drug-drug interactions.

When MMF is used off-label without CsA, there needs
to be a substantial dose reduction to compensate for the
significant interaction engendered by CsA. Such a drug-
drug interaction is due to the inhibitory effect of CsA on
the transporter protein, multidrug-resistant protein 2 [47].
This again highlights the importance of pharmacokinetic
considerations when using MMF in children. Furthermore,
from the pharmacogenomic aspect, it can be proposed
that individual differences in the UGT expression might
provide another explanation for certain drug-drug inter-
actions in children. This requires further research.

Mycophenolate in children: the
future

The lack of controlled trials in children is an issue that was
addressed several years ago by changes in legislation for
licensing of medications in the USA [73]. In the USA, rules
requiring mandatory testing in paediatric populations in
all new drug label applications were introduced in 1998.
With similar changes in the legislation in Europe [74] in
2007, it is anticipated that the number and quality of trials
orientated towards children will improve [75]. Public fears
over testing in children may continue, but a vigorous and
challenging regulatory environment may help to alleviate
these fears.

Clinical trials in children are essential to develop the
best treatment strategies in a safe environment [76]. Avoid-
ance of polypharmacy in children is desirable, due to inter-
actions and the potential for long-term, sometimes
irreversible, side-effects. It may be that further paediatric
studies will confirm a steroid-sparing effect of MMF that is
observed in clinical practice, perhaps bringing about the
use of MMF as a dual therapy or monotherapy for some
conditions.

As demonstrated in this review, MMF has been used in
children, particularly off-label, for several years. It is pos-
sible that the new European regulations may have an influ-
ence on future paediatric clinical trials. However, although
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MMEF is still under patent for paediatric use in the UK, its
commercial value may be limited because the market in
children is small. As the overall commercial value of MMF
has been drastically reduced, due to expiration of the adult
patent, it can be predicted that paediatric trials might not
be pursued by the manufacturer. Notwithstanding these
considerations, with increasing knowledge of the phrama-
codynamics, pharmacokinetics and pharmacogenomics
demonstrating the clinical benefits of MMF, new, formal,
investigator-led, paediatric clinical trial proposals might
attract funding, and the vital aspects specific to children
will be addressed.
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