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Abstract

[Purpose] Mycophenolate mofetil (MMF), an ester prodrug of mycophenolic acid (MPA),
is widely used as a maintenance immunosuppressive regimen in solid organ transplant
patients. It is increasingly used for the prophylaxis and treatment of graft-versus-host
disease (GVHD) in hematopoietic stem cell transplantation (HSCT) patients. MPA is
metabolized primarily to phenolic MPA glucuronide (MPAG) and minorly to acyl MPA
glucuronide (AcMPAG). In patients with normal renal and liver function, MPA and MPAG
are highly bound to serum albumin, 97-99% for MPA and 82% for MPAG. The optimal
MMF dosing and preferred targets are still under investigation in HSCT patients due to the
substantial intra- and inter-individual pharmacokinetic variability of MPA and broad range
of transplants. Therefore, the overall goal of this thesis is to elucidate the clinical
pharmacokinetics of MPA in HSCT patients. To approach this goal, three specific aims
are 1) To develop areliable UPLC-MS/MS assay for the simultaneous monitoring of MPA,
MPAG and AcMPAG in human plasma samples; 2) To evaluate the pharmacokinetic
variations of MPA, from plasma protein binding and metabolism perspectives, in both
pediatric and adult patients following HSCT; 3) To investigate population

pharmacokinetics of unbound MPA in pediatric and adolescent HSCT patients.

[Methods] Plasma proteins were precipitated with acetonitrile and the chromatographic
separation was achieved on a Cig column with a gradient elution. The detection was
performed by a triple quadrupole mass spectrometer in the positive electrospray ionization

(ESI) and multiple reaction monitoring (MRM) mode. Stability of MPA and its glucuronide



metabolites was also thoroughly evaluated in human blood and plasma samples under
short- and long- term storage conditions. Twenty pediatric patients with a median age of
3 years (range, 0.2-12 years) and thirteen adult patients with a media age of 54 years
(range, 18-63 years) were enrolled. Sparse sampling design was used in this study. Blood
samples were collected on days 0, 7, 14, 21 and 30 after allogeneic HSCT. Total and free
MPA, as well as MPAG were quantified using the validated UPLC-MS/MS assay.
Nonlinear mixed-effects modelling (NONMEM) was employed to analyze MPA
pharmacokinetic data. A total of 89 unbound MPA plasma concentration-time datum points
from 23 patients with a median age of 3 years (range, 0.2-20 years) were available for

model development.

[Results] Linearity of the assay was demonstrated over the range of 20-10,000 ng/ml for
MPA and MPAG, and 2-1,000 ng/ml for AcMPAG in human plasma. The assay was
precise and accurate with coefficient of variation and bias less than 15%. The plasma
protein binding of MPA and MPAG did not change significantly in pediatric patients over
the one month sampling period post HSCT. However, it increased in adult patients from
day 7 to day 30 post HSCT, from 97.3+0.8% to 98.3+0.6% for MPA, and 74.6+9.4% to
82.9+8.1% for MPAG (P <0.05). The plasma protein binding of MPA was significantly
higher in males compared to females in both pediatric (98.3+1.1 vs 97.4+1.1%) and adult
(98.1£0.7 vs 97.4+1.2%) patients (P <0.05). The MPAG/MPA ratios on an mg/kg dose
basis in adult patients were significantly higher than those in pediatric patients (4.3£3.4 vs
2.4+2.6; P <0.05). Pharmacokinetics of unbound MPA was described by a two-

compartment model with first-order elimination. Given the range of body sizes, clearance



and volume of distribution were scaled using standard weight-based allometric exponents.
Final estimates in a standard 70 kg individual for clearance, inter-compartmental
clearance, volumes of distribution in the central and peripheral compartments were 1720
L/h, 1180 L/h, 3260 L and 4120 L, respectively. No significant differences were observed
in weight-adjusted clearance between males and females. Because of age-dependent
differences in weight-adjusted clearance, the calculated unbound MPA AUC was higher

in younger patients compared with those in older patients receiving 15 mg/kg MMF.

[Conclusions] The UPLC-MS/MS assay for simultaneous quantification of MPA and its
glucuronide metabolites was developed and fully validated in human plasma samples per
US FDA Guideline. Extended stabilization procedures were suggested to improve the
accuracy of the analysis before routine application. Time-dependent plasma protein
binding, sex and age-related differences in MPA metabolism, at least in part, impact the
reported large inter- and intra-individual variability in MPA pharmacokinetics. The final
population pharmacokinetic model successfully described unbound MPA population
pharmacokinetics, which could be used to explore dosing guidelines for safe and effective
immunotherapy in pediatric HSCT patients. Future research should be multi-institutional
and focus on developing clinical decisions with adequate statistical power to improve

clinical care of HSCT recipients.
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Chapter 1 Clinical pharmacokinetics of mycophenolic

acid in hematopoietic stem cell transplantation recipients

1.1 Abstract

Mycophenolate mofetil (MMF), an ester prodrug of mycophenolic acid (MPA), is widely
used as a maintenance immunosuppressive regimen in solid organ transplant patients. It
is increasingly used for the prophylaxis and treatment of graft-versus-host disease (GVHD)
in hematopoietic stem cell transplantation (HSCT) patients. MPA displays extensive
binding to serum albumin and glucuronidation into the inactive MPA-7-O-glucuronide
(MPAG). Here we review and discuss the pertinent information regarding the clinical
pharmacokinetics/dynamics of MPA in HSCT patients. The pharmacokinetics of MPA is
altered in HSCT patients with lower oral bioavailability, shorter half-life and higher
clearance than those in healthy volunteers and renal transplant recipients. Moreover,
clearance may be increased in young pediatric patients. The optimal MMF dosing and
preferred targets are still under investigation in HSCT patients due to the substantial intra-
and inter-individual pharmacokinetic variability of MPA and broad range of transplants
(malignant vs. nonmalignant, related vs. unrelated donor, and human leukocyte antigen
mismatch). The complex pharmacokinetics of MPA has partly hampered the efficient use
of MMF and pharmacokinetic studies in HSCT patients have been limited in size and
mostly inconclusive. Future research should be multi-institutional and focus on developing
clinical decisions with adequate statistical power to improve clinical care of HSCT

recipients.



1.2 Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) involves the intravenous (1V)
infusion of stem cells obtained from a related or unrelated donor to reestablish
hematopoietic function in patients whose bone marrow or immune system is damaged or
defective (Figure 1). It is a potential curative therapy for many patients with defined
congenital or acquired disorders of the hematopoietic system, or with cancers of the
blood and bone marrow. Presently, cells for HSCT can be collected from bone marrow,
peripheral blood, or umbilical cord blood. Approximately 30,000 allogeneic HSCTs will be
performed worldwide in 2020; 20% of allogeneic HSCT are performed in the pediatric
population. However, the efficacy of this procedure has been impeded by frequent and
severe graft-versus-host disease (GVHD), a reaction of donor immune cells against host
tissues. The exact risk is dependent on the stem cell source, age of the patient,
conditioning, and GVHD prophylaxis used. Acute GVHD is measured by clinical symptoms
in three organ systems: the skin, liver and gastrointestinal (Gl) tract. About 35-50% of
hematopoietic HSCT recipients will develop acute GVHD, which typically occurs before
day 100 after the HSCT, but may occur later, and is often clinically indistinguishable from
other causes of clinical symptoms such as conditioning regimen toxicity, infection, or
medication. And 50% of patients with acute GVHD will eventually have manifestations of

chronic GVHD, which typically happen 100 days after the HSCT [1].

Mycophenolate mofetil (MMF, CellCept®), an ester prodrug of mycophenolic acid (MPA),
has been widely used since 1995 as an immunosuppressive drug to prevent acute

rejection following solid organ transplantation. MPA is a purine analog, which can interfere
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with cell proliferation through the inhibition of inosine monophosphate dehydrogenase
(IMPDH), thereby blocking the de novo purine synthesis in T- and B-cell lymphocytes [2].
The successful use of MMF in solid organ transplantation has triggered its increasing
application in the prophylaxis and treatment of acute and chronic GVHD as well as to
promote engraftment after HSCT, in which infections, development of GVHD and organ
failure represent the major causes of morbidity and mortality [3-6]. MMF is frequently used
in combination with a calcineurin inhibitor, such as cyclosporine or tacrolimus, as a
maintenance immunosuppressive regimen. The pharmacokinetics of MPA in solid organ
transplantation has been extensively reviewed elsewhere [7-12]. In HSCT patients, many
factors may disturb the pharmacokinetics of MPA, leading to substantial variations in
plasma MPA exposures. Potential factors include gastrointestinal mucosal injury induced
by chemotherapy and/or radiation therapy, the presence/absence of GVHD, multiple drug
interactions, severity of iliness and loss of appetite. The current review intends to provide
an overview of recent studies regarding pharmacokinetics/dynamics of MPA in HSCT

patients.

1.3 Clinical pharmacokinetics

Orally administered MMF is rapidly absorbed and hydrolyzed by carboxylesterases to the
active moiety MPA with maximum MPA peak concentrations generally occurring within 1
hour after administration. It is further metabolized by UDP glucuronosyl transferases in the
liver, Gl tract and kidneys, forming the major inactive metabolite MPA glucuronide (MPAG),
being present in plasma at 20- to 100- fold higher concentrations than MPA, and to a

smaller extent the active metabolite acyl-MPA glucuronide (ACMPAG). MPA is primarily



excreted in urine as MPAG (87%) metabolite, which could accumulate in patients with
renal failure (Figure 2). Negligible amounts of unchanged MPA (<1% of dose) are excreted

in urine [13, 14].

1.3.1 Enterohepatic circulation

MPAG is subject to enterohepatic circulation mediated by multidrug resistance-associated
protein-2 (MRP2), resulting in a characteristic second peak at 6 to 12 hours after
administration in MPA concentration-time profiles. Up to 40% (range: 10-60%) of the AUC
may come from enterohepatic circulation in some populations [7, 15]. However, reduced
enterohepatic circulation has been observed in HSCT patients, especially when co-
administered with cyclosporine [16-18]. The shortened half-life and low trough levels of
MPA further confirm a low prevalence of the second delayed peak from enterohepatic
circulation in HSCT patients. The impaired enterohepatic circulation may be due to the
mucosal damage associated with conditioning regimens (radiation and/or chemotherapy),
and the destruction of intestinal flora caused by heavy use of broad-spectrum antibacterial
agents. Moreover, cyclosporine interacts with MMF through inhibition of the biliary
excretion of MPAG by the MRP2 transporter, leading to a further reduction of the

enterohepatic circulation [19].

1.3.2 Oral bioavailability

The mean bioavailability of MPA from oral administration of MMF reported in 12 healthy
volunteers is 94.1% relative to the intravenous route, leading to the manufacturer’s

recommendation that the conversion of i.v. to oral is 1:1 [13]. However, it is substantially
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lower with large inter-subject variation in adult HSCT patients co-treated with cyclosporine
[18, 20, 21]. Possible reasons for low oral bioavailability include reduced enterohepatic
circulation, concomitant drugs that are UGTs inducers or MRP2 inhibitors and presence
of GVHD. Based on a population pharmacokinetic analysis, bioavailability decreases with
increasing MMF doses (range: 250 to 2000 mg q12h) in renal transplant patients co-
treated with cyclosporine or tacrolimus [22]. But it is not clear if this nonlinear
pharmacokinetic property exists in HSCT patients. Because of these problems, the dose
of MMF may need to be cautiously adjusted when converting from iv. to oral

administration in HSCT recipients.

1.3.3 Plasma protein binding

In patients with normal renal and liver function, MPA and MPAG are highly bound to serum
albumin, 97-99% for MPA and 82% for MPAG [14]. Changes in protein binding may occur
as a result of chemotherapy, severe illness, and renal and hepatic dysfunction. The
unbound fraction of MPA in HSCT patients ranges from 0.3% to 7% based on results from
several studies [18, 23, 24]. It is reported that liver is the major organ responsible for the
systemic clearance of MPA from in vitro kinetic data [25]. Since MPA has a moderate
extraction ratio (0.3-0.7), the metabolism following intravenous administration would be
impacted by unbound fraction, intrinsic enzymatic activity of the liver and the blood flow to
the liver. Assuming complete absorption and lack of extrahepatic clearance mechanisms,
the apparent oral clearance (CL/F ratio, calculated as dose divided by AUC following oral
administration) always depends on the former two factors (unbound fraction and intrinsic

enzymatic activity) [10, 26, 27]. In reality, therapeutic monitoring of MPA mostly involves



measuring concentrations of total MPA (both protein-bound and free form). Given that only
unbound MPA is responsible for the inhibition of IMPDH and total MPA concentrations do
not always truly reflect unbound MPA concentrations, there is a need for monitoring

unbound MPA levels in HSCT patients.

1.3.4 Pharmacokinetic variability

Total and unbound MPA exposures are lower in HSCT patients compared to those in renal
transplant patients and healthy individuals receiving the same MMF dose [17, 23, 28]. The
following factors may play a role. First, the lack of significant enterohepatic circulation may
have contributed. A second factor may be the low oral bioavailability. Since the
intravenous formulation of MMF still achieves significantly lower MPA exposures (AUC
and predose levels) in HSCT patients than those in healthy volunteers and renal transplant
patients, the low bioavailability might not be the main reason for lower MPA exposures in

HSCT patients [29, 30].

As observed in solid organ transplant recipients, considerable intra- and inter-patient
pharmacokinetic variability of total and unbound MPA has been reported in HSCT patients,
leading to a significant therapeutic challenge [23, 24, 30]. Possible factors affecting MPA
pharmacokinetics include one or more of the following situations: renal and hepatic
function, albumin level, concomitant medications, pharmacogenetic factors, demographic
information (weight, sex, age and race) and clinical status of HSCT patients (the intensity
of conditioning, mucositis, infections and the occurrence of GVHD), although the majority

remain unknown. Total and unbound MPA concentrations are lower in patients with GI or



liver GVHD relative to those with skin only involvement [3, 31]. Using a population
pharmacokinetic modeling approach, plasma albumin and cyclosporine concentrations
are able to explain the pronounced differences in total MPA clearance among adult renal
transplant, HSCT and autoimmune disease patients [28]. These data are in accordance
with the findings from other studies, that increased total MPA clearance could be partly
explained by concomitant cyclosporine and decreased albumin concentrations in pediatric
and adult HSCT patients [32, 33]. Weight, creatinine clearance and total bilirubin are
identified as important clinical covariates affecting unbound MPA pharmacokinetics in
pediatric and adolescent HSCT patients. The unbound MPA clearance is approximately
3-fold lower in patients with severe hepatic dysfunction than those with normal to mild
hepatic impairment [34]. Another study conducted in adult HSCT patients further supports

that creatinine clearance is a significant predictor of unbound MPA clearance [35].

MMF has been used in children, particularly off-label, for several years. Robust trials
regarding the pharmacokinetics of MPA in pediatric HSCT patients are often lagging
behind those in adult HSCT patients, partly due to concerns over blood volume for
pharmacokinetic analysis [36]. The current method of dosing in pediatric patients is based
on body weight or surface area. However, age-dependent pharmacokinetics of MPA has
been observed in several studies. Children < 12 years old appear to have significantly
higher weight-adjusted clearance and volume of distribution than those in the 12-16 years
age group following intravenous MMF administration in combination with tacrolimus [37].
Jacobson et al also reported that pediatric HSCT recipients receiving 15 mg/kg every 8

hours (33% higher daily dose) have similar total and unbound MPA exposures to adult



HSCT recipients receiving 1 g every 12 hours intravenously, indicating higher MPA
clearance in pediatric patients [30]. Based on a population pharmacokinetic analysis in
HSCT patients, the predicted unbound MPA clearance adjusted by weight is higher in
smaller children and declines with increasing body weight [34]. The mechanisms
underlying these age-dependent differences are unclear but are probably related to

developmental changes in all components of drug disposition.

1.3.5 Pharmacogenetic variability

Glucuronidation is considered a major metabolic pathway for MPA. It is mainly
metabolized to MPAG by UGT1A family members, particularly UGT1A9 and UGT1A8, and
minorly to AcCMPAG by UGT2B7. MPAG could be excreted in bile via MRP2 and this
transport is essential for the enterohepatic circulation [14]. The genetic factors control the
level of UGT-mediated metabolism of MPA and the MRP2-mediated transport of MPAG,
which may also explain, in part, the reported large inter-individual pharmacokinetic

variability.

The impact of genetic variations on MPA pharmacokinetics has not been extensively
evaluated in HSCT patients. To date, only one analysis has been published to evaluate
pharmacogenetic factors as contributors to the variability of unbound MPA exposure in
adult HSCT patients using a population pharmacokinetic modeling approach. They
reported that genetic variations in UGT and MRP2 are not found to influence unbound
MPA clearance in 132 adult HSCT patients [35]. The lack of pharmacogenetic effects may

be attributed to drug-drug interactions that may mask or confound the effects of any
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genetic variation on MPA pharmacokinetics. Another possible contributing factor is the
relatively low frequency of several polymorphisms in the study population, leading to
inadequate statistical power to detect more subtle genetic effects. Therefore, the
information available to date is insufficient to draw any firm conclusions regarding the

impact of genetic variability on MPA pharmacokinetics in HSCT patients.

Several polymorphisms in the genes encoding for UGT1A9, UGT1A8, UGT2B7 and MRP2
have been identified as contributing to the large inter-individual variability of MPA
exposure in healthy volunteers and kidney transplant patients [38-41]. Some of the
pharmacogenetic findings are not consistent. It should be noted that the study population
is not homogenous in terms of age, gender, ethnicity and clinical status, resulting in the
lack of coherent results across studies. A significant correlation between the presence of
the UGT1A9 -275/-2152 allele and lower MPA exposure is demonstrated in healthy adults
and renal transplant patients [39, 42]. It is also observed that renal transplant patients and
healthy individuals carrying the -440/-331 single nucleotide polymorphisms (SNPs) of the
UGT1A9 promoter region exhibit significantly higher MPA exposures than those not
carrying these mutations [40, 43]. UGT1A8 is primarily expressed in Gl tract. Several
UGT1AS variants are identified and could potentially account for the large inter-individual
pharmacokinetic variability of MPA [44]. UGT2B7 is the enzyme primarily involved in
formation of the pharmacologically active metabolite, ACMPAG. The healthy subjects with
UGT2B7 211TT/TC exhibit higher AcCMPAG exposures than those with UGT2B7 211CC,
which could result in increased toxic effects of MMF [40]. In addition to genetic variation

in metabolic phenotypes, polymorphisms in MRP2 may affect the pharmacokinetic of MPA
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by interfering the active transport of MPAG in enterohepatic circulation. Reduced MPA
exposures are observed in renal transplant recipients with C24T variant allele in MRP2,
co-administered with tacrolimus or sirolimus. However, the effect of this genetic
polymorphism is lost in patients co-administered with cyclosporine, suggesting a masking
effect of cyclosporine against the C24T genetic polymorphism [45]. This is consistent with
the findings of Baldelli et al, that C24T SNP has no impact on MPA exposure in renal
transplant patients receiving cyclosporine as part of immunosuppression [43]. Therefore,
study of different phenotypes resulting from the pharmacogenetic differences may provide
additional information related to pharmacokinetic variations of MPA in HSCT patients.
Further investigations in a larger population are required to characterize the impact of
pharmacogenetic factors in HSCT patients with greater statistical confidence before any

statement could be made.

1.3.6 Drug-drug interactions

HSCT patients are treated with complex medical regimens including chemotherapeduitic,
immunosuppressive and antimicrobial agents in various combinations. A high prevalence
of clinically significant drug-drug interaction is identified as a consequence of the
complexity of pharmacotherapy [46, 47]. Several drug interactions with MMF have been
assessed, including calcineurin inhibitors, antibiotics, corticosteroids and antifungal
agents. The most relevant drug interactions with MMF occur with calcineurin inhibitors.
Cyclosporine inhibits MRP2-mediated enterohepatic circulation of MPAG and thus causes
a decrease in plasma MPA exposures. In contrast, tacrolimus is a potent inhibitor of UGTs,

leading to reduced MPA metabolism and increased MPA concentrations. From population
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analyses of MPA in patients undergoing HSCT, concomitant cyclosporine is identified as
a significant covariate to explain inter-individual variability in clearance. Clearance is
higher in patients co-administered with cyclosporine compared to patients co-
administered with tacrolimus [28, 32, 33, 48]. In addition, the broad-spectrum antibiotic
therapy could destruct intestinal microflora, which plays an important role in enterohepatic
circulation of MPAG. Concomitant antibiotic treatment may result in a reduction of MPA
AUC due to the aggressiveness of bacterial obliteration [49]. Corticosteroids are potent
inducers of UGTs enzymes, possibly resulting in enhanced MPAG formation and reduced
MPA concentrations. Studies on pharmacokinetic interactions between corticosteroids
and MPA have conflicting conclusions in solid organ transplant patients [50, 51]. In healthy
volunteers, concomitant treatment with MMF and pantoprazole significantly lowers the
peak concentrations and AUC of MPA due to the incomplete gastric dissolution of MMF
[52]. A better understanding of enzymatic pathways responsible for these interactions will

promote efficient use of MMF in patients undergoing HSCT.

