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Background

Mycophenolic Acid: Antibiotic and Immunosuppressant

Toward the end of the 19" century, the Italian scientist Bartolomeo Gosio searched for the
cause of pellagra among toxic substances in infected maize. In 1896, he reported the
isolation of a Penicillium strain from which a crystalline metabolic substance was obtained.
The metabolite was shown to inhibit the growth of Bacillus anthracis." Some years later, in
1913, the substance was re-isolated and named mycophenolic acid (MPA) by Alsberg and
Black.? Clutterback and Raistrick isolated MPA from Penicillium brevi-compactum and
reported tentative structural characteristics of the molecule in 1933.° Its structural formula
(Figure 1) was, however, not confirmed until 1952.%3

Investigations of the antibiotic activity of MPA were carried out in the 1940s. The
fungal metabolite demonstrated growth inhibition of certain microorganisms.® Antiviral and
antitumour activities of MPA were characterized during the 1960s. However, the in vivo
antiviral activity appeared to be lower than expected from in vitro studies, possibly due to
the counteracting immunosuppressive effect that was recognized at the same time.”” ¢ it
' The Lilly Research Laboratories caught interest in the pharmacodynamics of MPA and

studied its antiviral and antitumour activities,''"'®

extending into clinical trials of MPA
therapy in cancer patients. Only a slight antitumour effect was demonstrated.'* The Eli Lilly
and Company’s most promising program for taking MPA into clinical practice aimed at the
antiproliferative effect of MPA in the treatment of psoriasis in the 1970s. Several clinical
studies demonstrated that MPA (dose range 2400 to 7200 mg/day) reduced the severity of
psoriasis, though adverse effects like nausea, abdominal cramps, diarrhea, viral infections
and leukopenia were reported.”?° Ultimately, the adverse effect profile and
immunosuppressive potential of MPA caused the discontinuation of the multicenter
psoriasis trials in 1977-78.'%!

Still, the immunosuppressive activity of MPA became the pharmacological success
of this Penicillium metabolite. In 1972 Ohsugi et al. reported that MPA mediated prolonged

i i i : . . 22 quoted in 23
survival time of skin allografts in mice.* "¢ ™"

In the 1980s, Allison at Syntex Research
recognized the immunosuppressive potential of MPA in rejection prophylaxis following
organ transplantation, and a drug development program was initiated.”® The
pharmacokinetics of MPA was improved by morpholinoethyl ester derivatization. Based on

studies in monkeys, the morpholinoethyl ester prodrug (named mycophenolate mofetil:
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Figure 1. Molecule structures of mycophenolic acid and its drug derivatives.

MMF, RS-61443, molecule structure in Figure 1) demonstrated shorter time to reach
maximum concentration (tmay), higher bioavailability and less between-subject variability
compared to MPA.>® Pre-clinical studies on MMF demonstrated prolonged survival of

272
728 and renal

pancreatic islet allografts in mice,”® heart allografts in rats and monkeys
allografts in dogs.” Also, reversal of heart allograft rejection in rats*’ and renal allograft
rejection in dogs®® was demonstrated. A two-center dose-finding phase I/II clinical trial was
performed in human renal allograft recipients in order to investigate the safety,
pharmacokinetics and efficacy of MMF maintenance therapy combined with cyclosporine A
(CsA) and corticosteroids. Acceptable tolerability with daily oral doses up to 3500 mg
MMEF and significant correlation between rejection episodes and dosage was reported.’’
Subsequently, a five-center clinical trial addressing reversal of acute refractory cellular
rejection in renal transplant patients showed beneficial efficacy of MMF rescue therapy.*
The results from these early clinical studies opened for three multicenter, prospective,
randomized, double-blinded clinical trials that were initiated in 1992: the U.S. Renal
Transplant Mycophenolate Mofetil Study, the European Mycophenolate Mofetil
Cooperative Study and the Tricontinental Mycophenolate Mofetil Renal Transplantation
Study. The large-scale phase III trials in de novo renal transplant patients demonstrated
superior efficacy and acceptable safety of oral MMF maintenance therapy (1000 mg b.i.d.),
as part of a triple immunosuppressive regimen with CsA and corticosteroids, compared to

placebo and azathioprine (AZA).>>?* A pooled data analysis of MMF 1000 mg b.i.d. in the

12



three trials showed 50 % reduced incidence of acute rejection and a one-year graft survival
that was comparable to the combined placebo/AZA group.*

During the pre-marketing period MMF was included in Roche’s product line when
Syntex Research was acquired by F. Hoffmann-La Roche Ltd. As a curiosity, the MMF
brand name — CellCept® — is an acronym of the words “select” and “accept”.’” On May 3,
1995, about 100 years after the first isolation of MPA, regulatory authorities approved the
immunosuppressant MMF in rejection prophylaxis after renal allograft transplantation (U.S.

Food and Drug Administration, www.fda.gov/cder, Drugs@FDA).