1.4 Relationships between MPA exposures and clinical outcomes

Therapeutic targets for MPA have been firmly established in solid organ transplant
recipients. When combined with cyclosporine, the recommended target ranges are 1 to
3.5 yg/ml and 30 to 60 ug-h/ml for total MPA trough concentrations and AUC, respectively.
For the combination with tacrolimus, the target ranges of 1.9 to 4 pg/ml and 35 to 60

pg-h/ml for trough and AUC measurements, respectively, are optimal [8].
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The association between MPA exposure and clinical outcome in HSCT patients has been
evaluated by various investigators [23, 24, 53-55]. In 29 adult patients co-administered
with tacrolimus, individual MMF targeting based on MPA AUC of 35-60 pg-h/mlis feasible
and effective in the early phase after HSCT. The significantly higher doses required than
those previously reported are not associated with dose-limiting toxicities [55]. In 34
childhood and adolescent HSCT patients, patients achieving steady state MPA trough
concentrations of 1.0 to 3.5 pg/ml have a significantly reduced incidence of developing
grade = |l acute GVHD, when MMF is used in combination with tacrolimus [54]. Other
studies confirm that total MPA trough levels correlate with the clinical response in the
setting of both acute and chronic GVHD after HSCT [31, 56]. However, conflicting
conclusions with the lack utility of trough concentrations predicting rejection/engraftment
and/or risk of GVHD have also been reported, probably due to the poor correlation
between MPA trough and AUC [18, 23, 57, 58]. Many of these studies are conducted
under various conditions based on small sample sizes, making comparisons challenging.
Therefore, studies with an adequately sized HSCT patient population are necessary to

elucidate these associations.

Given that MPA is highly protein bound and only the unbound MPA is responsible for the
inhibition of IMPDH and suppression of lymphocyte proliferation, Jacobson et al evaluated
the associations between unbound MPA exposure and clinical outcomes in 87 adult HSCT
recipients receiving 1g q12h MMF plus cyclosporine. Subjects with unbound MPA AUCo.s
less than 150 ng-h/ml have a higher cumulative incidence of Grade Il-IV GVHD than

subjects with greater AUC (68% vs. 40%, p=0.02). An unbound AUC,.12 less than 300
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ng-h/ml is also associated with more frequent GVHD (58% vs. 35%, p=0.05). Low total
MPA trough concentrations are associated with poor engraftment, but not GVHD.
Approximately 50% of the patients are below the unbound AUC targets with a nearly 5-
fold variability at the MMF dose of 1g q12h [23]. In 308 HSCT patients receiving grafts
from related (n=132) and unrelated donors (n=176), low total MPA Css (2.96 pg/ml) is
associated with an increased risk of Grade Il to IV acute GVHD and nonrelapse mortality
in patients receiving unrelated donor grafts. In contrast, these findings are not observed
in patients receiving related donor grafts [59]. An unbound MPA AUC of 200-250 ng-h/ml
for q8h dosing, total MPA trough =1 pg/ml or total Css >3 pug/ml suggested by McCune et
al, may be reasonable targets. They also suggested that centers adopt adult HSCT targets
or targets used in pediatric solid organ transplant for pediatric HSCT patients until properly

powered pediatric studies are available [60].

1.5 Dose optimization

The complexity of MPA disposition (absorption, distribution, metabolism and excretion)
results in difficulties in defining the optimal MMF dosing. Current dosing of MMF (15 mg/kg
or 600-900 mg/m? g8h for pediatric HSCT patients and 2-3 g g12h for adult HSCT patients)
leads to substantial inter-patient variability and only some patients achieve therapeutic
targets, suggesting alternative methods to estimate MMF dose are needed. Population
pharmacokinetic modeling is able to estimate population values with intra- and inter-
individual variability of pharmacokinetic parameters and identify patient-specific covariates.
This powerful analysis provides a method to quantify how well a given dosing regimen will

achieve a desirable target and how this dosing regimen can best be modified to meet an
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individual patient’s needs, which could facilitate personalized MMF dosing to a target
plasma exposure [61]. Emerging pharmacometric methodologies could provide us with
new venues for further research on the optimization of MMF therapy, reviewed by Dong

et al [62].

In the majority of population pharmacokinetic models of MPA in HSCT patients, MPA
clearance is associated with weight, albumin level, creatinine clearance and cyclosporine
[32-35, 48]. Since the immunosuppressive activity of MMF is based on the reversible and
selective inhibition of IMPDH, it is reported that renal transplantation patients with high
pre-transplant IMPDH activity have a higher risk of rejection [63]. In renal transplant
patients, IMPDH enzyme activity decreases with increasing MPA plasma concentration,
with maximum inhibition coinciding with maximum MPA concentration [64]. The feasibility
of evaluating IMPDH activity as a drug-specific biomarker of MPA-induced
immunosuppression has also been established in HSCT patients. The relationship
between MPA concentration and IMPDH activity is described by a direct inhibitory Emax
model with an ICso = 3.23 pg/ml total MPA and 57.3 ng/mL unbound MPA, based on a
population pharmacokinetic/dynamic analysis [48]. Therefore, targeting IMPDH activity as
a surrogate pharmacodynamic marker of MPA may provide an alternative strategy for

dose individualization to improve clinical outcomes.

1.6 Conclusions

In summary, important aspects of the pharmacokinetics of MPA in HSCT patients include

lower oral bioavailability and higher clearance than other populations with substantial intra-
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and inter-individual variability. Also younger children require relatively higher MMF doses
per body mass than older children and adults to achieve similar MPA exposures. The
relationship between MPA exposures and its efficacy is still obscure and optimal targets
have yet to be defined in HSCT patients, especially in pediatric patients. Current MMF
dosing strategies warrant careful evaluation to ensure optimal plasma concentrations,
dosing regimens, duration of therapy and upper limit of toxicity for individuals. To elucidate
the advantage of MMF use in the HSCT population, multi-institutional trials including
adequately powered pharmacokinetic and pharmacodynamics studies are needed to

assess the effect plasma exposure of MPA on clinical outcomes in HSCT patients.
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Chapter 2 Hypotheses and specific aims

2.1 Central hypothesis

Substantial intra- and inter-patient variability of MPA pharmacokinetics has been observed
in both pediatric and adult patients post HSCT. We hypothesize that identification of the
sources of variability in MPA pharmacokinetics and characterization of unbound MPA
population pharmacokinetic parameters can provide important information for designing

safe and effective MMF dosage regimens in both pediatric and adult HSCT patients.

2.2 Specific aims

2.2.1 Aim |

To develop and validate a highly sensitive and reliable UPLC-MS/MS assay for the
simultaneous quantification of MPA, MPAG and AcMPAG in human plasma. The
hypothesis is that a reliable assay can help to explain the reported large intra- and inter-
patient pharmacokinetic variability of MPA and to better characterize the MPA therapeutic

targets.

2.2.2 Aim Il

To investigate the pharmacokinetic variability of MPA, from plasma protein binding and

metabolism perspectives, in both pediatric and adult HSCT patients. The hypothesis is
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that knowing the sources of pharmacokinetic variability of MPA can provide fundamental

information to enhance our understanding of the complex pharmacokinetics of MPA.

2.2.3 Aim llI

To develop a population pharmacokinetic model for unbound MPA in pediatric and
adolescent HSCT patients. The hypothesis is that characterization of unbound MPA
population pharmacokinetic parameters and evaluation of patient-specific covariates can
help to make more informed decisions regarding appropriate dosing regimens of MMF in

pediatric HSCT patients.
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Chapter 3 Simultaneous quantification of mycophenolic
acid and its glucuronide metabolites in human plasma by

an UPLC-MS/MS assay

3.1 Abstract

Mycophenolic acid (MPA) is the active form of the immunosuppressant mycophenolate
mofetil (MMF), which is used post solid organ and hematopoietic stem cell transplantations,
as well as for the treatment of autoimmune diseases. MPA is metabolized primarily to
phenolic MPA glucuronide (MPAG) and minorly to acyl MPA glucuronide (ACMPAG).
Simultaneous monitoring of MPA and its metabolites is important to characterize the large
intra- and inter-patient pharmacokinetic variability for rational individualization of the MMF
dose. The aim of this study was to develop a reliable UPLC-MS/MS assay for the
simultaneous monitoring of MPA, MPAG and AcMPAG in human plasma samples to
support postmarketing clinical studies. Plasma proteins were precipitated with acetonitrile
and the chromatographic separation was achieved on a Cis column with a gradient elution.
The detection was performed by a triple quadrupole mass spectrometer in the positive
electrospray ionization (ESI) and multiple reaction monitoring (MRM) mode. Stability of
MPA and its glucuronide metabolites was also thoroughly evaluated in human blood and
plasma samples under short- and long- term storage conditions. Linearity of the assay
was demonstrated over the range of 20-10,000 ng/ml for MPA and MPAG, and 2-1,000

ng/ml for AcCMPAG in human plasma. The assay was precise and accurate with coefficient
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of variation and bias less than 15%. MPA and MPAG were stable at 25 °C up to 1 day in
both heparin- and EDTA-treated blood. In heparin- and EDTA-plasma, MPA and MPAG
were stable for at least 1 week at 25 °C and 4 °C, and 1 month at -20 °C. In contrast, 99%
AcMPAG degraded in both heparin- and EDTA-blood as well as plasma when stored at
room temperature for 1 day. All the analytes remained stable for at least 3 months in
acidified EDTA-plasma at -80 °C. The assay was successfully applied to the quantification
of MPA and its glucuronide metabolites in patients post hematopoietic stem cell

transplantation.

3.2 Introduction

Mycophenolate mofetil (MMF, Figure 3) is used following solid organ transplantation and
hematopoietic stem cell transplantation (HSCT) for prophylaxis of transplant rejection and
acute graft-versus-host disease (GVHD). It is also used in the treatment of autoimmune
diseases such as systemic lupus erythematosus, lupus nephritis and antineutrophil
cytoplasmic antibody-associated systemic vasculitis. After oral administration, MMF is
rapidly hydrolyzed to its active form mycophenolic acid (MPA, Figure 3), which reversibly
inhibits inosine monophosphate dehydrogenase (IMPDH) activity by an uncompetitive
mechanism and thus prevents the de novo purine biosynthesis of proliferating T and B
lymphocytes [2, 65]. It is further metabolized by several uridine diphosphate
glucuronosyltransferases (UGTs) in liver, gastrointestinal tract and kidneys to form
primarily the pharmacologically inactive metabolite phenolic MPA glucuronide (MPAG,
Figure 3), and to a smaller extent acyl MPA glucuronide (AcMPAG, Figure 3), that

possesses pharmacological, toxicological and potentially pro-inflammatory activities. The
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Figure 3. Chemical structures of MMF, MPA, MPAG and ACMPAG

* Deuterium labeled position for the respective internal standard
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formed MPAG can be partly excreted into bile by MRP2 (multidrug resistance-associated
protein), de-conjugated back to MPA by gut microflora B-glucuronidases or nonspecific
esterases, and then reabsorbed back into systemic circulation during enterohepatic

recycling [25, 66, 67].

Significant intra- and inter-patient variability in MPA pharmacokinetics has been observed,
which could be related to different factors such as hepatic and renal function, protein
binding, enterohepatic recirculation and concomitant medications. Therefore,
determination of MPA and its conjugated metabolites is important to explain the reported
large intra- and inter-individual pharmacokinetic variability and may offer a rational

approach to optimize MMF therapy, based on this characterization.

Acyl glucuronide conjugates are chemically reactive electrophiles and have been shown,
both in vivo and in vitro, to be susceptible to hydrolysis and intramolecular acyl migration
in biological samples. The rates of hydrolysis and acyl migration can differ enormously
among compounds and are dependent on pH, temperature and the nature of the solution
(e.g., bile, blood, buffer, organic solvent, plasma, or urine) [68-70]. Such hydrolysis and
intramolecular acyl migration may occur during sample handling, analytical workup and
storage, which could result in an overestimation of the concentration of their parent
compound. Therefore, the stability of acyl glucuronide conjugates should be thoroughly

investigated at all stages of the analysis.

Several assays have been reported for the analysis of MPA and its metabolites by LC-

MS/MS in different matrices [71-82]. But relatively few assays are available for
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simultaneous quantification of MPA and its glucuronide metabolites with sufficient
sensitivity for ACMPAG, which has a relatively low abundance in comparison to MPAG.
Moreover, no detailed stabilization procedures are reported in these studies, which may
yield inaccurate measurements of MPA as well as its glucuronides. To address this critical
deficiency, we developed a high-throughput UPLC-MS/MS assay for simultaneous
guantification of MPA, MPAG and AcMPAG in human plasma. In addition, detailed stability
studies were conducted under various collection and storage conditions over short- and
long-time intervals. The assay was successfully applied to quantify MPA and its
glucuronide metabolites in patients post HSCT. Novel merits of this assay include the use
of small sample volumes (50 pl human plasma) and dual stable isotopically labeled
internal standards of the analytes (MPA-d; and MPAG-ds) for reliable compensation of

matrix effects of all analytes.

3.3 Materials and methods

3.3.1 Chemicals and reagents

MPA (98% purity), MPAG (96.4% purity), MPA-d; and MPAG-d; were purchased from
Toronto Research Chemicals (North York, ON, Canada). AcCMPAG (98.2% purity) was
purchased from TLC PharmaChem (Vaughan, ON, Canada). Water, methanol (MeOH)
and acetonitrile (ACN) of LC-MS grade were purchased from Merck EMD Millipore
(Billerica, MA, USA). Heparin- and EDTA-treated human blood (blood collected in tubes

treated with heparin and EDTA, respectively) as well as heparin- and EDTA-human
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plasma (plasma collected from heparin- and EDTA-human blood, respectively) were

purchased from Innovative Research (Novi, MI, USA).

3.3.2 UPLC-MS/MS conditions

The chromatographic analysis was performed on a Waters Acquity UPLC H-Class system
with a flow-through-needle sample manager. The separation was achieved on a Waters
Acquity UPLC BEH Cig column (2.1 X 50 mm, 300 A, 1.7 um, Waters, Milford, MA, USA).
Mobile phase A (0.1% formic acid in water [v/v]) and mobile phase B (0.1% formic acid in
MeOH [v/v]) were operated with a gradient elution at a flow rate of 0.5 ml/min as follows:
65% A— 55% A (0-2.5 min), 55% A—>20% A (2.5-4.0 min), 20% A—65% A (4.0-4.2 min),
65% A (4.2-5.0 min). The column temperature was set at 40 °C and the auto-sampler
temperature was maintained at 10 °C. The total duration of each chromatographic run was
5.0 min. MPA-ds (1 ug/ml) was used as internal standard for the quantification of MPA and

MPAG-d3 (5 pg/ml) was used for the quantification of MPAG and ACMPAG.

The mass spectrometric analysis was performed with a QTRAP® 5500 system (AB SCIEX,
Framingham, MA, USA) in the positive electrospray ionization (ESI) and multiple reaction
monitoring (MRM) mode. The MRM transitions monitored were m/z 321.1—207.0 for MPA
and 519.1-»343.2 for MPAG and AcCMPAG. The compound-dependent parameters are
shown in Table 1. The ion source-dependent parameters used in the QTRAP 5500 system
were: lonSpray voltage of 5500 V, temperature of 350 °C, high collision gas, curtain gas

of 30 Psig, ion source gas 1 of 50 Psig, ion source gas 2 of 60 Psig.
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Table 1 Compound-dependent parameters in MRM

Precursorion Production CE DP EP CXP
(m/z) (m/z) (volts)  (volts) (volts) (volts)
MPA 3211 207.0 25.0 60 10 15
MPAG 519.1 343.2 27.0 20 10 15
AcCMPAG 519.1 343.2 22.0 10 10 15
MPA-d3 324.1 210.0 25.0 60 10 15
MPAG-ds 5221 346.2 25.0 20 10 15

CE: collision energy; DP: declustering potential; EP: entrance potential; CXP: collision cell

exit potential
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3.3.3 Preparation of standard solutions and quality controls

Stock solutions of all analytes and internal standards (1 mg/ml after adjustment for percent
purity) were prepared in MeOH and stored at -80 °C. Working solutions were freshly
prepared at 0.2, 0.4, 1, 5, 20, 50, 90, 100 pg/ml for MPA and MPAG and 0.02, 0.04, 0.1,
0.5, 2, 5, 9, 10 pg/ml for AcMPAG in ACN-water (30:70, v/v) with 0.1% formic acid.
Calibration standards were freshly prepared by mixing 5 pl of the appropriate working
solution with 50 pl of pooled EDTA-plasma pre-acidified with 1.0 N HCI (HCI:Plasma, 1:10
[v:v]) to give final concentrations of 20, 40, 100, 500, 2000, 5000, 9000, 10,000 ng/ml for
MPA and MPAG, and 2, 4, 10, 50, 200, 500, 900, 1000 ng/ml for AcMPAG. LLOQ (20
ng/ml for MPA and MPAG, 2 ng/ml for AcCMPAG) and quality control (QC) samples,
denoted as LQC (60 ng/ml for MPA and MPAG, 6 ng/ml for AcCMPAG), MQC (700 ng/ml
for MPA and MPAG, 70 ng/ml for ACMPAG) and HQC (8000 ng/ml for MPA and MPAG,
800 ng/ml for AcCMPAG), were prepared in acidified EDTA-plasma to evaluate assay

accuracy and precision.

3.3.4 Sample preparation

To 50 pl of each calibration standard, QC sample or subject sample, 5 pl of IS working
solution (mixture of 1 pg/ml MPA-ds and 5 pg/ml MPAG-ds) was added. Plasma proteins
were precipitated with 200 pl of ACN. After vigorous mixing and centrifugation (15 min at
18,000 x g), 15 pl of supernatant was transferred into pre-labeled tubes and diluted with
85 pl of ACN-water (30:70, v/v) with 0.1% formic acid. After centrifugation (15 min at

18,000 x g), 5 ul was injected into the UPLC-MS/MS system.
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3.3.5 Method validation

The method was validated in terms of linearity, recovery, matrix effects, accuracy,
precision, freeze and thaw stability, bench-top stability, processed sample stability and
long-term stability according to FDA Guidance for Industry-Bioanalytical Method
Validation [83]. Calibration curves ranging from 20-10,000 ng/ml for MPA and MPAG, and
2-1000 ng/ml for AcMPAG were constructed using peak area ratios of each analyte to its
corresponding internal standard versus the nominal analyte concentrations. A weighted
(1/x?) least-squares linear regression analysis was used to obtain the slope, intercept and
correlation coefficient. Accuracy and precision were evaluated by analyzing six QC
samples at each concentration level on three separate days from freshly prepared
calibration standards. Recovery was calculated by comparing peak areas from the
extracted plasma samples of MPA, MPAG and AcMPAG with those containing the same
amounts of analytes, which were spiked into the extracted blank matrix. Matrix effects
were calculated by comparing peak areas of each analyte spiked into the extracted blank
matrix with those in matrix-free neat solution at the same concentrations. Freeze and thaw
(3-cycle) stability, bench-top stability (in an ice bath or at 25 °C for 6 h), processed sample
stability (in the auto-sampler, at 10 °C for 72 h) and long-term stability (at -80 °C for 3

months) were also assessed in QC samples prepared in acidified EDTA-plasma.
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3.3.6 Stability of MPA, MPAG and AcMPAG under various collection and

storage conditions

Fresh human blood collected in heparin- or EDTA-treated tubes, was spiked with MPA,
MPAG and AcMPAG, respectively, to give final concentrations of 5, 25 and 5 pg/ml,
respectively. Aliquots (100 pl) of each analyte were stored at room temperature for the
evaluation. At each time point (6 h and 1 day of storage), three aliquots of each analyte
were taken and centrifuged at 1,860 g for 10 min to collect plasma before analysis. The
separated plasma was processed by the same procedure described in section 3.3.4.
Similarly, MPA, MPAG and AcMPAG were spiked into heparin or EDTA-plasma, to give
final concentrations of 10, 50 and 5 pg/ml, respectively. Aliquots of 50 ul were stored at
25 °C, 4 °C and -20 °C, respectively. For each analyte, three aliquots from each condition
were taken for analysis over short- and long-time intervals (up to 7 days at 25 °C and 4 °C,

and 1 month at -20 °C).

3.3.7 Application

The method was applied to quantify MPA and its glucuronide metabolites in an adult
patient post HSCT (20 years of age, 38.8 kg body weight) receiving an MMF steady-state
maintenance dose of 1,000 mg twice daily. The plasma samples were supplied by Indiana
University. Briefly, blood samples were centrifuged at 1,860 g for 15 min at 4 °C after
collection and the separated plasma samples were stored at -80 °C prior to analysis.

Plasma samples were processed by the same procedure described in section 3.3.4 for
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analysis. The LQC, MQC and HQC samples were also analyzed in duplicate along with

clinical samples.

3.4 Results

3.4.1 Method development

The precursor and product ion spectra of MPA and its glucuronide metabolites are shown
in Figure 4. In positive ESI mode, the most abundant precursor and product ions for MPA
were 321.1 and 207.0, respectively. Sodium adducts of MPAG and AcMPAG were
selected as precursor ions due to their high abundancy. The most abundant fragment ions
at m/z 343.2, [M+Na-176]", were detected and thus selected as product ions. The neutral

loss of 176 Da corresponded to a monodehydrated glucuronic acid.

Methanol was used as the mobile phase constituent because it provided a better
chromatographic resolution than ACN did. As shown in Figure 5A, simple protein
precipitation provided relatively clean chromatograms with no interfering peaks at the
retention time of each analyte. Representative chromatograms of a plasma sample from
an adult patient post HSCT are shown in Figure 5B. The retention time was 3.8 min for

MPA, 1.4 min for MPAG and 2.7 min for AcMPAG.

3.4.2 Method validation

Calibration curves for all analytes (MPA, MPAG and AcMPAG) were generated from a

weighted (1/x?) least-squares linear regression analysis. Excellent linearity was observed
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(r=0.99) over the range of 20-10,000 ng/ml for MPA and MPAG, and 2-1000 ng/ml for
AcCMPAG. The percent recovery values of MPA and its glucuronide metabolites from

plasma were above 85%. The matrix effects were within 15%.

The intra-day and inter-day accuracy and precision were established from analyzing six
QC samples at different concentration levels on three separate days, and summarized in
Table 2. The intra-day accuracy was 85.0-99.0% for MPA, 93.7-103.5% for MPAG and
93.6-98.6% for ACMPAG. The intra-day precision was 1.8-7.1% for MPA, 1.4-5.8% for
MPAG and 2.4-8.0% for ACMPAG. The inter-day accuracy was 91.0-99.2% for MPA, 91.2-
97.0% for MPAG and 95.7-103.6% for ACMPAG. The inter-day precision was 4.6-9.9% for

MPA, 3.0-8.8% for MPAG and 4.7-11.3% for ACMPAG.

Stability of MPA and its glucuronide metabolites was also thoroughly assessed in QC
samples prepared in acidified EDTA-plasma. The concentrations of all three analytes
showed no significant changes after three cycles of repeated freeze and thaw. Short-term
storage of acidified plasma samples at room temperature or in an ice bath did not
compromise the integrity of the samples. The analytes in the injection solution were stable
for at least 72 h in the auto-sampler at 10 °C. Long-term stability demonstrated that
acidified QC samples were stable for at least 3 months at -80 °C. The detailed results for

stability experiments are presented in Table 3.
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Figure 4. Precursor and product ion mass spectra: (A) precursor ion spectra of MPA, (B)
product ion spectra of MPA, (C) precursor ion spectra of MPAG, (D) product ion spectra

of MPAG, (E) precursor ion spectra of ACMPAG, (F) product ion spectra of ACMPAG
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ng/ml, respectively
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Table 2 Intra-day (n=6) and inter-day (n=18) accuracy and precision for MPA, MPAG

and AcMPAG in acidified EDTA-treated human plasma

Intra-day run (n=6)

Inter-day run (n=18)

Normal Measured Accuracy  Precision Measured Accuracy Precision
concentration concentration (%) (CV %) concentration (%) (CV %)
(ng/ml) (mean + SD) (mean = SD)

MPA 20 17.0+1.2 85.0 7.1 18.2+1.8 91.0 9.9
60 56.7 +1.0 94.5 1.8 59.5+5.1 99.2 8.6
700 693.3+13.2 99.0 1.9 693.6 + 56.7 99.1 8.2
8000 7188.3 + 155.0 89.8 2.2 7348.4 + 336.8 91.8 4.6
MPAG 20 20.7+1.2 103.5 5.8 194+17 97.0 8.8
60 56.4 +2.2 94.1 3.9 55.6 +1.7 92.7 3.1
700 674.0 + 20.2 96.3 3.0 647.6 +29.4 92.5 4.5
8000 7498.3 + 104.8 93.7 14 7297.8 £219.8 91.2 3.0
ACMPAG 2 19+0.2 96.8 8.0 21+0.2 103.6 11.3
6 5.6+0.2 93.6 4.4 5.8+0.3 97.5 5.2
70 67.6 +4.1 96.5 6.1 67.0+4.1 95.7 6.0
800 788.7+19.1 98.6 24 781.4+36.4 97.7 4.7
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Table 3 Freeze and thaw stability, bench-top stability, processed sample stability and

long-term stability for MPA, MPAG and AcMPAG in acidified EDTA-treated human

plasma

MPA

MPAG

AcMPAG

Nominal concentration

Temp. Time (ng/ml)

Nominal concentration

(ng/ml)

Nominal concentration

(ng/ml)

60 700 8000

60 700 8000

6 70 800

Freeze and

thaw stability

0 100 100 100

Cycle3 108.7 1115 102.2

100 100 100

99.3 107.7 104.0

100 100 100

104.0 107.0 106.4

Bench-top

stability

0 100 100 100
25°C 6h 100.7 1053  99.2

Ice bath 6h 102.3 1053 1010

100 100 100
940 1057 1044

100.2 104.4 101.0

100 100 100

96.7 104.0 105.9

94.5 99.0 101.4

Processed

sample stability

10°C 0 100 100 100

72 h 89.3 90.7 87.5

100 100 100

86.3 96.1 89.5

100 100 100

89.3 90.7 87.5

Long-term

stability

-80°C 0 100 100 100
3 107.7 112.0 93.7
months

100 100 100

104.3 107.3 107.0

100 100 100

94.7 111.3 107.3
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3.4.3 Stability of MPA, MPAG and AcMPAG under various collection and

storage conditions

At room temperature, MPA and MPAG were stable up to 1 day in human blood collected
in heparin or EDTA-treated tubes (Figures 6A and B). AcCMPAG was unstable with
degradation of 50% by 6 h and 99% on day 1 at room temperature (Figure 6C). In heparin-
or EDTA-plasma, MPA and MPAG were stable for at least 1 week at 25 °C and 4 °C, and
1 month at -20 °C (Figures 7A, B, C and D). However, near to 50% of AcCMPAG degraded
at 6 h and 99% degraded on day 1 when stored at 25 °C (Figures 7E and F). This trend
for ACMPAG stability in plasma was similar to that in heparin- and EDTA-blood stored at
room temperature (Figure 6C). When plasma samples pre-spiked with AcCMPAG were
stored at 4 °C, the rate of degradation significantly decreased. Near to 80% of AcCMPAG
degraded in heparin-plasma on day 7, compared to EDTA-plasma (20%), which
suggested that EDTA is a preferred anticoagulant for sample collection. In contrast,

AcMPAG was stable up to 1 month in heparin- or EDTA plasma when stored at -20 °C.

3.4.4 Application

The developed method was used to monitor MPA and its glucuronide metabolites in an
adult patient post HSCT. The chromatograms of MPA, MPAG and AcMPAG at 3 h post
oral administration of MMF are shown in Figure 5B. The measured concentrations of MPA,
MPAG and AcMPAG were 2.5 pg/ml, 89.8 ug/ml and 13.0 ng/ml, respectively. The method

was specific and sensitive enough to simultaneously monitor all the three analytes.
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Figure 6. Stability of (A) MPA, (B) MPAG and (C) AcMPAG in heparin- and EDTA-blood
stored for up to 24 h at 25 °C

Data are displayed as mean and SD (n=3)
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3.5 Discussion

Efficient ionization is needed before analytes enter into the mass spectrometer. ESI is the
preferred choice for the analysis of glucuronide conjugates due to its soft ionization, which
can minimize in-source fragmentation of the relatively weak glucuronide ether or ester
bonds. Generally, negative ESI mode can also be used due to the presence of the acidic
carboxylic functional group. However, the negative ionization is often less sensitive than
the positive one. Moreover, fragmentation mechanisms in negative mode are hard to
predict and understand. Therefore, positive ionization mode was used to develop methods

for quantification of glucuronides in this study.

The glucuronides are susceptible to interferences from the co-eluting matrix components
due to their polar and hydrophilic nature. Therefore, the isotope labeled analog MPAG-ds
was used as internal standard to thoroughly compensate the matrix effects for MPAG and

AcCMPAG.

Glucuronides are often unstable in the ion source since high temperatures could cause
the cleavage of the glucuronides and formation of its parent drug. Because of this potential
deconjugation in the ion source, chromatographic separation is necessary to ensure the
accurate quantification of both parent drug and its glucuronide conjugates. The
unavoidable in-source fragmentations of MPAG and AcMPAG were shown by signal of
m/z 321.1—207.0 trace within their respective peak, attributing to the cleavage of MPA
glucuronides and the formation of MPA. With a gradient elution, a good chromatographic

separation of conjugates from their parent molecule was achieved and thus no

41



chromatographic interferences between analytes and no false over-estimation of MPA
from the deconjugation in MS ion source (no contribution of MPAG or AcCMPAG to the
MPA peak area). Therefore, quantification of the analytes was not affected by the in-

source fragmentations.

Acyl glucuronides are known to have a limited stability under neutral or slightly alkaline
conditions. Either a hydrolysis or an acyl migration can occur [68, 84-86]. Hydrolysis leads
to the regeneration of the pharmacologically active parent drug. Therefore, in vitro
degradation of ACMPAG during sample handling and storage could compromise the
accurate quantification of both AcCMPAG and MPA. Our method was validated in acidified
EDTA-plasma. However, acidification may not be feasible immediately after the sample
collection in clinical settings. To thoroughly investigate the stability of MPA and its
glucuronide metabolites, we spiked each analyte into heparin- or EDTA-blood as well as
plasma. Sample stability was then assessed under different storage conditions over short-
and long-time intervals. MPA and MPAG were stable under all conditions studied. In both
heparin- and EDTA-blood as well as plasma, AcCMPAG was unstable with degradation of
50% by 6 h and 99% on day 1 at room temperature, consistent with that reported in
literature with 12% decrease within 15 min in human whole blood [76]. Therefore, storage
of whole blood samples or non-acidified plasma samples at room temperature would
compromise the accurate quantification with an over-estimation of MPA concentration and
under-estimation of ACMPAG concentration. Our results are in agreement with previous
findings by de Loor et al [86]. When the plasma samples were acidified to contain 10% of

1.0N HCI, no significant AcCMPAG degradation was observed (versus 50% degradation in
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non-acidified plasma samples) after 6 h at room temperature, which is of importance with
respect to the handling and assay procedures. The acidified samples remained stable up
to 3 months at -80 °C (Table 3). Our results reconfirm the finding that sample acidification
is effective in stabilizing the sample for AcCMPAG quantification reported by Brandhorst et
al [75]. Therefore, blood samples should be centrifuged immediately to collect plasma post
sampling, acidified and stored at -20 °C or lower, in order to minimize AcCMPAG hydrolysis
and acyl migration to ensure the accurate collection of pharmacokinetic and toxicological

data.

3.6 Conclusions

The UPLC-MS/MS assay for simultaneous quantification of MPA and its glucuronide
metabolites (MPAG and AcMPAG) was developed and fully validated in human plasma
samples per US FDA Guideline. Furthermore, detailed stability studies were conducted
under various collection and storage conditions over short- and long-time intervals.
Extended stabilization procedures are suggested to improve the accuracy of the analysis
before routine application. The merits of this assay include the efficient sample clean up
by protein precipitation, high sensitivity with LLOQ of 2 ng/ml for ACMPAG, small sample
volume of 50 pl for processing, and short chromatographic run time of 5 min. The method
can be easily extended with slight modifications to simultaneously monitor MPA and its
glucuronide metabolites in extracts of blood, ultrafiltrate and dried blood spot (DBS)

samples for clinical and pharmacokinetic evaluations.
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Chapter 4 Pharmacokinetic variability of mycophenolic
acid in pediatric and adult patients with hematopoietic

stem cell transplantation

4.1 Abstract

The aim of this study was to evaluate the pharmacokinetic variations of mycophenolic acid
(MPA), the active metabolite of mycophenolate mofetil (MMF), in both pediatric and adult
patients following hematopoietic stem cell transplantation (HSCT). Twenty pediatric
patients with a median age of 3 years (range, 0.2-12 years) and thirteen adult patients
with a median age of 54 years (range, 18-63 years) were enrolled. Blood samples were
collected on days 0, 7, 14, 21 and 30 after allogeneic HSCT. Total and free (unbound)
MPA, as well as MPAG were quantified using a validated LC-MS/MS assay. The plasma
protein binding of MPA and MPAG did not change significantly in pediatric patients over
the one month sampling period post HSCT. However, it increased in adult patients from
day 7 to day 30 post HSCT, from 97.3£0.8% to 98.3+0.6% for MPA (P <0.05), and
74.61£9.4% to 82.9+8.1% for MPAG (P <0.05). The plasma protein binding of MPA was
significantly higher in males compared to females in both pediatric (98.3+1.1 vs 97.4+1.1%)
and adult (98.1+0.7 vs 97.4+1.2%) patients (P <0.05). The MPAG/MPA ratios on an mg/kg
dose basis in adult patients were significantly higher than those in pediatric patients
(4.3+3.4 vs 2.4£2.6; P <0.05). Time-dependent plasma protein binding and age-related

differences in MPA metabolism, at least in part, impact the reported large intra- and inter-
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individual variability in MPA pharmacokinetics. These patient and pharmacologic factors,
if incorporating into MMF regimen design and modification, may contribute to the rational

dose selection of MMF in HSCT patients.

4.2 Introduction

Mycophenolate mofetil (MMF) is an immunosuppressive drug approved by the FDA in
1995 to prevent acute rejection in renal allograft recipients. Besides in solid organ
transplantation, MMF is increasingly used in the prevention and treatment of acute and
chronic graft-versus-host disease (GVHD) post allogeneic hematopoietic stem cell
transplantation (HSCT) [5]. MMF itself is biologically inactive and must be metabolized by
carboxylesterases to mycophenolic acid (MPA), which is a potent, reversible,
uncompetitive inhibitor of the rate-limiting enzyme inosine monophosphate
dehydrogenase (IMPDH) in the de novo purine biosynthesis. Inhibition of IMPDH blocks
the T- and B-lymphocyte proliferations, and reduces the antibody production and the
generation of cytotoxic T lymphocytes, consequently contributing to the prevention of

allograft rejection and treatment of ongoing rejection [87, 88].

MPA metabolism occurs primarily in the liver but also to some extent in the intestine and
kidney [25]. A major fraction is converted to the inactive 7-O-glucuronide (MPAG) and a
minor fraction is converted to the active acyl glucuronide (AcCMPAG). UGT1A9, 1A8, 1A1,
1A7 and 1A10 produce MPAG in significant amounts, with UGT 1A9 being the most active
isoform. UGT 2B7 is the only isoform producing AcCMPAG in a significant amount [14, 89].

UGT1A8 expressed in the kidney and throughout the Gl tract, and UGT1A9 expressed in
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the liver, intestine and kidney, are believed to be the major isoforms involved in MPA
glucuronidation [43, 90]. MPAG is mainly excreted in urine via active tubular secretion and
glomerular filtration. It could be partly excreted into the bile by Mrp2 (multidrug resistance-
associated protein), de-conjugated back to MPA by the gut microflora B-glucuronidases,
and then reabsorbed into the portal circulation, characterized as enterohepatic circulation
(EHC). In humans, the mean contribution of EHC to the overall AUC of MPA is 37%

(ranging from 10 to 61%) [10].

MPA extensively binds to human serum albumin and has a free fraction of <3% in patients
with normal renal and liver function. Only unbound MPA is capable of inhibiting IMPDH in
vitro and in vivo [66, 91]. Changes in albumin levels may potentially change activity or
toxicity. MPAG also displays high serum albumin binding (82%) in stable patients.
Therefore, competition for albumin binding between MPA and MPAG may exist. ACMPAG
forms an irreversible covalent bound with albumin, which makes the measurement of the

free fraction technically challenging [92].

Many centers use standard MMF dose (1,000 mg, gq12h) for adult HSCT patients and 15
mg/kg g8h for pediatric HSCT patients. However, the pharmacokinetics of MPA and the
relationships between dose, plasma concentration and exposure are poorly understood in
HSCT patients, especially in pediatric HSCT patients [4]. The standard dose (2000 mg/day)
in adult HSCT patients achieves significantly lower MPA exposure compared with renal
transplant patients [28]. Increased dose to 3000 mg/day with cyclosporine still fails to
achieve therapeutic plasma exposure in many adult HSCT patients [16]. The physiologic

differences between kidney and HSCT recipients including renal function, pre-HSCT
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chemotherapy effects, prophylactic antibiotic use and higher severity of illness, may affect
MPA disposition. In pediatric HSCT patients, a 15 mg/kg MMF dose every 12 hours
intravenously with cyclosporine achieves significantly lower total and unbound MPA
exposure than pediatric renal transplant recipients receiving 600 mg/m? every 12 hours.
Although g8h dosing improves exposure, it does not consistently obtain MPA plasma
exposure similar to that in adults [30]. Another study demonstrates that MMF
administration of 900 mg/m? g6h in combination with tacrolimus achieves similar MPA
plasma exposure to that obtained in adults [37]. Therefore, despite the increased use of
MMF, the optimal dose has not been clearly established in both pediatric and adult HSCT

patients.

A number of variables could affect MPA pharmacokinetics, including renal and hepatic
function, albumin concentration, magnitude of EHC, concomitant immunosuppressive
therapy, and genetic polymorphisms in drug metabolizing enzymes and transporters.
Because of the complex pharmacokinetics of MPA, high intra- and inter-patient
pharmacokinetic variability of MPA has been observed in organ transplant patients,
childhood-onset systemic lupus erythematosus patients and HSCT patients. MPA
exposure could vary more than 10-fold between patients, leading to a significant
therapeutic challenge [17, 28, 64, 93-96]. This study was conducted to gain insights into
the pharmacokinetic variability of MPA, from plasma protein binding and metabolic
perspectives, in both pediatric and adult HSCT patients. Identifying the patient and
pharmacologic characteristics that significantly affect MPA pharmacokinetics would allow

for more rational decisions on MMF dosing in both pediatric and adult HSCT patients.
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4.3 Methods

4.3.1 Study subjects

This study was conducted as an open-label and inpatient/outpatient clinical study in HSCT
patients. The main objective was to evaluate the intra- and inter-patient variability of MPA
in pediatric and adult patients post HSCT. Twenty pediatric patients with a median age of
3 years (range: 0.2 to 12 years) and thirteen adult patients with a median age of 54 years
(range: 18-63 years), undergoing HSCT from both related and unrelated donors, were
enrolled at Indiana University Hospital and Riley Hospital for Children (Table 4). All adult
patients and nearly half of pediatric patients (9/20) were diagnosed with malignancies. The
study was approved by the Institutional Review Boards of participating centers (IRB #
1111007321). Informed consent was obtained from each patient (or parent/guardian for
pediatric patients) and assent was obtained from children who are at least 7 years of age

before enroliment.

4.3.2 Study protocol

MMF (CellCept®, Roche) was initiated by a 2-hour intravenous infusion at 15 mg/kg every
8 hours for pediatric patients, and at an oral fixed dose of 1,000 mg twice daily for adult
patients prior to transplantation. In this study, 17 pediatric patients were co-administered
with cyclosporine, and other pediatric patients with tacrolimus as a concomitant
immunosuppressive therapy. Nine adult patients were co-administered with cyclosporine,

and other adult patients with tacrolimus. The sparse sampling design was employed. One
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Table 4 Patient demographic and clinical characteristics

Characteristics

Pediatric patients

Adult patients

(n=20) (n=13)

Age at transplant (years) 3(0.2-12) 54 (18-63)
Body weight (kg) 13.7 (5.4-33.3) 91.9(38.4-113.3)
Sex (Male/Female) 12/8 716
Race

White 16 13

Asian 0

Black
Ethnicity

Hispanic 4 0

Non-Hispanic 12 13

Others 4 0
MMF Dose

in mg/kg (2-hr infusion, TID) 15

in mg(BID) 1000
Transplant source

Bone marrow 1

Cord or double cord 19

Peripheral blood stem cells 0 11
Donor type

Related sibling 1 7

Unrelated donor 19 6
Malignant/Non-malignant 9/11 13/0
Alive/Deceased 18/2 8/5
Blood chemistry

Albumin (g/dL) 3.6 (2.4-4.4) 3.5(2.3-4.5)

Creatinine (mg/dL) 0.3(0.2-1.7) 0.9 (0.4-2.7)

Total bilirubin (mg/dL) 0.6 (0.2-7.7) 0.6 (0.2-18.5)

BUN (mg/dL) 17.5 (3-42) 17(3-78)
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AST (Units/L) 24 (9-119) 21 (8-173)
ALT (Units/L) 20.3 (6-220) 18 (9-343)
ALP (Units/L) 130.3 (63-324) 84 (34-153)

Data are given as median (range)
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blood sample was collected from each patient on day 0 of transplant, and days 7, 14, 21
and 30 post transplant. The sampling time fell into one of the following three time intervals:
2-4 h, 4-6 h and 6-8 h. After centrifugation, plasma samples were collected and kept at —
80 °C until analysis. Pre- and post-operative biochemical parameters indicative of liver
and renal function (albumin, serum creatinine, total bilirubin, blood urea nitrogen [BUN],
aspartate aminotransferase [AST], alanine aminotransferase [ALT], alkaline phosphatase

[ALP]) were measured in all patients.