Mycophenolic Acid in Transplant Immunosuppression

Following its approval in renal transplant patients (1000 mg b.i.d.), MMF was also approved
in maintenance rejection prophylaxis after transplantation of cardiac and liver allografts
(1500 mg b.i.d) (European Medicines Agency, U.S. Food and Drug Administration).
According to the label, MMF should be used concomitantly with CsA and corticosteroids.
However, since the mid-1990s, post-transplant immunosuppressive regimens have
increasingly turned into protocols favoring tacrolimus (Tac) as the cornerstone calcineurin
inhibitor. Consequently, in current transplant immunosuppression MMF is frequently
combined with Tac and corticosteroids. MMF has mostly replaced AZA in triple regimens
including calcineurin inhibitors and corticosteroids, and in quadruple regimens including
antibody-based induction, calcineurin inhibitors and corticosteroids (US data).*® The
superiority of MMF compared to AZA has later been questioned. A study in renal transplant
recipients showed similar efficacy of MMF and AZA, combined with CsA microemulsion
(Neoral®), in preventing acute rejection.’”*” However, the encouraging efficacy and safety
of MMF have probably facilitated the evolution of regimens that allow reduced steroid or
calcineurin inhibitor dose in attempts to decrease drug-related complications.*’ Although
MMF has not improved the one-year patient or graft survival, the ester prodrug has become
a frequent constituent in immunosuppressive protocols following transplantation of kidney,
pancreas, liver, heart and lung.***!

Mycophenolate mofetil does not induce irreversible organ toxicity or lipid
abnormalities. Nevertheless, in the three multicenter trials preceding its clinical launch, a
total of 113 of the 910 patients discontinued MMF. Gastrointestinal (GI) and hematological

symptoms dominate the adverse effect profile; primarily diarrhea, abdominal pain, nausea,
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vomiting, leukopenia and anemia. The incidence of these adverse events is reported to be
dose-dependent, and symptoms resolve with dose reduction or splitting, or discontinuation.
Increased risk of lymphomas and lymphoproliferative disease, though of low incidence, and
possibly tissue-invasive cytomegalovirus infection, are reported in relation to the use of
MMF (adverse events reviewed by Mele and Halloran*"). With respect to teratogenic
effects, the drug label was recently revised and now includes that MMF treatment during
pregnancy is associated with increased risk of pregnancy loss and congenital malformations.

Gastrointestinal intolerance has been the Achilles’ heel of the MMF therapy, and
enteric-coated mycophenolate sodium (EC-MPS, Myfortic®, molecule structure in Figure
1) was developed in an attempt to reduce possible MPA-induced upper GI irritation. This
delayed-release tablet was approved in rejection prophylaxis following renal transplantation,
combined with CsA and corticosteroids, by the Swiss Agency for Therapeutic Products in
2002. However, EC-MPS demonstrated similar efficacy and safety to near-equimolar doses
of MMF in de novo and maintenance renal transplant recipients, and no significant

improvement of GI adverse effects was achieved with the enteric-coated formulation.****

Mechanism of Action of Mycophenolic Acid

In 1969, Franklin and Cook reported that MPA-mediated inhibition of DNA synthesis in
cultured cells was reversed by the addition of guanine, but not by hypoxanthine, xanthine or
adenine. They demonstrated that MPA inhibited the conversion of ['*C]hypoxanthine into
xanthine and guanine fractions, and ultimately revealed that preparations of inosine
monophosphate dehydrogenase (IMP dehydrogenase, IMPDH, EC 1.1.1.205) were strongly
inhibited by MPA, with K; values between 3.0 x 10® and 4.5 x 10® mol/L.**

IMPDH catalyzes the oxidation of inosine 5’-monophosphate (IMP) to xanthosine
5’-monophosphate (XMP) in the de novo synthesis of guanine and deoxyguanine
nucleotides (Figure 2). This branch-point enzyme is usually referred to as rate-limiting in
the guanine nucleotide synthesis pathway, a suggestion originally based on studies in rat
liver.*® Nicotinamide adenine dinucleotide (NAD) is electron acceptor during the IMPDH-
catalyzed reaction, and the enzyme is dependent on potassium ion bound near the active site
for catalytic activity. A suggested reaction mechanism involves binding of IMP to IMPDH
followed by a nucleophilic attack on the C2 position of IMP by an active-site cysteine thiol
(Cys-331). The oxidation is accompanied with hydride transfer to NAD", and a covalent

14



Hypoxanthine ---1%»