4.3.3 Assessment of GVHD

In this study, clinical staging for each organ/system involved in acute GVHD and overall
grading were based on a modified Keystone Grading Criteria (Table 5). Chronic GVHD
was defined by the technical manual of procedures edited by the Blood and Marrow
Transplant Clinical Trials Network (BMT CTN, Table 6) [97]. Symptoms of chronic GVHD

if present were reported using the GVHD symptom record.

4.3.4 Total and free MPA and MPAG analysis

MPA and MPAG concentrations were measured by a validated liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS) method (Chapter 3). Briefly, the
chromatographic separation was achieved on a Cig column with a gradient elution, and
the detection was performed by a triple quadrupole mass spectrometer in the positive
electrospray ionization (ESI) and multiple reaction monitoring (MRM) mode. Linearity of
the assay was demonstrated over the range of 0.02-10 pg/ml for MPA and MPAG in

human plasma. The lower limit of quantification (LLOQ) for this method was 0.02 pug/ml
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Table 5 Staging and grading of acute GVHD

Stage Skin Liver Lower Gl Upper Gl
(bilirubin) (stool output/day)*
0 No rash <2 mg/d Adult: <500 ml/day No protracted
nausea and
Child: < 10 ml/kg/day vomiting
1 Maculopapular rash 2.1-3 mg/dI Adult: 500-1000 ml/day | Persistent severe
< 25% BSA nausea, vomiting
Child: 10-19.9 ml/kg/day | With a positive
upper Gl biopsy
2 Maculopapular rash 3.1-6 mg/dl Adult: 1001-1500 ml/day
25-50% BSA
Child: 20—30 ml/kg/day
3 Generalized 6.1-15 mg/dl | Adult: > 1500 ml/day
erythroderma
(> 50% BSA) Child: > 30 ml/kg/day
4 Generalized > 15 mg/dl Severe abdominal pain
erythroderma with or without ileus, or
(> 50% BSA) plus grossly bloody stool or
bullous formation and melena (regardless of
desquamation > 5% stool volume)
BSA
Grade
0 None None None
I Stage 1-2 None None
Il Stage 3 or Stage 1 or Stage 1
Il Stage 0—3 skin with Stage 2-3 or | Stage 2-3
[\ Stage 4 or Stage 4 or Stage 4

*for Gl staging:

- The “adult” stool output values should be used for patients > 50 kg in weight.

- Use 3 day averages for Gl staging based on stool output. If stool and urine are mixed, stool output
is estimated to be 1/3 of total stool/urine mix.
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Table 6 Definition and possible manifestation of chronic GVHD

Organ system

Definite manifestations of
chronic GVHD

Possible manifestations of
chronic GVHD

Skin

Scleroderma (superficial and
fasciitis), lichen planus, vitiligo,
scarring alopecia, hyperkeratosis
pilaris, contractures from skin
immobility, nail bed dysplasia

Eczematoid rash, dry
skin, maculopapular
rash,
hyperpigmentation,
hair loss

Mucous Membranes

Lichen planus, non-infectious
ulcers, corneal erosions, non-
infectious conjunctivitis

Xerostomia, keratoconjunctivitis
sicca

Gl tract Esophageal strictures, steatorrhealAnorexia, malabsorption, weight
loss, diarrhea, abdominal pain

Liver None Elevation of alkaline phosphatase,
transaminitis, cholangitis,
hyperbilirubinemia

GU \Vaginal stricture, lichen planus Non-infectious vaginitis, vaginal

atrophy

Musculoskeletal/serosa

Non-septic arthritis, myositis,
myasthenia, polyserositis,
contractures from joint
immobilization

Arthralgia

Hematologic None Thrombocytopenia, eosinophilia,
autoimmune cytopenias
Lung Bronchiolitis obliterans Bronchiolitis obliterans with

organizing
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for both MPA and MPAG. The assay was accurate and precise with bias and %CV less

than 15%.

For total MPA and MPAG analysis, 5 ul of internal standard working solution (mixture of 1
pg/ml MPA-ds and 5 pg/ml MPAG-ds) was added to 50 ul of each calibration standard,
guality control (QC) sample or subject sample. The plasma proteins were precipitated with
acetonitrile (ACN) and the supernatant was transferred into pre-labeled tubes and
evaporated to dryness after vigorous mixing and centrifugation. Samples were
reconstituted with 100 pl of 30% ACN with 0.1% formic acid, centrifuged at 18,000 x g for
15 min, and the supernatant was injected into the UPLC-MS/MS system. The proportions
of MPA and MPAG bound to plasma proteins in clinical samples were evaluated after 30
min of incubation at 37 °C. One hundred and fifty (150) ul of plasma sample was filtered
with a Centrifree® ultrafiltration device (Millipore, Bedford, MA) assembled with a
regenerated cellulose membrane (molecular weight cut-off, 30 kDa) under centrifugation
(2,000 x g, Eppendorf centrifuge 5810 R equipped with a swing-bucket rotor A-4-62) for
15 min. The plasma ultrafiltrates were diluted with 30% ACN with 0.1% formic acid and
then directly injected into the UPLC-MS/MS system. Samples with concentrations above

the upper limit of linearity were diluted and reanalyzed.

4 3.5 Statistical methods

Non-normally distributed variables were expressed as median and range, and normally
distributed variables as mean and SD. All statistical analysis was performed using

GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). For 2-group comparisons,
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continuous variables were analyzed by Student’s t-test or Mann-Whitney U test, if
applicable. For multi-group comparisons, continuous variables were analyzed by ANOVA
or Kruskal-Wallis test and post hoc comparisons, if applicable. A p-value of 0.05 was
considered statistically significant. Probability of acute and chronic GVHD, relapse and
survival was estimated with the Kaplan-Meier method, performed with GraphPad Prism

5.0.

4.4 Results

4.4.1 Patients

A total of 20 pediatric patients and 13 adult patients received allogeneic HSCT were
included in the current analysis. The age range was 0.2-12 years (median, 3 years) and
18-63 years (median, 54 years) for pediatric and adult patients, respectively. The sex
distribution was 12/8 and 7/6 males/females for pediatric and adult patients, respectively.
A total of 84 blood samples were collected from pediatric patients, and 45 were from adult
patients. At the time of pharmacokinetic sampling, 17 pediatric patients were co-
administered with cyclosporine and 3 with tacrolimus as a concomitant
immunosuppressive therapy. For adult patients, 9 were co-administered with cyclosporine,
and 4 with tacrolimus. Demographics and transplant characteristics of the study population

are summarized in Table 4.
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4.4.2 Plasma protein binding

During the 1-month sampling period post HSCT, a large variation in serum albumin levels
was observed (Figure 8A) and the free fraction (% unbound) of MPA and MPAG did not
change significantly (Figures 9A and 9C) in pediatric patients. For adult patients, a
temporary drop in serum albumin levels was observed in the early period post HSCT and
the serum albumin levels reached to the normal range (3.5-5.0 g/dL) after Day 21 post
HSCT (Figure 8B). A significant increase of protein binding was observed in adult patients
from day 7 to day 30 post HSCT, from 97.31£0.8% to 98.3+0.6% for MPA (P <0.05), and
74.619.4% to 82.9+8.1% for MPAG (P <0.05), resulting in a significantly decreased

percentage of unbound MPA and MPAG (Figures 9B and 9D).

Sex-related differences in serum albumin levels and plasma protein binding of MPA and
MPAG were observed. Significantly higher serum albumin levels were observed in
pediatric males than those in pediatric females (3.6£0.5 vs 3.1+0.5; Figure 10A). However,
similar serum albumin levels were observed between adult males and adult females
(3.5%£0.4 vs 3.5+0.4; Figure 10B). In pediatric patients, males displayed significantly higher
plasma protein binding of MPA and MPAG compared to females (98.3£1.1 vs 97.4+£1.1%
for MPA and 78.7+8.7 vs 73.3+9.4% for MPAG), resulting in lower percentage unbound in
males than females (1.7+£1.1 vs 2.6£1.1% for MPA and 21.3£8.7 vs 26.7+9.4% for MPAG,;
Figures 11A and 11C). In adult patients, the plasma protein binding of MPA and MPAG
was also significantly higher in males compared to females (98.1+0.7 vs 97.4+1.2% for

MPA and 81.5+8.3 vs 73.8£10.1% for MPAG), resulting in lower percentage unbound in
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males than females (1.94+0.7 vs 2.6+1.2% for MPA and 18.5+8.3 vs 26.2+10.1% for MPAG,;

Figures 11B and 11D).

4.4.3 MPAG/MPA ratios

Very high plasma concentrations of MPAG (1.3-168 pg/ml) in comparison to MPA (0.04-
23.5 pg/ml) were observed in all the patients studied. The MPAG/MPA ratios were similar
between males and females in pediatric (30.1+30.9 vs 39.9+38.0; Figure 12A) and adult
(58.6+35.0 vs 40.4+29.3%; Figure 12B) patients. The MPAG/MPA ratios on an mg/kg
dose basis were significantly higher in adult patients than those in pediatric patients

(4.31£3.4 vs 2.4+2.6; P <0.05; Figure 13).

4.4.4 Acute and chronic GVHD

One pediatric patient and one adult patient had graft failure. Acute GVHD was observed
in 4 pediatric patients (Grade |, n=3; Grade Il, n=1) and 8 adult patients (Grade |, n=2;
Grade I, n=5; Grade lll, n=1). During the study period, the incidence of grade | to IV acute
GVHD was 21% (4/19) and 67% (8/12), in pediatric and adult patients, respectively (Figure
14). One pediatric patient (use of cord as the graft source) and six adult patients (use of

PBSC as the graft source) developed chronic GVHD.

4.4.5 Relapse and survival

In the present study, 5 adult and pediatric patients experienced relapse of disease. Three
of 20 pediatric patients and 6 of 13 adult patients died due to GVHD, infection, relapse

disease progression, graft failure and organ failure (Figure 15).
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Figure 8. Changes in serum albumin levels over 1-month sampling period in (A) pediatric
and (B) adult patients after HSCT

Horizontal solid lines indicate mean values.

Reference range of serum albumin concentrations for adult patients: 3.5-5.0 g/dL

* Kruskal-Wallis test at p<0.05
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Figure 9. Changes in percent unbound MPA and MPAG in pediatric (A and C, respectively)
and adult (B and D, respectively) patients over 1-month sampling period after HSCT
Horizontal solid lines indicate mean values of pharmacokinetic parameters

* Kruskal-Wallis test at p<0.05
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Figure 10. Sex differences in serum albumin levels in (A) pediatric and (B) adult patients
after HSCT

* Unpaired t-test at p<0.05
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Figure 12. Sex differences in MPAG to MPA concentration ratios in (A) pediatric and (B)
adult patients after HSCT

Unpaired t-test at p<0.05
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Figure 13. Differences in MPAG to MPA concentration ratios in pediatric and adult patients
after HSCT. MPAG to MPA concentration ratios normalized by dose/body weight

* Unpaired t-test at p <0.05
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4.5 Discussion

Extensive plasma protein binding is an important pharmacokinetic property of MPA. The
inhibition of IMPDH depends on the free MPA. Renal function, albumin level and MPAG
concentration may all affect the protein binding of MPA, leading to considerable alterations
of free MPA concentration in vivo [98, 99]. In renal transplant recipients, MPA protein
binding negatively correlates with urea and creatinine concentration and positively
correlates with albumin concentration. MPA free fraction is highly affected by the free and
total MPAG AUC,.6 [100]. Li et al. found total MPA clearance increased with decreased
serum albumin concentration in HSCT patients, most likely due to the increased fraction
of unbound MPA [32]. Impaired renal function can lead to an accumulation of MPAG,
which may displace MPA from its protein binding sites or increase EHC of MPAG, resulting
in an increase in total MPA concentration, observed in liver transplant recipients with mild
to moderate renal dysfunction [101]. In vitro data have shown that MPA plasma protein
binding is not affected by other common immunosuppressant medications (cyclosporine,

tacrolimus and prednisone) [98].

In the early period post HSCT in adult patients, conditioning therapy including
chemotherapy with or without radiation might lead to a temporary drop in serum albumin
level, resulting in a temporary decrease in protein binding (increase in % unbound). After
1 month post HSCT, the observed decrease in MPA free fraction in adult patients might
be due to the increased albumin concentration offering high binding capacity for MPA and
decreased competition of MPAG from albumin binding sites. Kuypers et al. also reported

serum albumin levels initially decreased and recovered by week 6 in renal transplant
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recipients [102]. Assuming that the liver is the major organ involved in MPA elimination,
the hepatic extraction ratio of MPA (the fraction of MPA that is metabolized during a single
pass through the liver) is approximately 0.3 to 0.7, indicating that MPA can be either
restrictive or nonrestrictive [10]. Therefore, its hepatic clearance is affected by free fraction,
intrinsic enzymatic activity of the liver, and the blood flow to the liver. The decrease in %
unbound MPA one month post HSCT in adult patients observed in this study, may lead to
a decrease in glucuronidation rate, resulting in an decrease in MPA clearance and an

increase in total MPA exposure in the patients.

In pediatric males, the higher plasma protein binding of MPA might result from the higher
serum albumin levels than in pediatric females. In adult patients, the plasma protein
binding of MPA was also significantly higher in males compared to females, even though
similar serum albumin levels were observed between males and females. Therefore, the
plasma protein binding of MPA is not only affected by the serum albumin level, but also
by some other factors. It has been observed that the percentage of free MPA correlates
with red blood cell and leukocyte counts in renal transplant recipients [103]. Increasing
hemoglobin causes a decrease in MPA clearance in renal transplant patients, indicating

that MPA binds not only to albumin but also to hemoglobin or red blood cells [99].

Glucuronidation is the major elimination pathway for MPA. Studies evaluating the effect of
sex on MPA pharmacokinetics give conflicting results. Morissette et al. reported sex
related differences in MPAG/MPA ratio. It was significantly higher in males than in females
of kidney transplant patients co-administered with tacrolimus [104]. The effect of sex on

MPA clearance has been described by developing a population pharmacokinetic model in
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renal transplant patients following oral administration of MMF. Based on the final
population pharmacokinetic model, it appears that males have an 11% higher MPA
clearance than females [105]. Tornatore et al. reported rapid apparent MPA clearance in
males than in females in Caucasians (13.8+6.27 vs 8.70+3.33 L/h) and African Americans
(10.2+£3.73 vs 9.71+3.94 L/h) post renal transplantation [106]. A possible effect is that the
lower metabolism of MPA in females may be due to the competition of estrogen
metabolism with UGTs. The sex related difference in clearance, with males exhibiting a
more rapid clearance, could contribute to the large inter-individual pharmacokinetic
variability. No effect of sex on MPA clearance has been found by other studies. The dose-
adjusted AUC in females is slightly higher than in males, but this difference fails to reach
statistical difference in renal transplant patients [107]. In a population pharmacokinetic
meta-analysis containing 13,346 MPA concentration-time datum points from 468 renal
transplant patients, no significant relationship is established between sex and MPA
exposure [99]. In this study, the MPAG/MPA ratios were similar between males and

females in both pediatric and adult patients.

Pediatric patients display different pharmacokinetics from that of adult patients. Different
MMF disposition rates are expected in pediatric patients compared to adult patients, based
on the ontogeny of human hepatic UGTs. Higher MPAG/MPA ratios on an mg/kg dose
basis were observed in adult patients than those in pediatric patients in this study. Gajarski
et al. also found that MPAG/MPA ratios were higher for adults compared with children in
heart transplant recipients [108]. This could be due to higher amounts of glucuronide-

conjugating enzymes in the liver of adult patients than those of pediatric patients. Further
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studies are still needed to better understand the underlying developmental changes of

hepatic UGTs activity.

Metabolic drug-drug interaction may exist when co-administered with other
immunosuppressants including cyclosporine and tacrolimus. Cyclosporine, an Mrp2
inhibitor, can cause a decrease in the biliary secretion of MPAG, resulting in an increase
in MPAG exposure and a decrease in MPA exposure [109]. Tacrolimus, though mainly
metabolized by the cytochrome P450 (CYP) 3A subfamily, is reportedly a good inhibitor
of MPA conjugation both in vitro and in vivo. Co-administration with tacrolimus can
decrease the intrinsic UGT enzymatic clearance of MPA and consequently augment the
bioavailability of MMF [110, 111]. On the same MMF dose basis, total and free MPA
concentrations are lower when co-administered with cyclosporine, but higher with

tacrolimus in organ transplant patients [93, 112].

Following an oral administration of MMF, the average plasma half-life in liver and renal
transplant patients is about 6 and 11 h, respectively, and the concentration-time profile of
MPA often shows two peaks, the first peak occurring within 2 h post-dose and the second
one at 6-12 h due to EHC. In clinical HSCT studies, a plasma MPA half-life ranging from
1 to 4 h is observed. Compared to solid organ recipients, MPA exposure is lower and the
EHC is markedly reduced or absent in HSCT patients receiving an equivalent dose of
MMF [16, 18, 29]. In our study, no secondary peak was observed on MPA concentration-
time profile when co-administered with cyclosporine or tacrolimus. The reasons, however,
were still unclear. Physiological changes including gut GVHD and damaged epithelium of

the intestine due to high-dose chemotherapy and/or the reduction in bacterial flora in the

69



gastrointestinal tract from broad-spectrum antibiotic use could reduce the contribution of
EHC, resulting in lower MPA exposure. Additional studies are needed to determine the
pathophysiological mechanisms responsible for the altered MPA pharmacokinetics in

HSCT patients.

The current study certainly has several potential limitations. The relatively small number
of clinical evaluable HSCT patients may affect our statistical power. Since measurement
of MPA exposure using a full set of samples requires considerable volume of blood, which
is not feasible for pediatric patients, the relatively sparse sampling approach used in this
study limits our ability to characterize the reabsorption kinetics of MPA due to the EHC.
Another potential limitation is that no pharmacokinetic parameters were derived for
cyclosporine and tacrolimus. The inhibition of Mrp2 and UGT by cyclosporine and
tacrolimus, respectively, may vary among patients. Despite these limitations, our study
provides useful findings for pharmacokinetic variability, from plasma protein binding and

metabolism perspectives, in both pediatric and adult HSCT patients.

4.6 Conclusions

Mycophenolic acid is a commonly used immunosuppressant with complex
pharmacokinetics and substantial intra- and inter-patient variability. This study provides
preliminary data to explain intra- and inter-patient pharmacokinetic variability of MPA in
both adult and pediatric HSCT patients. We have observed time-dependent changes of
protein binding and age-related differences on metabolism of MPA post HSCT. Time-

dependent changes in plasma protein binding could contribute to the intra-individual
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variation in adult patients post HSCT. Age-dependent metabolic ability, as well as sex-
related plasma protein binding could contribute to the inter-individual variation. In order to
achieve a reliable immunosuppression and less toxic side effects in HSCT patients, we
believe that effective drug monitoring for MPA needs to be established for the optimal use
of MPA. Incorporating these patient and pharmacologic factors into MMF dosage regimen
design may contribute to the more effective individualization of MMF dosing in pediatric

and adult HSCT patients.
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Chapter 5 Population pharmacokinetics of unbound
mycophenolic acid in pediatric and adolescent patients

post hematopoietic stem cell transplantation

5.1 Abstract

Mycophenolate mofetil, a prodrug of mycophenolic acid (MPA), is increasingly used in
patients post hematopoietic stem cell transplantation (HSCT) for the prophylaxis and
treatment of acute and chronic graft-versus-host disease (GVHD). However, limited
information is available for unbound MPA pharmacokinetics and guidance for optimal
dosing of MMF is still lacking in pediatric HSCT patients. The aim of this study was to
investigate population pharmacokinetics of unbound MPA in pediatric and adolescent
HSCT patients. Sparse sampling design was used in this study. Nonlinear mixed-effects
modelling (NONMEM) was employed to analyze MPA pharmacokinetic data. A total of 89
unbound MPA plasma concentration-time datum points from 23 patients with a median
age of 3 years (range, 0.2-20 years) were available for model development.
Pharmacokinetics of unbound MPA was described by a two-compartment model with first-
order elimination. Given the range of body sizes, clearance and volume of distribution
were scaled using standard weight-based allometric exponents. Final estimates in a
standard 70 kg individual for clearance, inter-compartmental clearance, volumes of
distribution in the central and peripheral compartments were 1720 L/h, 1180 L/h, 3260 L

and 4120 L, respectively. No significant differences were observed in weight-adjusted
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clearance between males and females. Because of age-dependent differences in weight-
adjusted clearance, the calculated unbound MPA AUC was higher in younger patients
compared with those in older patients receiving 15 mg/kg MMF. The final population
pharmacokinetic model successfully described unbound MPA  population
pharmacokinetics, which could be used to explore dosing guidelines for safe and effective

immunotherapy in pediatric HSCT patients.