Guanine -18., <M Adenine

Figure 2. Purine nucleotide synthesis. Phosphoribosyl pyrophosphate (PRPP), inosine
monophosphate (IMP), xanthosine monophosphate (XMP), guanosine mono-/di-
/triphosphate (GMP, GDP, GTP), deoxyguanosine di-/triphosphate (dGDP, dGTP),
succinyl-adenosine monophosphate (SAMP), adenosine mono-/di-/triphosphate (AMP,
ADP, ATP), deoxyadenosine di-/triphosphate (dADP, dATP). (1) IMP dehydrogenase
(IMPDH), (2) GMP synthase, (8) adenylosuccinate synthase, (9) adenylosuccinate
lyase, (3, 4, 6, 10, 11, 13) kinases, (5, 12) ribonucleotide reductases, (7) GMP
reductase, (14) AMP deaminase, (15, 16) hypoxanthine phosphoribosyltransferase, (17)

adenine phosphoribosyltransferase.

thioimidate intermediate is formed. NADH is then released and a catalytic water molecule
hydrolyzes the intermediate to produce XMP. The ring system of MPA is hypothesized to
mimic the nicotinamide ring of the cofactor, while the phenolic hydroxyl antagonizes the
catalytic water molecule. Thus, MPA blocks the hydrolysis of the covalent nucleotide-
enzyme intermediate and consequently the dissociation of XMP (Figure 3).”** With
respect to pharmacodynamics at the conformational level of the protein, MPA was reported
to induce a mobility shift of yeast IMPDH (IMD) upon gel electrophoresis.*’ A similar
mobility shift was reported for human IMPDH exposed to MPA.’*' It was further
demonstrated that MPA induced large intracellular IMPDH aggregates that to some extent
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attained the form of ring structures, and this aggregate formation was reversed by the

addition of guanosine 5’-triphosphate (GTP).*

IMP + IMPDH

|
IMP-IMPDH

NAD* >
NADH
Ki
(XMP)-IMPDH + MPA  +——= (XMP)-IMPDH-MPA

HZO \

XMP + IMPDH

Figure 3. Mycophenolic acid (MPA) blocks the dissociation of xanthosine
monophosphate (XMP) by uncompetitive, reversibel, tight-binding inhibition
of IMP dehydrogenase (IMPDH). Inosine monophosphate (IMP), nicotinamide
adenine dinucleotide (NAD), inhibition constant (K;).

The human IMPDH protein is a tetramer composed of 56 kDa monomers."” The
enzyme is expressed in two isoforms, IMPDH 1 and 2, which are encoded on distinct genes
and show 84 % identity in the peptide sequences of 514 amino acids.>® Substrate affinities
and catalytic turnover rates are comparable for IMPDH 1 and 2,*”** and both isoforms are
expressed in most tissues.”* In peripheral blood mononuclear cells (PBMCs) the gene
expression of JMPDHI is reported to be higher than the expression of IMPDH2.>*** Up-
regulation of the IMPDH?2 gene expression is related to the elevated IMPDH activity seen in
malignant transformation,”® while both IMPDH 1 and 2 mRNAs are induced upon
lymphocyte activation.>

Studies showed that MPA inhibits both IMPDH 1 and 2 in an uncompetitive manner
with respect to IMP and NAD (i.e. MPA binds non-competitively to the enzyme, after the
binding of substrate).*’** The K; values for MPA against IMPDH 1 and 2 were 3.3 x 10
and 7.0 x 10™ M, respectively, thereby classifying MPA as a tight-binding inhibitor of both
isoforms, and rendering IMPDH2 almost 5-fold more sensitive to MPA inhibition.*” MPA

binds non-covalently to IMPDH,* and several studies have demonstrated the reversibility of
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the interaction in vivo.””® It has been reported that MPA also inhibits guanosine
monophosphate synthase (GMP synthase, EC 6.3.5.2), the enzyme catalyzing the
conversion of XMP to GMP, with a K; value in the order of 10° mol/L.!? In the literature,
however, IMPDH is generally recognized as the specific target of MPA.

The immunosuppressive effect of MPA is mainly caused by its antiproliferative
activity against activated T and B lymphocytes undergoing clonal expansion. Proliferating
lymphocytes are selectively targeted by MPA because they are highly dependent on the de
novo purine synthesis. The MPA-mediated reductions of (deoxy)guanine nucleotides lead to
cell cycle arrest in the synthesis (S) phase due to blocking of DNA synthesis.®' Next to the
depletion of these purine nucleotides, other mechanisms may also contribute to the
immunosuppressive effect. The following processes are suppressed by MPA: Antibody
production, glycosylation and expression of certain adhesion molecules that facilitate
recruitment of mononuclear cells into sites of inflammation, maturation of dendritic cells
and production of nitric oxide by inducible nitric oxide synthase. In addition, MPA
presumably induces apoptosis of activated T lymphocyte subsets (extensive review of

mechanisms of action by Allison and Eugui’*®?).