5.2 Introduction

For more than a decade, mycophenolic mofetil (MMF, CellCept®) has been successfully
used in solid organ transplant patients to prevent acute allograft rejection. After oral
administration, MMF is rapidly and extensively (94%) converted by esterases, found in
blood, gut wall, liver and other tissues, to the active moiety MPA, which is a selective,
reversible, and noncompetitive inhibitor of inosine monophosphate dehydrogenase
(IMPDH). Inhibition of IMPDH blocks the de novo purine biosynthesis in T and B-cell
proliferation and causes immunosuppression, eventually contributing to the prevention of

graft rejection [2, 87, 113].

The disposition of MPA is complex, leading to difficulties in defining the optimal MMF
doses. In patients with normal renal and liver function, 97-99% MPA is bound to plasma
proteins [98]. It is mainly metabolized into the phenolic glucuronide conjugate (MPAG) by
uridine glucuronosyl-transferase (UGT) enzymes, with substantial inter-individual
variability. MPAG also displays significant binding to serum albumin (82% in stable

patients). MPAG is either excreted into the urine or carried back into intestinal lumen via
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bile through multidrug resistant protein transporters (MRPs), specifically MRP2. In the
intestine, MPAG may be deconjugated back to MPA and reabsorbed into the systemic
circulation through enterohepatic circulation [14]. MPAG is pharmacologically inactive,
and only unbound MPA can distribute into the extravascular space and is responsible for
pharmacological activity. Patients developing protein binding changes, resulting from
chemotherapy, severe illness, and renal and hepatic dysfunction, may have normal total
MPA concentrations but high unbound MPA concentrations. Weak correlation (r?=0.2)
between total and unbound MPA concentrations has been observed [23]. Therefore,

unbound MPA concentrations are a better reflection of immunosuppressive activity.

The success of MMF use in solid organ transplantation has triggered an increasing use of
MMF in allogeneic HSCT, in which acute or chronic GVHD is the main cause of morbidity
and mortality after transplantation. Storb et al. conducted preclinical studies in a canine
HSCT model to show that MMF in combination with cyclosporine has activity in preventing
acute GVHD after non-myeloablative conditioning [114, 115]. Subsequently, MMF was
introduced for prophylaxis of acute GVHD and/or the treatment of acute or chronic GVHD
after allogeneic HSCT, administrated in combination with other immunosuppressive
agents [3, 54, 116-122]. In adult HSCT recipients, standard fixed doses of MMF 1 g twice
daily achieve MPA exposures that are significantly lower compared with other populations
[28]. Children undergoing HSCT are suggested to receive an MMF dose of at least 15
mg/kg every 8 hours intravenously [30]. In solid organ transplant recipients, the AUCo.12
of total MPA between 30 and 60 mg-h/L is recommended by the Randomized

Concentration-Controlled Trial (RCCT) [123]. Target values in HSCT are still under
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investigation primarily because of the reported large intra- and inter-patient
pharmacokinetic variability and broad ranges of transplant characteristics (malignant vs

nonmalignant, related vs unrelated donor) [30, 53, 60].

In renal transplant recipients, total MPA clearance is significantly impacted by renal
function and plasma albumin concentration. Total MPA exposure, determined by total
MPA clearance, significantly decreases with decreasing renal function, decreasing
albumin level and increasing cyclosporine predose level [99, 105, 124]. Low albumin
concentration and accumulation MPAG, resulting from impaired renal function, decrease
plasma protein binding of MPA. The subsequent increase in the fraction unbound of MPA
produces an increase in total MPA clearance and, consequently, results in decreased total
MPA exposure. Moreover, cyclosporine, an MRP2 inhibitor, can cause an increase in total
MPA clearance. When cyclosporine is used in combination with MMF, the MPA levels
decrease due to the interference of cyclosporine with MRP2-mediated hepatic recycling
of MPAG [28]. In a population pharmacokinetic analysis containing 4,496 MPA
concentration-time datum points from 408 HSCT patients, serum albumin level and
concomitant cyclosporine are also identified as important covariates influencing total MPA

clearance [32].

Infants and very young children are very difficult to treat due to the age-related differences
in drug disposition and engraftment kinetics. To date, most published population
pharmacokinetic studies of MPA have been conducted in adult HSCT patients. In general,
large intra- and inter-individual variability have been observed in HSCT patients, as seen

in organ transplant patients. Compared with adults, infants and young children often have
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larger pharmacokinetic variability and possibly altered pharmacodynamics.
Pharmacokinetic disposition of MPA in pediatric populations remains limited and robust
trials in pediatric HSCT patients are often lagging behind those involving adults. Even
less is known about the pharmacodynamics in this group, especially in those patients with
nonmalignant disease in whom the rarity of the diseases makes properly powered trials
unfeasible in a single center. Moreover, measuring 12 h MPA AUC is impractical due to
the ethical and logistical constraints in obtaining adequate blood volume needed for
pharmacokinetic analysis, which can further limit the enrollments of studies in pediatric

HSCT patients.

Characterization of the pharmacokinetics of unbound MPA is of clinical relevance to
further optimize MMF dosing regimens, firstly because the unbound MPA concentrations
are ultimately responsible for the inhibition of IMPDH and prevention of graft rejection, and
secondly because significant intra-patient and inter-patient variability in the bound
fractions of MPA have been observed in our previous study. Despite the increased use of
MMF, only very limited information is available regarding the pharmacokinetics of unbound
MPA in pediatric HSCT patients, especially the very young. The objective of this study was
to investigate population pharmacokinetics of unbound MPA following intravenous
infusion of MMF in pediatric and adolescent patients undergoing HSCT. Of particular
interest was the comparison of the unbound MPA AUC between different age groups, with

the current body weight-based dosing regimen.
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5.3 Methods

5.3.1 Patients

The study was conducted as an open-label clinical study in HSCT patients. Twenty-three
pediatric and adolescent patients with a median age of 3 years (range, 2 months to 20
years) with malignant/nonmalignant conditions, undergoing HSCT from both related and
unrelated donors, were enrolled at Indiana University Hospital and Riley Hospital for
Children (Table 7). The study was approved by the institutional review board at each
center. Informed consent was obtained from each patient (or parent/guardian for pediatric
patients) and assent was obtained from children who are at least 7 years of age before

enrollment.

5.3.2 Study protocol

MMF (CellCept®, Roche) was initiated at 15 mg/kg by a 2-hour intravenous infusion every
8 hours. Twenty patients were coprescribed with cyclosporine, and three were
coprescribed with tacrolimus as a concomitant immunosuppressive therapy. Random
sparse PK sampling design strategy was used in this study. One blood sample was
collected from each patient on day 0 of transplant, and days 7, 14, 21 and 30 post
transplant. The sampling time fell into one of the following three time intervals: 2-4 h, 4-6
h or 6-8 h. During the study visit, the total amount of blood drawn for research purpose
could not exceed 19 ml as based on a minimal body weight of 40 kg, 13 ml based on body

weight range of 25-40 kg, 10 ml based on body weight range of 10-25 kg, 8 ml if body
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Table 7 Demographic and clinical characteristics of the study population

Characteristics

number/median (range)

Age at transplant (years)
<2
2.5-4
7-12
18-20
Body weight (kg)
Sex (Male/Female)
Race
White
Asian
Black
Ethnicity
Hispanic
Non-Hispanic

Transplant source

Bone marrow

Cord or double cord
Donor type

Related sibling

Unrelated donor
Malignant/Non-malignant
Alive/Deceased

Blood chemistries
Albumin (g/dL)
Creatinine (mg/dL)
Total bilirubin (mg/dL)
Blood urea nitrogen (mg/dL)
Aspartate aminotransferase (AST, Units/L)
Alanine aminotransferase (ALT, Units/L)
Alkaline phosphatase (ALP, Units/L)

3 (0.2-20)

.

8

6

2

17.5 (5.4-113.3)
14/9

18
2
3

14

22

22
12/11
19/4

3.4 (2.4-4.4)
0.3 (0.2-1.7)
0.6 (0.2-18.5)
19 (3-78)

23 (8-79)

23 (6-147)
124 (28-324)
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weight less than 10 kg. Blood samples were centrifuged at 2,000 g for 15 min at 4 °C.

After centrifugation, plasma samples were harvested and kept at -80 °C until analysis.

5.3.3 Bioanalytical assay

After 30 min of incubation at 37 °C, 150 pl of plasma sample was filtered with a Centrifree®
ultrafiltration device (Millipore, Bedford, MA) assembled with a regenerated cellulose
membrane (molecular weight cut-off, 30 kDa) under centrifugation (2,000 x g, Eppendorf
centrifuge 5810 R equipped with a swing-bucket rotor A-4-62) for 15 min. The plasma
ultrafiltrates were diluted with 30% acetonitrile (ACN) with 0.1% formic acid and then
unbound MPA concentrations were measured by a previously established and validated
ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
method. Briefly, the chromatographic separation was achieved on a Cig column with a
gradient elution, and the detection was performed by a triple quadrupole mass
spectrometer in the positive electrospray ionization (ESI) and multiple reaction monitoring
(MRM) mode. The lower limit of quantification (LLOQ) was 0.5 ng/ml. Linearity of the assay
was demonstrated over the range of 0.5-500 ng/ml. Intra- and inter-day precision and

accuracy for quality control (QC) samples were always < 15%.

5.3.4 Population pharmacokinetic analysis

The population pharmacokinetic analysis was conducted using nonlinear mixed-effects
modelling software program NONMEM® version 7.3.0 with PDx-Pop® version 5.0 (ICON
Development Solutions, LLC, Ellicott City, MD, USA) interfaced with Xpose® version 4.5.3

(Uppsala University, Uppsala, Sweden) and R version 3.2.3 (Free Software Foundation,
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Inc., Boston, MA, USA). Because NONMEM estimated pharmacokinetic parameters for
the active moiety MPA, the dose of intravenous MMF formulation was converted to the
equivalent MPA content by multiplying the MMF dose by 0.682 considering the fractional
difference in molecular mass between MMF and MPA. The first-order conditional
estimation (FOCE) method was implemented throughout the model building and

evaluation procedure. Four significant digits were specified for the estimation procedure.

5.3.5 Structural model development

The plot of observed concentration-time data of unbound MPA was initially examined.
One-compartment (NONMEM subroutine ADVAN1 TRANS2) and two-compartment
(NONMEM subroutine ADVAN3 TRANS4) pharmacokinetic models, with first order
elimination, were compared to investigate the best fit of the concentration-time data. A
two-compartment model was finally selected, as also described in the literature [34, 35].
Typical values for the pharmacokinetic parameters including clearance (CL), central
volume of distribution (V¢), inter-compartmental clearance (Q) and peripheral volume of
distribution (V) were estimated. To improve the model stability, body weight (BW) was
included as a primary covariate in the structural model. Studies have shown that body
weight plays an important role in determining pharmacokinetic parameter estimates and
consequently drug doses for the pediatric population. Body weight was standardized to 70
kg and its effects on CL, V¢, Q and V, were described by the allometric model using a
coefficient of 0.75 and 1.0 for clearance and volume of distribution terms, respectively

[125-127].
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5.3.6 Inter-individual and residual unexplained variability

Inter-individual variability (1), expressed as a coefficient of variation (CV %), was
assessed using an exponential error model (Equations 1-5) for all pharmacokinetic

parameters, which assumes a log-normal distribution on inter-individual variability.

Pi _ eP y (B7_V(\)/i)0'75 for CL and 1.0 for V 9 eXpnPi (1)
CL; = O¢, X (‘37—01)0'75 X exp"CLi )
Ve, = 0y, X (%)10 x exp"Vei (3)
Q; = 8g X (B7—V(\:i)0'75 X exp"Q (4)
Vp, = Oy, X (%)10 X exp"VPi (5)

where P; represents the pharmacokinetic parameter of the i individual, 8 represents the
typical value of the pharmacokinetic parameter for a 70 kg individual, BW; is the body
weight of individual i in kg, and np; is the inter-individual random effect with mean 0 and

variance w?.

Residual unexplained variability (RUV) between observed and predicted unbound MPA
concentrations, was described by a proportional error model (Equation 6) and expressed

as a CV%.

Yij = Cprea,ij X (1 + &;) (6)
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where Yj is the observed and Cped j is the individual predicted unbound MPA

concentrations and &ij is the residual random error with mean 0 and variance o2.

In this study, body weight for each patient was often obtained on the same day that the
blood sample was collected for quantification. However, when it was not, the weight
recorded before or after the blood sample collection was used. Although blood samples
were collected on more than 1 occasion, no attempt was made to model between-visit

variability due to the limited data available for analysis.

5.3.7 Covariate analysis

Once the effects of body weight on pharmacokinetic parameters were considered in the
structural model, a stepwise forward inclusion and backward elimination approach was
used to examine the effects of other covariates on unbound MPA pharmacokinetic
parameters, based on the likelihood ratio test and a pre-specified alpha level. Patient-
specific factors considered for covariate testing included age, sex, and measurements of
albumin, creatinine, total bilirubin, blood urea nitrogen, aspartate aminotransferase (AST),
alanine aminotransferase (ALT) and alkaline phosphatase (ALP). If the difference in
objective function value (OFV) between nested models was larger than the critical value
from a chi-squared distribution with degrees of freedom equal to the difference in the
number of estimated parameters, the models are significantly different from each other.
During forward inclusion, each covariate was tested one at a time. The most significant
covariate was kept in the model and the process was repeated to test the remaining

covariates until no significant covariates remained. All of the significant covariates from
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stepwise forward inclusion were included in the full model. Next, a stepwise backward
elimination step was performed, in which the covariate with the smallest contribution to
the change in the OFV was removed from the model and the remaining parameters in the
model were retested until removal of any other covariate produced a statistically inferior
model. A statistical significance criterion of P < 0.01 (AOFV = 6.63) was used during
forward inclusion and backward elimination. All significant covariates following stepwise

forward inclusion and backward elimination were included in the final full model.

Model adequacy was further internally evaluated by plausible parameter estimates,
adequate parameter precision and inspection of goodness-of-fit plots. The following
diagnostic plots were used to visually assess model fit, observed (DV) vs. population
predicted (PRED) and individual predicted (IPRED) values, weighted residuals (WRES)
vs. time after dose and IPRED. Changes in estimates of inter-individual variability and

residual unexplained variability were also examined.

5.4 Results

5.4.1 Patient characteristics

A total of 23 pediatric and adolescent patients with malignant and nonmalignant disease
received allogeneic HSCT. Twenty subjects were coprescribed with cyclosporine and 3
with tacrolimus at the time of pharmacokinetic sampling. In total, 89 unbound MPA
concentration-time samples were obtained from 23 HSCT recipients. The age range of
the subjects was 0.2-20 years with a median age of 3 years. For the calculated unbound

MPA exposure, we defined the patient subpopulations as follows: infants (< 2 years, n=7),
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children (2.5-11 years, n=12), adolescents (12-20 years, n=4). The sex distribution was
14 males and 9 females. Demographic and clinical characteristics of the study population

are summarized in Table 7.

5.4.2 Model development

A two-compartment model with first-order elimination was determined to be the most
appropriate structural pharmacokinetic model for unbound MPA concentration-time data.
Using standard principles of allometric scaling, body weight was built into the structural
model a priori and scaled to a reference patient having a weight of 70 kg, as described
previously. Standard fixed allometric exponents of 0.75 for clearance and 1.0 for volume
of distribution were applied. During stepwise forward inclusion and backward elimination,
no covariate was found to be significant. Given this finding, the final pharmacokinetic
model was the structural pharmacokinetic model (defined by Equations 2-6). An
exponential error model was used to estimate 11V on the pharmacokinetic parameters

(including CL, V¢, V, and Q) and a proportional error model was used to estimate RUV.

The values for the pharmacokinetic parameters including CL, V¢, Q and V,, as well as their
inter-individual variability are presented in Table 8. Parameter uncertainty expressed as
the relative standard error (RSE) of estimates was small (less than 28%) for all the
population pharmacokinetic parameters except for Q (48%), indicating a much higher
degree of uncertainty in inter-compartmental clearance estimate. Goodness-of-fit plots did
not show systematic bias for the final pharmacokinetic model predictions (Figure 16). The

population-predicted concentrations were symmetrically distributed around the line of
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Table 8 Unbound MPA population pharmacokinetic parameter estimates

Parameter (unit) Estimate RSE (%)*
CL (L/nh) 1720 8.0
Ve (L) 3260 21.5
Q (L/h) 1180 47.7
Vp (L) 4120 27.7
Inter-individual variability (11V)
CL, CV% 16.2 71.2
Ve, CV% 54.1 67.1
Q, CV% 46.3 35.1
V,, CV% 13.4 57.0
Residual unexplained variability 65.6 23.5

(RUV), %CV

*RSE, relative standard error, the ratio of the standard error to the mean
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Figure 18. Scatter plots of (A) the individual predicted clearance vs. age (B) the individual
predicted clearance normalized by body weight vs. age (C) the individual predicted central
volume of distribution vs. age (D) the individual predicted central volume of distribution

normalized by body weight vs. age
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identity, indicating that the model adequately described the concentration-time profile of
unbound MPA. All WRES fell within 3 standard deviations, demonstrating good

predictability of the model. No particular trend was observed in checking residuals.

No significant difference was observed in body weight-adjusted clearance between
females (median 38.6 L/h/kg [21.9-44.3]) and males (median 33.6 L/h/kg [26.9-48.6]), as
shown in Figure 17. As expected, absolute clearance (L/h) and central volume of
distribution (L) for unbound MPA increased with age due to the increasing body size
(Figures. 18A & C). Absolute clearance reached a plateau in children older than 5 years
of age (Figure 18A), which was comparable to that in adults. In contrast, body weight-
normalized clearance decreased with increasing age (Figure 18B), leading to increases in
unbound MPA exposure (Figure 19). At 15 mg/kg of MMF, unbound MPA exposure was
significantly lower in infants (median 0.23 mg-h/L [0.17-0.31]) compared to children
(median 0.28 mg-h/L [0.20-0.35]) and adolescents (median 0.36 mg-h/L [0.15-0.45]) at p
< 0.001 (Figure 19). A weak trend towards an increased patient age with lower body

weight-adjusted central volume of distribution was identified (Figure 18D).

5.5 Discussion

In this study, a population pharmacokinetic model was developed for unbound MPA in
pediatric and adolescent HSCT patients. Patient recruitment for pediatric trials is a
challenge at multiple levels, including the ethical and logistical difficulties in obtaining
adequate samples. The present study was performed in 23 subjects undergoing

intravenous infusion of MMF. Sparse sampling design strategy was employed, in which
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randomly timed but accurately recorded blood samples were collected. Population
pharmacokinetic analysis is well-suited to analyze both sparsely and intensively sampled
data to provide estimates of pharmacokinetic parameters, intra- and inter-individual
variability in these parameters, and patient-specific covariates explaining inter-individual
variability. It is well-known that only the unbound drug is pharmacologically active and the
total drug concentrations only partially reflect unbound concentrations. This study is of
special clinical relevance as the pharmacokinetics of unbound MPA were well

characterized over a wide age range of patients (2 month-20 years).

The data were well described by a two-compartment structural pharmacokinetic model
with first-order elimination, which is consistent with the previous population analyses of
unbound MPA in either pediatric or adult HSCT patients. Weight, creatinine clearance and
total bilirubin have been reported as important covariates affecting unbound MPA
pharmacokinetics in two previous population pharmacokinetic studies in pediatric and
adult HSCT patients [34, 35]. But, even after accounting for these clinical covariates in the
final model, the variability in unbound MPA pharmacokinetics remains large in those
studies. No covariate except weight was found to be significant in the present analysis,
which may be due to several factors, including the small sample size, hepatic and renal
function, clinical status, and disease severity of the study population. The estimation of CL
for a typical adult subject weighing 70 kg was comparable with one of the previously
published models for unbound MPA (1720 L/h vs. 1610 L/h) [35]. However, our population
estimates of inter-compartmental clearance and volumes of distribution in the central and

peripheral compartments were inconsistent with values previously published in the
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literature. This could be due in part to the range of body weights represented in the study
as a result of including infants, children and adults. In addition, the sparsely sampled data
provided limited information about distribution parameters under a two-compartment
model. The estimates of inter-individual variability for all pharmacokinetic parameters were
high (RSE ranging from 35 to 71%), indicating a higher degree of uncertainty. The estimate
of residual unexplained variability, representing a combination of intra-individual variability,
measurement error and model misspecification, was high (approximately 66%), which
could be partly attributed to the nature of the clinical study design. Other clinical or patient-
specific factors that were not tested in this analysis might also play a role. Potential factors
include changes in the patients’ clinical status and differences in coadministered
medications. Evaluation the effects of coadministered medications is of clinically
importance given that HSCT patients may receive many other medications concurrently
with MMF. Corticosteroids may induce the expression of several UGT enzymes, resulting
in enhanced unbound MPA clearance [12]. Cyclosporine, an MRP2 inhibitor, reduces the
biliary excretion of MPAG and enterohepatic circulation of MPA. Zeng et al combined three
groups of patients (blood or marrow/kidney/liver transplant recipients) to detect significant
covariate effects in a population pharmacokinetic approach, and found that co-
administered cyclosporine as opposed to tacrolimus resulted in a mean increase in total
MPA clearance of 63% [33]. Moreover, chemotherapy, infection and disease states such
as acute GVHD may also alter unbound MPA disposition. However, these factors were
not evaluated in this study due to the small sample size and a lack of detailed information

on clinical status.
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Growth and development can be investigated using easily observable demographic
factors such as weight and age. In children, the allometric model is commonly used to
predict pharmacokinetic parameters from body weight and adult values, and thus to
predict doses. Weight can be centered at 70 kg and standard fixed allometric exponents
of 0.75 for clearance terms and 1.0 for volume of distribution terms are applied [125]. A
broad range of weight (5.4-113.3 kg) was observed in our study population. In order to
obtain a stable base model, an allometric size adjustment with fixed coefficients of 0.75
for clearance and 1.0 for volume of distribution, was performed a priori within the
development of the structural model before other covariates were evaluated. This is crucial
in screening other potential covariate effects due to the frequently observed high
collinearity between size and other developmental- or maturation-related covariates in
pediatric pharmacokinetic data [127]. This approach has often been used in population-
based analyses of data obtained from pediatric patients [128, 129]. There is controversy
over whether or not allometric coefficients should be fixed or estimated independently for
the drug of interest. Estimates of the allometric coefficient may be quite imprecise
depending very much on the number of subjects and the distribution of weight in the
sample. The exponents of 0.75, 0.80 and 0.85 have been reported to provide the same
degree of accuracy of error in the prediction of clearance in children [125]. Given the small
sample size (n=23) and weight ranges (5.4-113.3 kg) of our study population, the
allometric coefficient was fixed to 0.75 for clearance terms and 1.0 for volume distribution

terms.
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The allometric model plays a significant role in determining the pharmacokinetics of many
drugs and consequently drug doses for children, based on weight and adult estimates.
However, it is important to appreciate its limitations on neonates and infants because
progressive changes in organ maturation, body composition, and ontogeny of drug
elimination pathways have marked effects on pharmacokinetic parameters in the first few
years of life. Expression of UGT enzymes undergoes an independent rate and pattern of
maturation. Most enzymes have matured to adult activity levels by the first 2 years of life
[130-132]. Dramatic increases in renal function occur in the ensuing postpartum period,
and glomerular filtration rate (GFR) normalized by body weight has approached the adult
value by 6 months of age [133]. Total body water constitutes 75% of the body weight in
the full-term neonates, decreases to approximately 60% at 5 months, and remains
relatively constant after 5 months. Albumin, lipoprotein and glycoprotein concentrations
change over the first year, which could affect drug binding. The fixed 3/4 allometric function
is inappropriate to predict drug clearance in young pediatric patients because it may
overestimate the clearance for neonates and underestimate the clearance for infants, as
noted in other studies [134-137]. Neonates tend to have approximately 1.3- to 2.8- fold
larger distribution volumes (per unit body weight) as compared to adults [138].
Consequently, allometric scaling alone is insufficient to predict pharmacokinetic
parameters in neonates and infants. ldeally, pharmacokinetic parameters should be

described in an individual reflecting the effects of size, maturation and organ function [126].

In this study, the weight-adjusted central volume of distribution decreased with age, which

might be due to differences in body composition or protein binding. About 30% of subjects
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were younger than 2 years of age in the study population. We attempted to evaluate the
patient age as a covariate to characterize the potential maturation effect. However, the
model was over-parameterized and successful estimation and covariance steps could not
be achieved, probably due to the small sample size. Future studies should be pursued to
include a large number of patients less than 2 years of age, as these analyses may yield
important information about the ontogeny of hepatic and renal systemic clearance

pathways related to the unbound MPA pharmacokinetics.

There have been contradictory reports regarding the effect of sex on MPA clearance.
Tornatore et al reported that total MPA clearance in adults was influenced by sex with
males having more rapid apparent clearance than females in renal transplant recipients
[106, 139]. In another report by van Hest et al, an 11% total higher MPA apparent
clearance was observed in males than females, who underwent kidney transplant [105].
In our study, sex was not a significant covariate during likelihood ratio test and was not
included in the final pharmacokinetic model. This is consistent with one of the previously
published studies on unbound MPA pharmacokinetics in HSCT patients [35]. However,
this finding must be verified in larger studies, because the small sample size may

contribute to our inability to identify other significant covariates beyond body weight.

Therapeutic targets for mycophenolate therapy in pediatric and adult HSCT remain poorly
defined. Using similar total AUC targeting of 30-60 mg-h/L as in solid organ transplantation,
Haentzschel et al individualized MMF dose regimens for GVHD prophylaxis in 29 adult
HSCT patients. The results suggest that targeting of MPA exposure is feasible and

effective in the early phase after HSCT [55]. Given their small sample size (29 patients)

96



and significantly higher doses than previously reported to achieve the target AUC, it may
be premature to suggest MMF dosing guidelines. A relationship between unbound MPA
AUC and the clinical outcome was defined by Jacobson et al in 87 adult HSCT patients
who were receiving 1 g of MMF twice daily with concomitant cyclosporine. It is reported
that an unbound AUCg less than 0.15 mg-h/L (150 ng-h/mL) of unbound AUCy.1» less
than 0.3 mg-h/L (300 ng-h/mL) in the first week post HSCT are both associated with a
greater cumulative incidence of grade II-1V acute GVHD than the patients with a greater
AUC (P =< 0.05), indicating the current practice of dosing regimen in adult patients (1g

twice daily) provides inadequate plasma concentrations [23].

In the present study, all patients were given a 15 mg/kg intravenous infusion MMF dose.
Less than 50% of patients achieved an unbound AUC,.s above 0.3 mg-h/L, calculated
based on individual dose and clearance, suggesting that the dose increases might be
beneficial for pediatric patients. Based on a population pharmacokinetic/dynamic
modelling approach, Li et al described the overall relationship between MPA concentration
and IMPDH activity by a direct inhibitory Emax model with an I1Cso = 3.23 pug/ml of total MPA
and 57.3 ng/ml of unbound MPA in adult HSCT recipients [48]. The IMPDH activity
displays a high inter-individual variability (coefficient of variation 40.2%) in healthy
pediatric (2.0-17.9 years, n=106) and adult (18.7-67.3 years, n=106) subjects, but there
is no age-related differences in IMPDH activity in these healthy individuals. In addition, a
comparable inhibition of IMPDH activity (expressed by ICso) by total MPA has been
observed between children (2.0-11.9 years, n=8) and adolescents (12.0-18.9 years, n=9)

early post renal transplantation [140]. If we assume the same relationship between
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unbound MPA concentration and IMPDH activity exists for all HSCT patients, less than
50% of the unbound MPA concentrations observed in our study were above the reported
ICs0. Given the small number of subjects and significant heterogeneity among subjects,
the relationships between unbound MPA pharmacokinetic parameters and clinical
outcomes after HSCT were not evaluated in this analysis. Therefore, large-scale
prospective pharmacokinetic-pharmacodynamic studies in pediatric HSCT patients are
urgently needed to better understand the relationships between unbound MPA exposure

and clinical outcomes, and to define therapeutic targets in HSCT patients.

In the present study, the weight-adjusted unbound MPA clearance continuously
decreased with increasing age, and was the highest for the youngest patients, resulting in
substantial differences in the unbound MPA AUC among different age groups, with lower
values for younger patients. Bhatia et al demonstrated age-dependent total MPA
pharmacokinetics in HSCT patients. Following intravenous or oral administration of MMF,
patients under 6 years of age exhibited a significantly higher weight-adjusted clearance
compared to older children and adolescents [37]. Zeng et al reported that children with a
bodyweight of 10 kg receiving standard MMF dose regimens after HSCT, achieved an
total MPA AUC below the target range (30-60 mg-h/L), suggesting children who weigh
below 10 kg might have a higher total MPA clearance and need a higher MMF dose
compared to heavier children [33]. Filler et al also demonstrated a negative correlation
between the dose required for total MPA AUC of 60 mg-h/L and age, when studying 27
renal transplant recipients (1.8-20.7 years) receiving a combination therapy of MMF and

tacrolimus. The data suggest that young children under 2 years of age require almost
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double the dose of MMF in combination with tacrolimus when compared with adolescents
[141]. Enhanced excretory capacity of the kidney has been reported in toddlers (1- 3 years)
when normalized to body weight, in which there is an “overshoot” of the glomerular
filtration rate well above the levels observed in older children and adults, and there is an
early reaching of adult levels in active drug secretion. Due to the high GFR in toddlers, it
is not surprising that they often require higher weight-normalized doses for renally
excreted drugs compared with adults [142]. Therefore, body weight-adjusted MMF dosing
is not reliable for the post-transplant immunosuppression in pediatric HSCT patients. To
achieve similar MPA exposure as in adult HSCT recipients, either the MMF dose would

need to be increased or the dosing interval can be shortened in pediatric HSCT patients.

5.6 Limitations

The main limitation of this study was the sparse sampling study design, which may have
contributed to our inability to develop more complex models and identify other significant
covariates for population pharmacokinetics of the unbound MPA. A more robust design
will improve population and individual estimates under a two-compartment model, and
allow us to detect other important covariate-parameter relationships explaining inter-
individual variability in unbound MPA pharmacokinetics. In addition, the validity of the final
model was evaluated using goodness-of-fit plots. We failed to use bootstrapping to
validate the final model due to the diversity of subjects in the dataset (e.g., heterogeneous
and sparse data), and the time-varying nature of the clinical status, which would result in

bootstrap datasets not representative for the original dataset.
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5.7 Conclusions

In conclusion, unbound MPA population pharmacokinetics in pediatric and adolescent
HSCT patients were well described by a two-compartment structural model. Allometric
scaling of pharmacokinetic parameters allowed for simultaneous analysis of
concentration-time data from pediatric and adolescent patients. Prescribed MMF doses
are still empirical, because therapeutic targets for mycophenolate therapy are yet to be
defined in HSCT. The current dose regimens may not be optimal for pediatric patients to
achieve the exposures similar to those achieved in adults. This model may have important
clinical implication for further development of individualized MMF dosing strategies in

pediatric and adolescent HSCT patients.
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Chapter 6 Summary

MMF (CellCept® was approved by the FDA in 1995 for acute rejection in renal transplant
patients. Recently, it is increasingly used in the prophylaxis and treatment of acute and
chronic GVHD after HSCT. Following oral administration, the prodrug MMF is rapidly
absorbed and hydrolyzed to the active moiety MPA. MPA is further metabolized to the
major inactive metabolite MPAG by UGTs and excreted in the urine as MPAG (87%).
Extensive plasma protein binding has been observed in patients with normal hepatic and
renal function, 97-99% for MPA and 82% for MPAG. In healthy individuals and organ
transplant patients, MPAG undergoes significant enterohepatic circulation. However, the
pharmacokinetics of MPA is altered in HSCT patients. Due to the significant
pharmacokinetic variability and broad ranges of transplants, the optimal MMF dosing and
preferred targets are still under investigation in HSCT patients. In this thesis work, we aim
to identify the sources of pharmacokinetic variability and characterize the population
pharmacokinetics of unbound MPA in HSCT patients. These information, if incorporating
into MMF regimen design and modification, may contribute to the rational dose selection

of MMF in HSCT recipients.

Chapter 1 extensively reviews the pertinent information regarding the
pharmacokinetics/dynamics of MPA in HSCT patients. Important aspects of
pharmacokinetics in HSCT recipients include decreased enterohepatic circulation, lower
oral bioavailability, shorter half-life and higher clearance compared to healthy individuals

and renal transplant patients. In addition, clearance appears to be higher in younger
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patients than in adult patients. So they may require relatively higher MMF doses per body
mass to achieve similar MPA exposures as adults. The relationship between MPA
exposures and clinical efficacy is still obscure and optimal targets have yet to be defined
in HSCT patients, especially in pediatric HSCT patients. Emerging pharmacometric
methodologies, especially population pharmacokinetic models, could provide us with new
venues for further research on the optimization of MMF therapy. Hence, multi-institutional
trials including adequately powered pharmacokinetic and pharmacodynamic studies are
required to assess the impact of MPA exposures on clinical outcomes of HSCT and further

help justify appropriate clinical dosing regimens.

Acyl glucuronide conjugates are known to have a limited stability under neutral or slightly
alkaline conditions. In chapter 3, we developed and validated a reliable UPLC-MS/MS
assay for simultaneous quantification of MPA and its glucuronide metabolites (MPAG and
AcMPAG) in human plasma samples per US FDA Guideline. Furthermore, we proposed
extended stabilization procedures to improve the accuracy of the analysis before routine
application. The merits of this assay include the efficient sample clean up by protein
precipitation, high sensitivity with LLOQ of 2 ng/ml for AcMPAG, small sample volume of
50 ul for processing, and short chromatographic run time of 5 min. Based on this assay,
the reported large intra- and inter-individual pharmacokinetic variability could be

characterized.

MPA displays extensive plasma protein binding and glucuronidation into MPAG. In chapter
4, we investigated the pharmacokinetic variability of MPA, from plasma protein binding

and metabolism perspectives, in both pediatric and adult HSCT patients. Since lower free
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and total AcCMPAG concentrations were observed in the study population, only the
phenolic glucuronide metabolite were quantified in this study. Plasma protein binding was
found to increase 1 month post engraftment in adult HSCT patients. Males had
significantly higher plasma protein binding than females for both pediatric and adult HSCT
patients. Moreover, the MPAG/MPA ratios on an mg/kg dose basis in adult patients were
significantly higher than those in pediatric patients. Therefore, time-dependent changes in
plasma protein binding could contribute to the intra-individual variation in adult patients
post HSCT. Age-dependent metabolic ability, as well as sex-related plasma protein
binding could contribute to the inter-individual variation. Knowing these sources of
pharmacokinetic variability of MPA can provide fundamental information to enhance our
understanding of the complex pharmacokinetics of MPA, and further contribute to the

more effective individualization of MMF dosing in pediatric and adult HSCT patients.

Characterization of the pharmacokinetics of unbound MPA is of clinical importance to
further optimize MMF dosing regimens, firstly because the unbound MPA concentrations
are ultimately responsible for the inhibition of IMPDH and prevention of graft rejection, and
secondly because substantial intra-patient and inter-patient variability in the bound
fractions of MPA have been observed in our study. Despite the increased use of MMF,
only very limited information is available regarding the pharmacokinetics of unbound MPA
in pediatric HSCT patients, especially the very young. In chapter 5, we developed a
population pharmacokinetic model for unbound MPA in pediatric and adolescent HSCT
patients. Allometric scaling of pharmacokinetic parameters allowed for simultaneous

analysis of concentration-time data from pediatric and adolescent patients. Similar weight-
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adjusted clearance was observed between males and females. Because of age-
dependent differences in weight-adjusted clearance, the calculated unbound MPA AUC
was higher in younger patients compared with those in older patients receiving 15 mg/kg
MMF. Therefore, the current dose regimens may not be optimal for pediatric patients to
achieve the exposures similar to those achieved in adults. This model may have important
clinical implication to make more informed decisions regarding appropriate dosing

regimens of MMF in pediatric HSCT patients.

Taken together, this thesis represents great efforts towards a better understanding of
pharmacokinetic variability of MPA, and provides unique knowledge about the population
pharmacokinetics of unbound MPA in pediatric and adolescent HSCT patients. We
anticipate that our research may have important clinical implication for further

development of individualized MMF dosing strategies in HSCT patients.

104



References

[1] D.A. Jacobsohn, G.B. Vogelsang, Acute graft versus host disease, Orphanet journal of
rare diseases, 2 (2007) 35.

[2] J.T. Ransom, Mechanism of action of mycophenolate mofetil, Therapeutic drug
monitoring, 17 (1995) 681-684.

[3] M.G. Kiehl, M. Shipkova, N. Basara, |.W. Blau, E. Schutz, V.W. Armstrong, M. Oellerich,
A.A. Fauser, Mycophenolate mofetil in stem cell transplant patients in relation to plasma
level of active metabolite, Clinical biochemistry, 33 (2000) 203-208.

[4] K. Minagawa, M. Yamamori, Y. Katayama, T. Matsui, Mycophenolate mofetil: fully
utilizing its benefits for GvHD prophylaxis, International journal of hematology, 96 (2012)
10-25.

[5] M. lida, T. Fukuda, N. Uchida, M. Murata, N. Aotsuka, K. Minagawa, K. Oohashi, K.
Fukushima, T. Kondo, T. Eto, T. Miyamoto, Y. Morishima, T. Nagamura, Y. Atsuta, R.
Suzuki, Mycophenolate mofetil use after unrelated hematopoietic stem cell transplantation
for prophylaxis and treatment of graft-vs.-host disease in adult patients in Japan, Clinical
transplantation, 28 (2014) 980-989.

[6] A.M. Alousi, D.J. Weisdorf, B.R. Logan, J. Bolanos-Meade, S. Carter, N. Difronzo, M.
Pasquini, S.C. Goldstein, V.T. Ho, B. Hayes-Lattin, J.R. Wingard, M.M. Horowitz, J.E.
Levine, Blood, N. Marrow Transplant Clinical Trials, Etanercept, mycophenolate,
denileukin, or pentostatin plus corticosteroids for acute graft-versus-host disease: a
randomized phase 2 trial from the Blood and Marrow Transplant Clinical Trials Network,
Blood, 114 (2009) 511-517.

[7] R.E. Bullingham, A.J. Nicholls, B.R. Kamm, Clinical pharmacokinetics of
mycophenolate mofetil, Clinical pharmacokinetics, 34 (1998) 429-455.

[8] T. van Gelder, Y. Le Meur, L.M. Shaw, M. Oellerich, D. DeNofrio, C. Holt, D.W. Holt,
B. Kaplan, D. Kuypers, B. Meiser, B. Toenshoff, R.D. Mamelok, Therapeutic drug
monitoring of mycophenolate mofetil in transplantation, Therapeutic drug monitoring, 28
(2006) 145-154.

[9] L.M. Shaw, M. Figurski, M.C. Milone, J. Trofe, R.D. Bloom, Therapeutic drug monitoring
of mycophenolic acid, Clinical journal of the American Society of Nephrology : CJASN, 2
(2007) 1062-1072.

[10] H. Jeong, B. Kaplan, Therapeutic monitoring of mycophenolate mofetil, Clinical
journal of the American Society of Nephrology : CJASN, 2 (2007) 184-191.

105



[11] L.M. Shaw, A. Nicholls, M. Hale, V.W. Armstrong, M. Oellerich, R. Yatscoff, R.E.
Morris, D.W. Holt, R. Venkataramanan, J. Haley, P. Halloran, R. Ettenger, P. Keown, R.G.
Morris, Therapeutic monitoring of mycophenolic acid. A consensus panel report, Clinical
biochemistry, 31 (1998) 317-322.

[12] C.E. Staatz, S.E. Tett, Clinical pharmacokinetics and pharmacodynamics of
mycophenolate in solid organ transplant recipients, Clinical pharmacokinetics, 46 (2007)
13-58.

[13] R. Bullingham, S. Monroe, A. Nicholls, M. Hale, Pharmacokinetics and bioavailability
of mycophenolate mofetil in healthy subjects after single-dose oral and intravenous
administration, Journal of clinical pharmacology, 36 (1996) 315-324.

[14] V. Lamba, K. Sangkuhl, K. Sanghavi, A. Fish, R.B. Altman, T.E. Klein, PharmGKB
summary: mycophenolic acid pathway, Pharmacogenetics and genomics, 24 (2014) 73-
79.

[15] Z. Jiao, J.J. Ding, J. Shen, H.Q. Liang, L.J. Zhong, Y. Wang, M.K. Zhong, W.Y. Lu,
Population pharmacokinetic modelling for enterohepatic circulation of mycophenolic acid
in healthy Chinese and the influence of polymorphisms in UGT1A9, British journal of
clinical pharmacology, 65 (2008) 893-907.

[16] P. Jacobson, S.F. El-Massah, J. Rogosheske, A. Kerr, J. Long-Boyle, T. DeFor, C.
Jennissen, C. Brunstein, J. Wagner, M. Tomblyn, D. Weisdorf, Comparison of two
mycophenolate mofetil dosing regimens after hematopoietic cell transplantation, Bone
marrow transplantation, 44 (2009) 113-120.

[17] R.M. van Hest, J.K. Doorduijn, B.C. de Winter, J.J. Cornelissen, A.G. Vulto, M.
Oellerich, B. Lowenberg, R.A. Mathot, V.W. Armstrong, T. van Gelder, Pharmacokinetics
of mycophenolate mofetil in hematopoietic stem cell transplant recipients, Therapeutic
drug monitoring, 29 (2007) 353-360.