Pharmacokinetics of Mycophenolic Acid

Following oral administration, MMF is efficiently absorbed and rapidly hydrolyzed to the
active agent MPA. The mean oral bioavailability of MPA (derived from MMF) was
reported to be 94 %, 81 % and 95 % relative to intravenous administration in healthy

volun‘[eers,63

renal® and heart transplant recipients,® respectively. As the in vivo plasma
half-life (t;,) appeared to be approximately 2 minutes for intravenous MMF, essentially
complete presystemic deesterification of oral MMF was demonstrated in healthy
volunteers.® Maximum plasma concentration (Cyax) of MPA occurs 1 to 2 hours after oral
MMF administration, and frequently a secondary peak attributed to entero-hepatic
circulation (EHC) appears 4 to 12 hours post-dose.®® It is suggested that the excretion of the
phenolic glucuronide metabolite of MPA into bile is facilitated by the multidrug resistance-
associated protein 2 (Mrp-2) in hepatocytes, and that reabsorption of MPA occurs after

deglucuronidation in the intestine.””* The contribution of EHC to the total MPA exposure

ranges between 10 % and 61 %.%
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According to the label, the absolute bioavailability of MPA is 72 % after oral
administration of EC-MPS in renal transplant recipients. With respect to the area under the
plasma concentration vs. time curve between time zero and 12 hours post-dose (AUCy.12n),
EC-MPS 720 mg b.i.d. demonstrates similar MPA exposure as MMF 1000 mg b.i.d. in
maintenance renal transplant patients. However, it should be noted that the
pharmacokinetics differ between the two formulations. The MPA C,a is slightly lower, the
time to reach peak concentration (ty.x) is longer and more variable, and the predose
concentration (Cy) of MPA is higher and more variable with EC-MPS than with MME.®7!

Ex vivo studies have shown that MPA is highly recovered in the plasma fraction of
the blood compartment.”>”> The drug is extensively bound to albumin as the unbound
fraction usually ranges between 1 % and 3 % relative to the total plasma concentration.”*”
While the MPA unbound fraction was fairly stable over a wide range of total MPA
concentrations, a non-linear inverse relationship was demonstrated between the MPA
unbound fraction and the concentration of albumin itself. Certain substances were reported
to potentially increase the MPA unbound fraction by competitive displacement. Importantly,
the MPA-mediated inhibition of IMPDH activity and cell proliferation was related to the
unbound drug concentration in vitro.”

According to clinical pharmacokinetic observations and consistent with its tight
binding to albumin, MPA is characterized as a restrictively cleared drug (i.e. the clearance is
limited by the unbound concentration).”® In healthy volunteers, the mean apparent terminal
t12 was reported to be approximately 17 hours.* However, estimation of the plasma t;;, of
MPA may be complicated by the EHC. MPA is almost entirely eliminated by metabolism.
The liver is the major metabolizing site, but the gut wall and the kidneys are presumably
also contributing. Most of the MMF dose is excreted in urine as the phenolic MPA 7-O-
glucuronide (MPAG).®® This major metabolite appears in plasma at concentrations 20- to
100-fold higher than MPA®® with an albumin-bound fraction ranging from 60 % to 80
%.”>”7 Minor metabolites are identified as the MPA 7-O-glucoside and the MPA acyl
glucuronide (AcMPAG),” and the trace amount oxidation product 6-O-desmethyl MPA™
(molecule structures of the metabolites in Figure 4). Average exposure of AcMPAG is
approximately 10 % relative to MPA in renal transplant patients.”** The uridine
diphosphate-glucuronosyltransferase (UGT) enzyme family is primarily responsible for the
clearance of MPA. MPAG is mainly formed by UGT1A9-catalyzed conjugation, and also
by UGT1A7, 1A8 and 1A10, whereas AcMPAG is formed by UGT2B7.*' Formation of the
MPA  7-O-glucoside is  presumably catalyzed by uridine diphosphate-
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glucosyltransferase(s),”® while cytochrome P-450 (CYP) 3A4/5 is involved in the
production of 6-O-desmethyl MPA.”®” It has been suggested that Tac increases the
bioavailability of MPA by inhibition of its glucuronidation.®

The main metabolite MPAG is pharmacodynamically inactive,*’ whereas AcMPAG
is reported to inhibit IMPDH™ and the proliferation of in vitro stimulated PBMCs,* though
the antiproliferative effect was partially attributed to free MPA as deglucuronidation
occurred during the incubation. Nevertheless, the carboxyl-linked glucuronide has showed
reactivity towards proteins. Covalent AcMPAG adduct formation has been demonstrated for
human albumin,®® and for certain proteins in rat liver and colon.*® It has been speculated
whether such adducts might have a causal role in MPA-related adverse effects (e.g. GI

intolerance).

Mycophenolic acid 7-O-glucuronide Mycophenolic acid 7-O-glucoside
(Uridine diphosphate-glucuronosyltransferase 1A9) (Uridine diphosphate-glucosyltransferase)

HO_ 5o o OH CH,
o \
OH ) 7 OH
(o)
[¢]
OH
CH,

Mycophenolic acid acyl glucuronide 6-O-desmethyl mycophenolic acid
(Uridine diphosphate-glucuronosyltransferase 2B7) (Cytochrome P450 3A4/5)

Figure 4. Identified metabolites of mycophenolic acid, and enzymes involved in their formation.