[18] R.A. Nash, L. Johnston, P. Parker, J.S. McCune, B. Storer, J.T. Slattery, T. Furlong,
C. Anasetti, F.R. Appelbaum, M.E. Lloid, H.J. Deeg, H.P. Kiem, P.J. Martin, M.M. Schubert,
R.P. Witherspoon, S.J. Forman, K.G. Blume, R. Storb, A phase I/l study of
mycophenolate mofetil in combination with cyclosporine for prophylaxis of acute graft-
versus-host disease after myeloablative conditioning and allogeneic hematopoietic cell
transplantation, Biology of blood and marrow transplantation : journal of the American
Society for Blood and Marrow Transplantation, 11 (2005) 495-505.

[19] D.A. Hesselink, R.M. van Hest, R.A. Mathot, F. Bonthuis, W. Weimar, R.W. de Bruin,
T. van Gelder, Cyclosporine interacts with mycophenolic acid by inhibiting the multidrug
resistance-associated protein 2, American journal of transplantation : official journal of the
American Society of Transplantation and the American Society of Transplant Surgeons, 5
(2005) 987-994.

106



[20] P. Jacobson, K. Green, J. Rogosheske, C. Brunstein, B. Ebeling, T. DeFor, P.
McGlave, D. Weisdorf, Highly variable mycophenolate mofetil bioavailability following
nonmyeloablative hematopoietic cell transplantation, Journal of clinical pharmacology, 47
(2007) 6-12.

[21] M. Bornhauser, U. Schuler, G. Porksen, R. Naumann, G. Geissler, C. Thiede, R.
Schwerdtfeger, G. Ehninger, H.M. Thiede, Mycophenolate mofetil and cyclosporine as
graft-versus-host disease prophylaxis after allogeneic blood stem cell transplantation,
Transplantation, 67 (1999) 499-504.

[22] B.C. de Winter, R.A. Mathot, F. Sombogaard, A.G. Vulto, T. van Gelder, Nonlinear
relationship between mycophenolate mofetil dose and mycophenolic acid exposure:
implications for therapeutic drug monitoring, Clinical journal of the American Society of
Nephrology : CJASN, 6 (2011) 656-663.

[23] P. Jacobson, J. Rogosheske, J.N. Barker, K. Green, J. Ng, D. Weisdorf, Y. Tan, J.
Long, R. Remmel, R. Sawchuk, P. McGlave, Relationship of mycophenolic acid exposure
to clinical outcome after hematopoietic cell transplantation, Clinical pharmacology and
therapeutics, 78 (2005) 486-500.

[24] L. Giaccone, J.S. McCune, M.B. Maris, T.A. Gooley, B.M. Sandmaier, J.T. Slattery,
S. Cole, R.A. Nash, R.F. Storb, G.E. Georges, Pharmacodynamics of mycophenolate
mofetil after nonmyeloablative conditioning and unrelated donor hematopoietic cell
transplantation, Blood, 106 (2005) 4381-4388.

[25] K. Bowalgaha, J.O. Miners, The glucuronidation of mycophenolic acid by human liver,
kidney and jejunum microsomes, British journal of clinical pharmacology, 52 (2001) 605-
609.

[26] L.Z. Benet, P. Zia-Amirhosseini, Basic principles of pharmacokinetics, Toxicologic
pathology, 23 (1995) 115-123.

[27] M. Rowland, Protein binding and drug clearance, Clinical pharmacokinetics, 9 Suppl
1 (1984) 10-17.

[28] B.C. de Winter, R.A. Mathot, F. Sombogaard, I. Neumann, R.M. van Hest, J.K.
Doorduijn, T. van Gelder, Differences in clearance of mycophenolic acid among renal
transplant recipients, hematopoietic stem cell transplant recipients, and patients with
autoimmune disease, Therapeutic drug monitoring, 32 (2010) 606-614.

[29] A. Jenke, U. Renner, M. Richte, J. Freiberg-Richter, U. Platzbecker, A. Helwig, H.M.
Thiede, K. Schafer-Eckart, G. Ehninger, M. Bornhauser, Pharmacokinetics of intravenous
mycophenolate mofetil after allogeneic blood stem cell transplantation, Clinical
transplantation, 15 (2001) 176-184.

107



[30] P. Jacobson, J. Huang, N. Rydholm, M. Tran, T. Defor, J. Tolar, P.J. Orchard, Higher
mycophenolate dose requirements in children undergoing hematopoietic cell transplant
(HCT), Journal of clinical pharmacology, 48 (2008) 485-494.

[31] P.A. Jacobson, J. Huang, J. Wu, M. Kim, B. Logan, A. Alousi, M. Grimley, J. Bolanos-
Meade, V. Ho, J.E. Levine, D. Weisdorf, Mycophenolate pharmacokinetics and
association with response to acute graft-versus-host disease treatment from the Blood
and Marrow Transplant Clinical Trials Network, Biology of blood and marrow
transplantation : journal of the American Society for Blood and Marrow Transplantation,
16 (2010) 421-429.

[32] H. Li, D.E. Mager, B.M. Sandmaier, D.G. Maloney, M.J. Bemer, J.S. McCune,
Population pharmacokinetics and dose optimization of mycophenolic acid in HCT
recipients receiving oral mycophenolate mofetil, Journal of clinical pharmacology, 53
(2013) 393-402.

[33] L. Zeng, E.Y. Blair, C.E. Nath, P.J. Shaw, J.W. Earl, K. Stephen, K. Montgomery, J.C.
Coakley, E. Hodson, M. Stormon, A.J. McLachlan, Population pharmacokinetics of
mycophenolic acid in children and young people undergoing blood or marrow and solid
organ transplantation, British journal of clinical pharmacology, 70 (2010) 567-579.

[34] H. Kim, J. Long-Boyle, N. Rydholm, P.J. Orchard, J. Tolar, A.R. Smith, P. Jacobson,
R. Brundage, Population pharmacokinetics of unbound mycophenolic acid in pediatric and
young adult patients undergoing allogeneic hematopoietic cell transplantation, Journal of
clinical pharmacology, 52 (2012) 1665-1675.

[35] A. Frymoyer, D. Verotta, P. Jacobson, J. Long-Boyle, Population pharmacokinetics of
unbound mycophenolic acid in adult allogeneic haematopoietic cell transplantation: effect
of pharmacogenetic factors, British journal of clinical pharmacology, 75 (2013) 463-475.

[36] H.J. Downing, M. Pirmohamed, M.W. Beresford, R.L. Smyth, Paediatric use of
mycophenolate mofetil, British journal of clinical pharmacology, 75 (2013) 45-59.

[37] M. Bhatia, O. Militano, Z. Jin, M. Figurski, L. Shaw, V. Moore, E. Morris, B. Tallamy,
C. van deVen, J. Ayello, L. Baxter-Lowe, P. Satwani, D. George, M.B. Bradley, J. Garvin,
M.S. Cairo, An age-dependent pharmacokinetic study of intravenous and oral
mycophenolate mofetil in combination with tacrolimus for GVHD prophylaxis in pediatric
allogeneic stem cell transplantation recipients, Biology of blood and marrow
transplantation : journal of the American Society for Blood and Marrow Transplantation,
16 (2010) 333-343.

[38] T. Fukuda, J. Goebel, S. Cox, D. Maseck, K. Zhang, J.R. Sherbotie, E.N. Ellis, L.P.
James, R.M. Ward, A.A. Vinks, UGT1A9, UGT2B7, and MRP2 genotypes can predict
mycophenolic acid pharmacokinetic variability in pediatric kidney transplant recipients,
Therapeutic drug monitoring, 34 (2012) 671-679.

108



[39] E. Levesque, R. Delage, M.O. Benoit-Biancamano, P. Caron, O. Bernard, F. Couture,
C. Guillemette, The impact of UGT1A8, UGT1A9, and UGT2B7 genetic polymorphisms
on the pharmacokinetic profile of mycophenolic acid after a single oral dose in healthy
volunteers, Clinical pharmacology and therapeutics, 81 (2007) 392-400.

[40] D. Guo, L.F. Pang, Y. Han, H. Yang, G. Wang, Z.R. Tan, W. Zhang, H.H. Zhou,
Polymorphisms of UGT1A9 and UGT2BY7 influence the pharmacokinetics of mycophenolic
acid after a single oral dose in healthy Chinese volunteers, European journal of clinical
pharmacology, 69 (2013) 843-849.

[41] W.X. Zhang, B. Chen, Z. Jin, Z. Yu, X. Wang, H. Chen, A. Mao, W. Cali, Influence of
uridine diphosphate (UDP)-glucuronosyltransferases and ABCC2 genetic polymorphisms
on the pharmacokinetics of mycophenolic acid and its metabolites in Chinese renal
transplant recipients, Xenobiotica; the fate of foreign compounds in biological systems, 38
(2008) 1422-1436.

[42] D.R. Kuypers, M. Naesens, S. Vermeire, Y. Vanrenterghem, The impact of uridine
diphosphate-glucuronosyltransferase 1A9 (UGT1A9) gene promoter region single-
nucleotide polymorphisms T-275A and C-2152T on early mycophenolic acid dose-interval
exposure in de novo renal allograft recipients, Clinical pharmacology and therapeutics, 78
(2005) 351-361.

[43] S. Baldelli, S. Merlini, N. Perico, A. Nicastri, M. Cortinovis, E. Gotti, G. Remuzzi, D.
Cattaneo, C-440T/T-331C polymorphisms in the UGT1A9 gene affect the
pharmacokinetics of mycophenolic acid in kidney transplantation, Pharmacogenomics, 8
(2007) 1127-1141.

[44] O. Bernard, J. Tojcic, K. Journault, L. Perusse, C. Guillemette, Influence of
nonsynonymous polymorphisms of UGT1A8 and UGT2B7 metabolizing enzymes on the
formation of phenolic and acyl glucuronides of mycophenolic acid, Drug metabolism and
disposition: the biological fate of chemicals, 34 (2006) 1539-1545.

[45] N. Lloberas, J. Torras, J.M. Cruzado, F. Andreu, F. Oppenheimer, J. Sanchez-Plumed,
M.A. Gentil, M. Brunet, H. Ekberg, J.M. Grinyo, G. Spanish Pharmacogenetic Symphony
Substudy, Influence of MRP2 on MPA pharmacokinetics in renal transplant recipients-
results of the Pharmacogenomic Substudy within the Symphony Study, Nephrology,
dialysis, transplantation : official publication of the European Dialysis and Transplant
Association - European Renal Association, 26 (2011) 3784-3793.

[46] D.D. Trevisan, J.B. Silva, H.C. Oliveira, S.R. Secoli, M.H. Lima, Prevalence and
clinical significance of potential drug-drug interaction in hematopoietic stem cell
transplantation, Cancer chemotherapy and pharmacology, 75 (2015) 393-400.

[47] B. Glotzbecker, C. Duncan, E. Alyea, 3rd, B. Campbell, R. Soiffer, Important drug
interactions in hematopoietic stem cell transplantation: what every physician should know,

109



Biology of blood and marrow transplantation : journal of the American Society for Blood
and Marrow Transplantation, 18 (2012) 989-1006.

[48] H. Li, D.E. Mager, B.M. Sandmaier, B.E. Storer, M.J. Boeckh, M.J. Bemer, B.R.
Phillips, L.J. Risler, J.S. McCune, Pharmacokinetic and pharmacodynamic analysis of
inosine monophosphate dehydrogenase activity in hematopoietic cell transplantation
recipients treated with mycophenolate mofetil, Biology of blood and marrow
transplantation : journal of the American Society for Blood and Marrow Transplantation,
20 (2014) 1121-1129.

[49] O.J. Naderer, R.E. Dupuis, E.L. Heinzen, K. Wiwattanawongsa, M.W. Johnson, P.C.
Smith, The influence of norfloxacin and metronidazole on the disposition of
mycophenolate mofetil, Journal of clinical pharmacology, 45 (2005) 219-226.

[50] S. Lam, N. Partovi, L.S. Ting, M.H. Ensom, Corticosteroid interactions with
cyclosporine, tacrolimus, mycophenolate, and sirolimus: fact or fiction?, The Annals of
pharmacotherapy, 42 (2008) 1037-1047.

[51] D. Cattaneo, N. Perico, F. Gaspari, E. Gotti, G. Remuzzi, Glucocorticoids interfere
with mycophenolate mofetil bioavailability in kidney transplantation, Kidney international,
62 (2002) 1060-1067.

[52] K. Rupprecht, C. Schmidt, A. Raspe, F. Schweda, M. Shipkova, W. Fischer, M. Bucher,
F. Kees, L. Faerber, Bioavailability of mycophenolate mofetil and enteric-coated
mycophenolate sodium is differentially affected by pantoprazole in healthy volunteers,
Journal of clinical pharmacology, 49 (2009) 1196-1201.

[53] B. Royer, F. Larosa, F. Legrand, P. Gerritsen-van Schieveen, M. Berard, J.P. Kantelip,
E. Deconinck, Pharmacokinetics of mycophenolic acid administered 3 times daily after
hematopoietic stem cell transplantation with reduced-intensity regimen, Biology of blood
and marrow transplantation : journal of the American Society for Blood and Marrow
Transplantation, 15 (2009) 1134-1139.

[54] I. Osunkwo, O. Bessmertny, L. Harrison, Y.K. Cheung, C. Van de Ven, G. del Toro,
J. Garvin, D. George, M.B. Bradley, K. Wolownik, C. Wischhover, J. Levy, D. Skerrett,
M.S. Cairo, A pilot study of tacrolimus and mycophenolate mofetil graft-versus-host
disease prophylaxis in childhood and adolescent allogeneic stem cell transplant recipients,
Biology of blood and marrow transplantation : journal of the American Society for Blood
and Marrow Transplantation, 10 (2004) 246-258.

[55] I. Haentzschel, J. Freiberg-Richter, U. Platzbecker, A. Kiani, J. Schetelig, T. llimer, G.
Ehninger, E. Schleyer, M. Bornhauser, Targeting mycophenolate mofetil for graft-versus-
host disease prophylaxis after allogeneic blood stem cell transplantation, Bone marrow
transplantation, 42 (2008) 113-120.

110



[56] P. Hiwarkar, B.E. Shaw, J.M. Tredger, N.W. Brown, S. Kulkarni, R. Saso, S. Evans,
J. Treleaven, F.E. Davies, M.E. Ethell, G.J. Morgan, M.N. Potter, Mycophenolic acid
trough level monitoring: relevance in acute and chronic graft versus host disease and its
relation with albumin, Clinical transplantation, 25 (2011) 222-227.

[57] A. Okamura, M. Yamamori, M. Shimoyama, Y. Kawano, H. Kawano, Y. Kawamori, S.
Nishikawa, K. Minagawa, K. Yakushijin, Y. Katayama, T. Sakaeda, M. Hirai, T. Matsui,
Pharmacokinetics-based optimal dose-exploration of mycophenolate mofetil in allogeneic
hematopoietic stem cell transplantation, International journal of hematology, 88 (2008)
104-110.

[58] J. Ng, J. Rogosheske, J. Barker, D. Weisdorf, P.A. Jacobson, A limited sampling
model for estimation of total and unbound mycophenolic acid (MPA) area under the curve
(AUC) in hematopoietic cell transplantation (HCT), Therapeutic drug monitoring, 28 (2006)
394-401.

[59] C.L. McDermott, B.M. Sandmaier, B. Storer, H. Li, D.E. Mager, M.J. Boeckh, M.J.
Bemer, J. Knutson, J.S. McCune, Nonrelapse mortality and mycophenolic acid exposure
in nonmyeloablative hematopoietic cell transplantation, Biology of blood and marrow
transplantation : journal of the American Society for Blood and Marrow Transplantation,
19 (2013) 1159-1166.

[60] J.S. McCune, P. Jacobson, A. Wiseman, O. Militano, Optimizing drug therapy in
pediatric SCT: focus on pharmacokinetics, Bone marrow transplantation, 50 (2015) 165-
172.

[61] S.B. Duffull, D.F. Wright, H.R. Winter, Interpreting population pharmacokinetic-
pharmacodynamic analyses - a clinical viewpoint, British journal of clinical pharmacology,
71 (2011) 807-814.

[62] M. Dong, T. Fukuda, A.A. Vinks, Optimization of mycophenolic acid therapy using
clinical pharmacometrics, Drug metabolism and pharmacokinetics, 29 (2014) 4-11.

[63] P. Glander, P. Hambach, K.P. Braun, L. Fritsche, M. Giessing, |. Mai, G. Einecke, J.
Waiser, H.H. Neumayer, K. Budde, Pre-transplant inosine monophosphate
dehydrogenase activity is associated with clinical outcome after renal transplantation,
American journal of transplantation : official journal of the American Society of
Transplantation and the American Society of Transplant Surgeons, 4 (2004) 2045-2051.

[64] T. Fukuda, J. Goebel, H. Thogersen, D. Maseck, S. Cox, B. Logan, J. Sherbotie, M.
Seikaly, A.A. Vinks, Inosine monophosphate dehydrogenase (IMPDH) activity as a
pharmacodynamic biomarker of mycophenolic acid effects in pediatric kidney transplant
recipients, Journal of clinical pharmacology, 51 (2011) 309-320.

111



[65] P.F. Halloran, Molecular mechanisms of new immunosuppressants, Clinical
transplantation, 10 (1996) 118-123.

[66] I. Nowak, L.M. Shaw, Effect of mycophenolic acid glucuronide on inosine
monophosphate dehydrogenase activity, Therapeutic drug monitoring, 19 (1997) 358-360.

[67] M. Shipkova, V.W. Armstrong, L. Weber, P.D. Niedmann, E. Wieland, J. Haley, B.
Tonshoff, M. Oellerich, R. German Study Group on Mycophenolate Mofetil Therapy in
Pediatric Renal Transplant, Pharmacokinetics and protein adduct formation of the
pharmacologically active acyl glucuronide metabolite of mycophenolic acid in pediatric
renal transplant recipients, Therapeutic drug monitoring, 24 (2002) 390-399.

[68] H. Horng, H. Spahn-Langguth, L.Z. Benet, Mechanistic Role of Acyl Glucuronides, in:
L.D. DelLeve, N. Kaplowitz (Eds.), Drug-Induced Liver Disease, 3 ed., Academic Press,
2013, pp. 35-47.

[69] S.L. Regan, J.L. Maggs, T.G. Hammond, C. Lambert, D.P. Williams, B.K. Park, Acyl
glucuronides: the good, the bad and the ugly, Biopharmaceutics & drug disposition, 31
(2010) 367-395.

[70] M.J. Bailey, R.G. Dickinson, Acyl glucuronide reactivity in perspective: biological
consequences, Chemico-biological interactions, 145 (2003) 117-137.

[71] M. Kawanishi, I. Yano, K. Yoshimura, T. Yamamoto, S. Hashi, S. Masuda, T. Kondo,
A. Takaori-Kondo, K. Matsubara, Sensitive and validated LC-MS/MS methods to evaluate
mycophenolic acid pharmacokinetics and pharmacodynamics in hematopoietic stem cell
transplant patients, Biomedical chromatography : BMC, 29 (2015) 1309-1316.

[72] V. Upadhyay, V. Trivedi, G. Shah, M. Yadav, P.S. Shrivastav, Determination of
mycophenolic acid in human plasma by ultraperformance liquid chromatography tandem
mass spectrometry, Journal of Pharmaceutical Analysis, 4 (2014) 205-216.

[73] J. Klepacki, J. Klawitter, J. Bendrick-Peart, B. Schniedewind, S. Heischmann, T.
Shokati, U. Christians, J. Klawitter, A high-throughput U-HPLC-MS/MS assay for the
guantification of mycophenolic acid and its major metabolites mycophenolic acid
glucuronide and mycophenolic acid acyl-glucuronide in human plasma and urine, Journal
of chromatography. B, Analytical technologies in the biomedical and life sciences, 883-
884 (2012) 113-119.

[74] M.H. Wiesen, F. Farowski, M. Feldkotter, B. Hoppe, C. Muller, Liquid
chromatography-tandem mass spectrometry method for the quantification of
mycophenolic acid and its phenolic glucuronide in saliva and plasma using a standardized
saliva collection device, Journal of chromatography. A, 1241 (2012) 52-59.

112



[75] G. Brandhorst, F. Streit, S. Goetze, M. Oellerich, V.W. Armstrong, Quantification by
liquid chromatography tandem mass spectrometry of mycophenolic acid and its phenol
and acyl glucuronide metabolites, Clinical chemistry, 52 (2006) 1962-1964.

[76] K. Heinig, F. Bucheli, R. Hartenbach, A. Gajate-Perez, Determination of mycophenolic
acid and its phenyl glucuronide in human plasma, ultrafiltrate, blood, DBS and dried
plasma spots, Bioanalysis, 2 (2010) 1423-1435.

[77] B. Shen, S. Li, Y. Zhang, X. Yuan, Y. Fan, Z. Liu, Q. Hu, C. Yu, Determination of total,
free and saliva mycophenolic acid with a LC-MS/MS method: application to
pharmacokinetic study in healthy volunteers and renal transplant patients, Journal of
pharmaceutical and biomedical analysis, 50 (2009) 515-521.

[78] H. Benech, S. Hascoet, V. Furlan, A. Pruvost, A. Durrbach, Development and
validation of an LC/MS/MS assay for mycophenolic acid in human peripheral blood
mononuclear cells, Journal of chromatography. B, Analytical technologies in the
biomedical and life sciences, 853 (2007) 168-174.

[79] I. Laverdiere, P. Caron, F. Couture, E. Levesque, C. Guillemette, A liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method for monitoring drug
exposure in hematopoietic stem cell transplant recipients, Journal of chromatography. B,
Analytical technologies in the biomedical and life sciences, 885-886 (2012) 131-137.

[80] J. Kuhn, C. Prante, K. Kleesiek, C. Gotting, Measurement of mycophenolic acid and
its glucuronide using a novel rapid liquid chromatography-electrospray ionization tandem
mass spectrometry assay, Clinical biochemistry, 42 (2009) 83-90.

[81] X. Delavenne, L. Juthier, B. Pons, C. Mariat, T. Basset, UPLC MS/MS method for
guantification of mycophenolic acid and metabolites in human plasma: Application to
pharmacokinetic study, Clinica chimica acta; international journal of clinical chemistry, 412
(2011) 59-65.

[82] Z.1. Md Dom, B.D. Noll, J.K. Coller, A.A. Somogyi, G.R. Russ, D.A. Hesselink, T. van
Gelder, B.C. Sallustio, Validation of an LC-MS/MS method for the quantification of
mycophenolic acid in human kidney transplant biopsies, Journal of chromatography. B,
Analytical technologies in the biomedical and life sciences, 945-946 (2014) 171-177.

[83] US Food and Drug Administration. Guidance for Industry. Bioanalytical Method
Validation. Last updated 2013. Available from:
http://www.fda.gov/downloads/drugs/guidancecomplianceregulatoryinformation/guidance
s/ucm368107.pdf

[84] M. Shipkova, E. Schutz, V.W. Armstrong, P.D. Niedmann, M. Oellerich, E. Wieland,

Determination of the acyl glucuronide metabolite of mycophenolic acid in human plasma
by HPLC and Emit, Clinical chemistry, 46 (2000) 365-372.

113



[85] J. Trontelj, Quantification of Glucuronide Metabolites in Biological Matrices by LC-
MS/MS, in: J.K. Prasain (Eds.), Tandem Mass Spectrometry-Applications and Principles,
InTech, 2012, pp. 540.

[86] H. de Loor, M. Naesens, K. Verbeke, Y. Vanrenterghem, D.R. Kuypers, Stability of
mycophenolic acid and glucuronide metabolites in human plasma and the impact of
deproteinization methodology, Clinica chimica acta; international journal of clinical
chemistry, 389 (2008) 87-92.

[87] A.C. Allison, E.M. Eugui, Purine metabolism and immunosuppressive effects of
mycophenolate mofetil (MMF), Clinical transplantation, 10 (1996) 77-84.

[88] Y. Yashima, T. Ohgane, [Pharmacological profiles of mycophenolate mofetil
(CellCept), a new immunosuppressive agent], Nihon vyakurigaku zasshi. Folia
pharmacologica Japonica, 117 (2001) 131-137.

[89] N. Picard, D. Ratanasavanh, A. Premaud, Y. Le Meur, P. Marquet, Identification of
the UDP-glucuronosyltransferase isoforms involved in mycophenolic acid phase Il
metabolism, Drug metabolism and disposition: the biological fate of chemicals, 33 (2005)
139-146.

[90] O. Bernard, C. Guillemette, The main role of UGT1A9 in the hepatic metabolism of
mycophenolic acid and the effects of naturally occurring variants, Drug metabolism and
disposition: the biological fate of chemicals, 32 (2004) 775-778.

[91] T.A. Smits, S. Cox, T. Fukuda, J.R. Sherbotie, R.M. Ward, J. Goebel, A.A. Vinks,
Effects of unbound mycophenolic acid on inosine monophosphate dehydrogenase
inhibition in pediatric kidney transplant patients, Therapeutic drug monitoring, 36 (2014)
716-723.

[92] R.S. Obach, Pharmacologically active drug metabolites: impact on drug discovery
and pharmacotherapy, Pharmacological reviews, 65 (2013) 578-640.

[93] M.M. Aw, N.W. Brown, T. Itsuka, C.E. Gonde, J.E. Adams, N.D. Heaton, J.M. Tredger,

G. Mieli-Vergani, A. Dhawan, Mycophenolic acid pharmacokinetics in pediatric liver

transplant recipients, Liver transplantation : official publication of the American Association

for the Study of Liver Diseases and the International Liver Transplantation Society, 9 (2003)
383-388.

[94] A.C. Sagcal-Gironella, T. Fukuda, K. Wiers, S. Cox, S. Nelson, B. Dina, C.M. Sherwin,
M.S. Klein-Gitelman, A.A. Vinks, H.I. Brunner, Pharmacokinetics and pharmacodynamics
of mycophenolic acid and their relation to response to therapy of childhood-onset systemic
lupus erythematosus, Seminars in arthritis and rheumatism, 40 (2011) 307-313.

114



[95] L.S. Ting, N. Partovi, R.D. Levy, K.W. Riggs, M.H. Ensom, Pharmacokinetics of
mycophenolic acid and its phenolic-glucuronide and ACYI glucuronide metabolites in
stable thoracic transplant recipients, Therapeutic drug monitoring, 30 (2008) 282-291.

[96] E.K. Todorova, S.H. Huang, M.C. Kobrzynski, G. Filler, What is the intrapatient
variability of mycophenolic acid trough levels?, Pediatric transplantation, 19 (2015) 669-
674.

[97] Blood and Marrow Transplant Clinical Trials Network. Technical Manual of
Procedures. 2013; Chapter 2. Available at
https://web.emmes.com/study/bmt2/public/MOP/BMT%20CTN%20Technical%20MOP%
20v3.pdf

[98] I. Nowak, L.M. Shaw, Mycophenolic acid binding to human serum albumin:
characterization and relation to pharmacodynamics, Clinical chemistry, 41 (1995) 1011-
1017.

[99] R.M. van Hest, R.A. Mathot, M.D. Pescovitz, R. Gordon, R.D. Mamelok, T. van Gelder,
Explaining variability in mycophenolic acid exposure to optimize mycophenolate mofetil
dosing: a population pharmacokinetic meta-analysis of mycophenolic acid in renal
transplant recipients, Journal of the American Society of Nephrology : JASN, 17 (2006)
871-880.

[100] B.A. Atcheson, P.J. Taylor, D.W. Mudge, D.W. Johnson, C.M. Hawley, S.B.
Campbell, N.M. Isbel, P.I. Pillans, S.E. Tett, Mycophenolic acid pharmacokinetics and
related outcomes early after renal transplant, British journal of clinical pharmacology, 59
(2005) 271-280.

[101] Y.H. Park, S. Hwang, G.W. Song, D.H. Jung, C.S. Ahn, K.H. Kim, D.B. Moon, T.Y.
Ha, G.C. Park, N. Kim, S.G. Lee, Correlation between mycophenolic acid blood level and
renal dysfunction in stable liver transplant recipients receiving mycophenolate
monotherapy, Transplantation proceedings, 46 (2014) 811-815.

[102] D.R. Kuypers, K. Claes, P. Evenepoel, B. Maes, W. Coosemans, J. Pirenne, Y.
Vanrenterghem, Long-term changes in mycophenolic acid exposure in combination with
tacrolimus and corticosteroids are dose dependent and not reflected by trough plasma
concentration: a prospective study in 100 de novo renal allograft recipients, Journal of
clinical pharmacology, 43 (2003) 866-880.

[103] D. Cattaneo, F. Gaspari, S. Ferrari, N. Stucchi, L. Del Priore, N. Perico, E. Gotti, G.
Remuzzi, Pharmacokinetics help optimizing mycophenolate mofetil dosing in kidney
transplant patients, Clinical transplantation, 15 (2001) 402-409.

[104] P. Morissette, C. Albert, S. Busque, G. St-Louis, B. Vinet, In vivo higher
glucuronidation of mycophenolic acid in male than in female recipients of a cadaveric

115



kidney allograft and under immunosuppressive therapy with mycophenolate mofetil,
Therapeutic drug monitoring, 23 (2001) 520-525.

[105] R.M. van Hest, T. van Gelder, A.G. Vulto, R.A. Mathot, Population pharmacokinetics
of mycophenolic acid in renal transplant recipients, Clinical pharmacokinetics, 44 (2005)
1083-1096.

[106] K.M. Tornatore, C.J. Meaney, G.E. Wilding, S.S. Chang, A. Gundroo, L.M. Cooper,
V. Gray, K. Shin, G.J. Fetterly, J. Prey, K. Clark, R.C. Venuto, Influence of sex and race
on mycophenolic acid pharmacokinetics in stable African American and Caucasian renal
transplant recipients, Clinical pharmacokinetics, 54 (2015) 423-434.

[107] M.D. Pescovitz, A. Guasch, R. Gaston, P. Rajagopalan, S. Tomlanovich, S.
Weinstein, G.L. Bumgardner, L. Melton, P.S. Ducray, L. Banken, J. Hall, B.X. Boutouyrie,
Equivalent pharmacokinetics of mycophenolate mofetil in African-American and
Caucasian male and female stable renal allograft recipients, American journal of
transplantation : official journal of the American Society of Transplantation and the
American Society of Transplant Surgeons, 3 (2003) 1581-1586.

[108] R.J. Gajarski, D.C. Crowley, M.C. Zamberlan, K.D. Lake, Lack of correlation
between MMF dose and MPA level in pediatric and young adult cardiac transplant patients:
does the MPA level matter?, American journal of transplantation : official journal of the
American Society of Transplantation and the American Society of Transplant Surgeons, 4
(2004) 1495-1500.

[109] M. Shipkova, V.W. Armstrong, D. Kuypers, F. Perner, V. Fabrizi, H. Holzer, E.
Wieland, M. Oellerich, M.M.F.C.C.S. Group, Effect of cyclosporine withdrawal on
mycophenolic acid pharmacokinetics in kidney transplant recipients with deteriorating
renal function: preliminary report, Therapeutic drug monitoring, 23 (2001) 717-721.

[110] G.I. Hubner, R. Eismann, W. Sziegoleit, Drug interaction between mycophenolate
mofetil and tacrolimus detectable within therapeutic mycophenolic acid monitoring in renal
transplant patients, Therapeutic drug monitoring, 21 (1999) 536-539.

[111] K. Zucker, A. Tsaroucha, L. Olson, V. Esquenazi, A. Tzakis, J. Miller, Evidence that
tacrolimus augments the bioavailability of mycophenolate mofetil through the inhibition of
mycophenolic acid glucuronidation, Therapeutic drug monitoring, 21 (1999) 35-43.

[112] J.M. Grinyo, H. Ekberg, R.D. Mamelok, F. Oppenheimer, J. Sanchez-Plumed, M.A.
Gentil, D. Hernandez, D.R. Kuypers, M. Brunet, The pharmacokinetics of mycophenolate
mofetil in renal transplant recipients receiving standard-dose or low-dose cyclosporine,
low-dose tacrolimus or low-dose sirolimus: the Symphony pharmacokinetic substudy,
Nephrology, dialysis, transplantation : official publication of the European Dialysis and
Transplant Association - European Renal Association, 24 (2009) 2269-2276.

116



[113] C.J. Young, H.W. Sollinger, RS-61443: a new immunosuppressive agent,
Transplantation proceedings, 26 (1994) 3144-3146.

[114] R. Storb, C. Yu, J.L. Wagner, H.J. Deeg, R.A. Nash, H.P. Kiem, W. Leisenring, H.
Shulman, Stable mixed hematopoietic chimerism in DLA-identical littermate dogs given
sublethal total body irradiation before and pharmacological immunosuppression after
marrow transplantation, Blood, 89 (1997) 3048-3054.

[115] C. Yu, K. Seidel, R.A. Nash, H.J. Deeg, B.M. Sandmaier, A. Barsoukov, E. Santos,
R. Storb, Synergism between mycophenolate mofetil and cyclosporine in preventing graft-
versus-host disease among lethally irradiated dogs given DLA-nonidentical unrelated
marrow grafts, Blood, 91 (1998) 2581-2587.

[116] P.A. McSweeney, D. Niederwieser, J.A. Shizuru, B.M. Sandmaier, A.J. Molina, D.G.
Maloney, T.R. Chauncey, T.A. Gooley, U. Hegenbart, R.A. Nash, J. Radich, J.L. Wagner,
S. Minor, F.R. Appelbaum, W.I. Bensinger, E. Bryant, M.E. Flowers, G.E. Georges, F.C.
Grumet, H.P. Kiem, B. Torok-Storb, C. Yu, K.G. Blume, R.F. Storb, Hematopoietic cell
transplantation in older patients with hematologic malignancies: replacing high-dose
cytotoxic therapy with graft-versus-tumor effects, Blood, 97 (2001) 3390-3400.

[117] N. Basara, W.l. Blau, M.G. Kiehl, B. Schmetzer, M. Bischoff, D. Kirsten, S.
Gunzelmann, A.A. Fauser, Mycophenolate mofetil for the prophylaxis of acute GVHD in
HLA-mismatched bone marrow transplant patients, Clinical transplantation, 14 (2000)
121-126.

[118] A. Takami, K. Mochizuki, H. Okumura, S. Ito, Y. Suga, H. Yamazaki, M. Yamazaki,
Y. Kondo, H. Asakura, S. Nakao, Mycophenolate mofetil is effective and well tolerated in
the treatment of refractory acute and chronic graft-versus-host disease, International
journal of hematology, 83 (2006) 80-85.

[119] J.G. Kim, S.K. Sohn, D.H. Kim, N.Y. Lee, J.S. Suh, K.S. Lee, K.B. Lee, Different
efficacy of mycophenolate mofetil as salvage treatment for acute and chronic GVHD after
allogeneic stem cell transplant, European journal of haematology, 73 (2004) 56-61.

[120] B. Mookerjee, V. Altomonte, G. Vogelsang, Salvage therapy for refractory chronic
graft-versus-host disease with mycophenolate mofetil and tacrolimus, Bone marrow
transplantation, 24 (1999) 517-520.

[121] W. Sabry, R. Le Blanc, A.C. Labbe, G. Sauvageau, S. Couban, T. Kiss, L. Busque,
S. Cohen, S. Lachance, D.C. Roy, J. Roy, Graft-versus-host disease prophylaxis with
tacrolimus and mycophenolate mofetil in HLA-matched nonmyeloablative transplant
recipients is associated with very low incidence of GVHD and nonrelapse mortality,
Biology of blood and marrow transplantation : journal of the American Society for Blood
and Marrow Transplantation, 15 (2009) 919-929.

117



[122] F. Lopez, P. Parker, A. Nademanee, R. Rodriguez, Z. Al-Kadhimi, R. Bhatia, S.
Cohen, P. Falk, H. Fung, M. Kirschbaum, A. Krishnan, N. Kogut, A. Molina, R. Nakamura,
M. O'Donnell, L. Popplewell, V. Pullarkat, J. Rosenthal, F. Sahebi, E. Smith, D. Snyder,
G. Somlo, R. Spielberger, A. Stein, R. Sweetman, J. Zain, S. Forman, Efficacy of
mycophenolate mofetil in the treatment of chronic graft-versus-host disease, Biology of
blood and marrow transplantation : journal of the American Society for Blood and Marrow
Transplantation, 11 (2005) 307-313.

[123] D.R. Kuypers, Y. Le Meur, M. Cantarovich, M.J. Tredger, S.E. Tett, D. Cattaneo, B.
Tonshoff, D.W. Holt, J. Chapman, T. Gelder, T.D.M.0.M.P.A. Transplantation Society
Consensus Group on, Consensus report on therapeutic drug monitoring of mycophenolic
acid in solid organ transplantation, Clinical journal of the American Society of Nephrology :
CJASN, 5 (2010) 341-358.

[124] C.E. Staatz, S.B. Duffull, B. Kiberd, A.D. Fraser, S.E. Tett, Population
pharmacokinetics of mycophenolic acid during the first week after renal transplantation,
European journal of clinical pharmacology, 61 (2005) 507-516.

[125] B.J. Anderson, N.H. Holford, Mechanism-based concepts of size and maturity in
pharmacokinetics, Annual review of pharmacology and toxicology, 48 (2008) 303-332.

[126] B.J. Anderson, N.H. Holford, Mechanistic basis of using body size and maturation to
predict clearance in humans, Drug metabolism and pharmacokinetics, 24 (2009) 25-36.

[127] B. Meibohm, S. Laer, J.C. Panetta, J.S. Barrett, Population pharmacokinetic studies
in pediatrics: issues in design and analysis, The AAPS journal, 7 (2005) E475-487.

[128] S. Albers, B. Meibohm, T.S. Mir, S. Laer, Population pharmacokinetics and dose
simulation of carvedilol in paediatric patients with congestive heart failure, British journal
of clinical pharmacology, 65 (2008) 511-522.

[129] H.E. Vezina, R.C. Brundage, H.H. Balfour, Jr., Population pharmacokinetics of
valganciclovir prophylaxis in paediatric and adult solid organ transplant recipients, British
journal of clinical pharmacology, 78 (2014) 343-352.

[130] C.P. Strassburg, A. Strassburg, S. Kneip, A. Barut, R.H. Tukey, B. Rodeck, M.P.
Manns, Developmental aspects of human hepatic drug glucuronidation in young children
and adults, Gut, 50 (2002) 259-265.

[131] K. Abduljalil, M. Jamei, A. Rostami-Hodjegan, T.N. Johnson, Changes in individual
drug-independent system parameters during virtual paediatric pharmacokinetic trials:
introducing time-varying physiology into a paediatric PBPK model, The AAPS journal, 16
(2014) 568-576.

118



[132] M.H. Court, Interindividual variability in hepatic drug glucuronidation: studies into the
role of age, sex, enzyme inducers, and genetic polymorphism using the human liver bank
as a model system, Drug metabolism reviews, 42 (2010) 209-224.

[133] J. Alcorn, P.J. McNamara, Ontogeny of hepatic and renal systemic clearance
pathways in infants: part I, Clinical pharmacokinetics, 41 (2002) 959-998.

[134] I. Mahmood, Prediction of drug clearance in children from adults: a comparison of
several allometric methods, British journal of clinical pharmacology, 61 (2006) 545-557.

[135] I. Mahmood, Evaluation of sigmoidal maturation and allometric models: prediction of
propofol clearance in neonates and infants, American journal of therapeutics, 20 (2013)
21-28.

[136] C. Wang, K. Allegaert, M.Y. Peeters, D. Tibboel, M. Danhof, C.A. Knibbe, The
allometric exponent for scaling clearance varies with age: a study on seven propofol
datasets ranging from preterm neonates to adults, British journal of clinical pharmacology,
77 (2014) 149-159.

[137] C. Wang, M.Y. Peeters, K. Allegaert, H.J. Blusse van Oud-Alblas, E.H. Krekels, D.
Tibboel, M. Danhof, C.A. Knibbe, A bodyweight-dependent allometric exponent for scaling
clearance across the human life-span, Pharmaceutical research, 29 (2012) 1570-1581.

[138] H.J. Clewell, J. Teeguarden, T. McDonald, R. Sarangapani, G. Lawrence, T.
Covington, R. Gentry, A. Shipp, Review and evaluation of the potential impact of age- and
gender-specific pharmacokinetic differences on tissue dosimetry, Critical reviews in
toxicology, 32 (2002) 329-389.

[139] K.M. Tornatore, P. Sudchada, K. Dole, R. DiFrancesco, N. Leca, A.C. Gundroo, R.T.
Danison, K. Attwood, G.E. Wilding, J. Zack, A. Forrest, R.C. Venuto, Mycophenolic acid
pharmacokinetics during maintenance immunosuppression in African American and
Caucasian renal transplant recipients, Journal of clinical pharmacology, 51 (2011) 1213-
1222.

[140] A. Rother, P. Glander, E. Vitt, D. Czock, N. von Ahsen, V.W. Armstrong, M. Oellerich,
K. Budde, R. Feneberg, B. Tonshoff, L.T. Weber, Inosine monophosphate dehydrogenase
activity in paediatrics: age-related regulation and response to mycophenolic acid,
European journal of clinical pharmacology, 68 (2012) 913-922.

[141] G. Filler, J. Foster, R. Berard, I. Mai, N. Lepage, Age-dependency of mycophenolate
mofetil dosing in combination with tacrolimus after pediatric renal transplantation,
Transplantation proceedings, 36 (2004) 1327-1331.

[142] N. Chen, K. Aleksa, C. Woodland, M. Rieder, G. Koren, Ontogeny of drug elimination
by the human kidney, Pediatric nephrology, 21 (2006) 160-168.

119