A characteristic feature of the MPA pharmacokinetics is the increase of the dose-
normalized AUC.j;, during the first months after transplantation in some patients.87’88
Parallel in time, decreasing concentration of MPAG and unbound fraction of MPA have
been demonstrated.”* This is partially attributed to gradually improving renal function in the

early post-transplant period. The observation of impaired renal function increasing the
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apparent clearance of MPA may be explained in light of MPA being a restrictively cleared
drug. Renal impairment leads to accumulation of MPAG, and possibly other substances,
which displaces MPA from its albumin-binding sites. Then a higher MPA unbound fraction
is available for elimination through metabolism.”® In a population pharmacokinetic meta-
analysis, the time-dependent decrease of the apparent clearance of MPA turned out to be
inversely related to renal function (i.e. estimated creatinine clearance by the Cockcroft and
Gault formula), as well as to albumin and hemoglobin concentrations, whereas the MPA

8889 The albumin

exposure was inversely related to the CsA pre-dose concentration.
concentration in plasma will influence the fraction of MPA that is available for
glucuronidation. Since CsA interrupts the EHC of MPAG/MPA by inhibition of Mrp-2,°"6*
reduction of the CsA dose over time will increase the recycling of MPA.

In addition to the intraindividual alterations over time that are related to
physiological characteristics and interacting co-medication, the clinical pharmacokinetics of
MPA also shows high variability between individuals. More than 10-fold variation has been
reported for the dose-normalized MPA AUCo_lzh.go Also, the concentration-time profiles
within the MMF oral dose intervals differ between patients. Variable occurrence of a lag
time in absorption, and variable timing and extent of EHC make the pharmacokinetics
complex. Administration of MMF or EC-MPS in the fed state is reported to cause delayed
tmax and reduced Cy,.x of MPA, though the AUC,.j,, appears to be unaltered.’® The highly
variable pharmacokinetics of MPA that is observed between individuals is apparently
related to intrinsic and extrinsic factors influencing absorption, EHC, albumin-binding and

metabolic capacity.
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Individualization of Mycophenolate Therapy

Rationale and Strategies for Dose Individualization

Individualized drug treatment implies consideration of factors that directly or indirectly
influence the variability of responses between and within patients to provide a rationale for
drug dose or drug choice. Direct or surrogate response measurement, blood concentration of
drug, physiological characteristics, expression or activity of endogenous molecules
specifically related to drug pharmacodynamics or pharmacokinetics, or genetic information
with impact on these, may ultimately guide the pharmacotherapy into improved clinical
outcome. However, certain criteria should be met to justify the implementation of drug
individualization based on laboratory methodologies. Some important criteria are as

follows:

Failure of drug treatment has serious consequences for the patient

A narrow therapeutic window exists for the drug

Considerable interindividual pharmacokinetic or pharmacodynamic variability
A relationship between the observed variable and clinical outcome

A reasonable balance between benefit and cost of individualization

Mycophenolate mofetil was approved with fixed dose recommendations. However, a
consensus panel early proposed that therapeutic drug monitoring (TDM, i.e. dose
individualization based on measurement of drug concentration) could optimize the use of
MMEF and improve the rejection outcome.”’ During more than a decade pharmacologists and
clinicians have put a great effort in the development of MMF individualization strategies.
Although MPA meets most of the criteria for dose individualization and some TDM
guidelines are suggested for MMF/MPA,’* this is still controversial in routine practice.”
Possible reasons may be the relatively low rejection rates obtained with standard MMF
dosing in combination with other efficacious immunosuppressants, the use of variable
concomitant immunosuppressants, the absence of irreversible organ toxicity related to
MPA, the vague relationship between pharmacokinetic variables of MPA and adverse
effects, and the complex pharmacokinetics of MPA (e.g. time-dependent clearance, EHC,

9293 1t is, however, generally accepted that low MPA

92-95

variable concentration-time profiles).

exposure in the early post-transplant period is related to the incidence of acute rejection,
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and it is likely that emerging immunosuppressive regimens with reduced calcineurin
inhibitor and steroid dose will increase the need for variability-controlled MPA therapy.
Although MPA AUC.2, demonstrated a significant relationship to acute rejection in
a study of renal transplant patients, considerable overlap was reported for this variable
between those patients experiencing and not experiencing rejection.”’ This observation
indicates that variable pharmacodynamics exist between patients, and opens for the search
of pharmacodynamic markers with stronger predictive power than MPA exposure.
Individualization of MPA therapy based on IMPDH-related variables is yet at the
experimental stage. Current research focuses on examination of the pharmacokinetic-
pharmacodynamic relationship between MPA and IMPDH. No studies have prospectively
used IMPDH as a biomarker to guide dose individualization. However, reports of
association between IMPDH and clinical outcome are emerging. It is conceivable that
measurement of MPA-mediated IMPDH inhibition could serve as a surrogate
pharmacodynamic marker for the therapeutic response to MPA. The integration of
pharmacokinetic and biological variability may potentially provide a more accurate
prediction of efficacy and adverse effects than MPA exposure alone. Also, cellular guanine
or deoxyguanine nucleotide concentrations may reflect the in vivo inhibition of IMPDH and
thereby the efficacy of MPA. The choice of bioanalytical matrix, sampling time relative to
transplantation and within the dose interval, and the choice of absolute levels vs. relative
alterations will influence the potential success of demonstrating a strict relationship between
the pharmacodynamic marker and clinical outcome. Differentiation between the two
IMPDH isoforms could also be influential. In combination with pharmacokinetic
measurements, the monitoring of IMPDH activity or inhibition in a relevant cell matrix may

be valuable in future strategies of individualized MPA therapy.

The Pharmacokinetic Approach

Plasma concentrations of MPA may be quantified in the laboratory by liquid
chromatography (LC)-based methods coupled to UV detection or mass spectrometry, or by
the enzyme-multiplied immunoassay technique (EMIT). While the LC methods specifically
determine MPA, the EMIT assay shows cross-reactivity between MPA and AcMPAG.”
Recently, the validation of an IMPDH inhibition assay for the quantification of MPA

plasma concentration was presented.”’
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The MMF phase I/Il study in renal transplant recipients showed a significant
relationship between acute rejection and MMF dose.*! Thereafter, an open-label multicenter
study demonstrated association between acute rejection and low MPA AUC. 15, following
renal transplantation.”® The pharmacokinetic-pharmacodynamic relationship was further
investigated in a randomized, double-blinded, multicenter, concentration-controlled study of
MMF treatment in 150 deceased donor renal transplant patients receiving CsA and
corticosteroids. In this study, a logistic regression analysis demonstrated that the MPA
AUC.12n was significantly related to the incidence of acute rejection, and AUCq.1on 15
mgxh/L predicted 50 % of maximum efficacy. The pre-dose concentration of MPA had
lower predictive value. Tolerability was apparently not related to systemic MPA
exposure.””” Based on the results in this study, a tentative therapeutic window of MPA
AUCy.12;, between 30 and 60 mgxh/L was suggested.'” It should be noted that the suggested
upper limit was based on maximum efficacy, and not adverse events. However, later
retrospective studies indicated that adverse events could be related to MPA exposure (total
MPA Cy, Cos, Ci, AUCo.12n) in renal transplant patients receiving CsA'! or Tac.'” An
MPA peak concentration above 8 mg/L was suggested to be a reasonable discriminator for
adverse events in patients receiving MMF in combination with Tac, and also Cy 3 mg/L or
AUC.12n 38 mgxh/L were proposed as adverse event thresholds. A study in pediatric renal
transplant patients receiving CsA indicated that high unbound MPA AUC.,, (above 0.4
mgxh/L), but not total AUC, was associated with MPA-related leukopenia or infections.
The authors reported total MPA AUC.12, below 34 mgxh/L or total MPA C, below 1.2
mg/L as potential predictors of acute rejection.'” Other investigators have also reported a
relationship between unbound MPA exposure and hematological or infectious events.'**'*
Pharmacokinetic-pharmacodynamic investigations in 94 renal transplant patients receiving
CsA (of whom 72 received basiliximab induction therapy) demonstrated that MPA AUC.12n
significantly predicted acute rejection. In this study, AUCy.jon 22 mgxh/L at day 3 post-
transplant appeared as the best threshold level for efficacy, whereas the MPA exposure did
not predict adverse effects.'” Another study in 100 renal transplant patients receiving Tac
(of whom 31 received daclizumab induction therapy) did not demonstrate any significant
relationship between MPA exposure alone and acute rejection. However, high AUCy.12, or
C, were significantly related to anemia and leukopenia.'®’

Although the exposure-efficacy/safety reports have been somewhat conflicting, the

total MPA AUC.12, has been regarded as the most plausible single variable in therapeutic
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monitoring of MPA.*>**1% MPA C, may be a poorer discriminator between rejecters and
non-rejecters.'” Because full AUC. 12, sampling is expensive in routine practice, estimation
of AUC.12n by limited sampling strategies based on three-point algorithms have emerged as
practical approaches. Yet, prospective studies are of a limited number.”” A 12-month,
multicenter, open-label, randomized study in 130 de novo renal transplant patients receiving
basiliximab induction, CsA and corticosteroids (the APOMYGRE study) assessed
concentration-controlled vs. fixed dose MMF treatment. MPA AUC.12, was estimated by a
three-point limited sampling strategy using a Bayesian estimator.'” The clinical outcome
was significantly improved by targeting MPA AUC.12, 40 mgxh/L in the concentration-
controlled group.'® Concentration-controlled vs. fixed dose MMF treatment was also
examined in a large-scale, multicenter, open-label, randomized study in 901 de novo renal
transplant patients receiving CsA or Tac (the FDCC study). MPA AUC.,, was estimated
by a three-point limited sampling strategy using linear regression algorithms. According to a
preliminary report, the MPA exposure was comparable between the two groups, and
consequently the concentration-controlled strategy did not improve the clinical outcome.'"!
Based on data from this study, it was recently reported that high risk patients (i.e. delayed
graft function, second or third transplantation, panel reactive antibodies > 15 %, or four or
more HLA mismatches) were at greater risk of acute rejection if MPA AUC,. 12, at day 3
after transplantation was below 30 mgxh/L. Such a relationship was not observed for low
risk patients.''?

Although in their early stages, indirect pharmacogenetic-pharmacokinetic
approaches might prove valuable for MMF dose individualization. Two single nucleotide
polymorphisms (SNPs) of the UGTIA9 gene promoter region, associated with increased
expression and glucuronidation rate,'' were related to significantly lower MPA exposure in
transplanted patients receiving MMF 1000 mg b.i.d. in combination with Tac. In the same
cohort of patients, a SNP of the UGTIA49 coding region, linked to substrate-dependent

113,114

decreased glucuronosyltransferase activity, was associated with numerically higher

MPA exposure.'"

Also SNPs in the UGT1A49 gene promoter region were recently reported
to be associated with higher MPA exposure than the wild type genotype in renal transplant
patients receiving CsA.''® Two SNPs in the Mrp2 gene, coding the organic anion transporter
involved in biliary excretion of MPAG, influenced the MPA pharmacokinetics in renal
transplant patients receiving Tac. Non-carriers with mild liver dysfunction demonstrated

decreased MPA exposure in the early post-transplant period. One of the SNPs was
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associated with higher MPA C, levels in stable patients, and also with more episodes of

diarrhea during the first year after transplantation.''’

The Pharmacodynamic Explorations:

Current Status — Including Discussion on Findings of the Doctoral Thesis

The methodologies for determination of IMPDH activity and IMPDH inhibition in clinical
samples have evolved from methods based on IMPDH-catalyzed conversion of
radiolabelled substrate, into LC-based quantification of endogenous substrate-to-product
conversion. Balzarini and De Clercq developed assay conditions that demonstrated reduced
[*H] release from [2,8-°H]IMP in cells exposed to IMPDH inhibitors.'"* Montero et al.
developed a non-radiolabel assay allowing measurement of the XMP production rate in
erythrocyte lysate by ion-pair reversed-phase LC with UV detection after liquid-liquid
extraction.'”” Later, LC-UV methods without the requirement of liquid-liquid extraction

d,57’120‘121 and those methods of Albrecht et al. and of Glander et al. were

were establishe
thoroughly validated for the determination of IMPDH activity in lysates of whole blood
cells or PBMCs and in lysates of PBMCs, respectively. We modified the LC-UV method of
Albrecht et al. and developed an assay for the determination of IMPDH activity in CD4+
cells. This assay was specifically validated for MPA-mediated IMPDH inhibition.'** An
assay for the measurement of IMPDH activity in PBMCs using LC coupled to mass
spectrometry was recently reported.'*

Langman et al. were apparently the first to demonstrate the immediate and reversible
MPA-mediated inhibition of whole blood IMPDH activity in vivo following administration
of MMF to rabbits'* and transplanted patients.”® An inverse relationship between MPA
plasma concentration and whole blood IMPDH activity was indicated during the 12 hours
dose interval in the patients receiving MMF. The immediate, reversible, inverse
pharmacokinetic-pharmacodynamic relationship in vivo was later confirmed in whole blood
cells,’”® in PBMCs™® and in CD4+ cells.'**!?

A pertinent question has been whether MPA induces the underlying IMPDH activity
during long-term MPA therapy. Such an induction could potentially counteract the effect of
MPA over time, and would complicate the approach of pharmacodynamic monitoring of
IMPDH-related variables. Sanquer et al. reported that prolonged MMF treatment (>1 year)

was associated with increased IMPDH activity in whole blood cells."*® High whole blood
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cell IMPDH activity in MMF patients was also observed by Albrecht et al.”’ Subsequently,
Weigel et al. reported that the long-term MMF-associated induction of IMPDH activity was

located to erythrocytes.'?’

We described the longitudinal alterations of whole blood cell
IMPDH activity in renal transplant patients receiving MMF. A few days post-transplant the
pre-dose enzyme activity decreased, and thereafter the activity gradually increased during 6
to 8 weeks, reaching almost 5-fold of baseline activity. Despite the elevated IMPDH
activity, the MPA exposure caused considerable IMPDH inhibition in the whole blood cell
fraction.”* Furthermore, it was demonstrated that increased /MPDH [ and 2 gene
expressions in reticulocytes were associated with MMF treatment.'”® Currently, no
relationship between whole blood cell IMPDH activity and the clinical immunosuppressive
effect of MPA has been described. A dose interval study in dialysis patients receiving the
first MMF dose vs. long-term (>1 year) transplanted patients on repeated MMF dosing
indicated that long-term MMF treatment does not induce the IMPDH activity in PBMCs.
The IMPDH pharmacodynamics was similar between the two groups. However, the MPA
AUC.1, was approximately 2-fold higher in the long-term patients.”® In heart transplant
patients switched from AZA to MMF, the IMPDH activity in PBMCs was significantly
reduced at 3, 6 and 12 months after MMF onset, and the pre-dose MPA concentration was
reported to be stable during the observation period."”’ Our group recently reported that
transplantation and initiation of immunosuppressive therapy caused an initial transient
increase of the /MPDH 1 and 2 gene expressions and the underlying IMPDH activity in
CD4+ cells. The increase was associated with high dose corticosteroid administration. The
IMPDH 1 expression in CD4+ cells remained slightly above baseline two weeks post-
transplant, though the elevation was not specifically related to MMF.'?® In an in vitro
MOLT-4 human leukemia cell model, we demonstrated that MPA influenced the underlying
IMPDH activity in a biphasic concentration-dependent manner. The underlying IMPDH
activity increased, in association with induced gene expression, at MPA concentrations
causing less than 50 % inhibition of the cell proliferation. On the other hand, the underlying

activity was reduced at a proliferation-blocking concentration of MPA."*°

The impact of
MPA on the underlying IMPDH activity in different cell populations is apparently complex.
Concomitant immunosuppressants, immune status and time after transplantation may also
be influential in the clinical setting. These aspects should be integrated in the considerations
of sampling time and choice of cell matrix when pharmacodynamic monitoring is

approached.
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The high interindividual variability of pre-transplant IMPDH activity underlines the
rationale for exploring the possibilities for individualized MPA exposure. In renal transplant
patients, the pre-transplant IMPDH activity varied 8.5- to 17-fold,*'*® 41-fold'*® and
approximately 8-fold"*' in whole blood cells, CD4+ cells and PBMCs, respectively. In a
cohort of renal transplant patients receiving MMF in combination with Tac or CsA, a
retrospective analysis showed that low pre-transplant IMPDH activity predicted MMF dose
reduction due to intolerability. On the other hand, acute rejection was significantly
associated with combined high pre-transplant IMPDH activity and MMF dose reduction."
We did not disclose any relationship between pre-transplant IMPDH activity in CD4+ cells
and acute rejection in renal transplant patients during the early post-transplant period.'*®
However, the follow-up was only 2 weeks, and there were also some technical concerns
about the protocol for determination of the underlying IMPDH activity (c.f. the Paper II
discussion). Recently, it was reported that high IMPDH activity (AUCy.12n) in PBMCs at
day 6 after renal transplantation was significantly related to acute rejection in MMF-treated
patients, and there was no difference with respect to the MPA exposure between rejecters
and non-rejecters.'> Another recent study demonstrated less MPA-mediated inhibition of
IMPDH in lymphocytes during the first week following renal transplantation in those
patients experiencing acute rejection.'”

Quantification of IMPDH activity in PBMCs throughout the dose interval has been
used to support the hypothesis of bioequivalence between near-equimolar doses of MMF
and EC-MPS in renal transplant patients. Although the activity-time profiles differed
according to the different pharmacokinetics of MMF and EC-MPS, the IMPDH activity
AUCq.1, was comparable for the two formulations.”””® In these studies, the MPA
concentrations required for 50 % inhibition of IMPDH (ECsy) were reported to be
approximately 3.5 to 4 mg/L’® and 4.5 to 6 mg/L.* We performed an MMF single-dose
crossover exposure-response study in healthy individuals to investigate the
pharmacodynamics of MPA in CD4+ cells. The non-linear relationship between IMPDH
inhibition and MPA concentration was characterized. Plasma concentrations of MPA above
6 mg/L did not decrease the IMPDH activity any further, and the ECsy was 2.3 mg/L by a
pooled data analysis. The overall IMPDH activity (i.e. AUCy.j12n) approached maximum
reduction at a total MPA exposure beyond AUCy.1on 22 mgxh/L (corresponding to the
median MPA exposure at 500 mg MMF in this study).'® These findings support the
previous suggestions that early MPA AUC.jo, above 22 mgxh/L might be adequate for

rejection prophylaxis,'® and that MPA peak concentrations above 8 mg/L might cause
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intolerability related to overexposure.'”” The exposure-response relationship that was
revealed in the study of healthy individuals also explains the observation that significantly
different MPA exposure after administration of EC-MPS and MMF (61 vs. 41 mgxh/L,
respectively) in a cohort of patients with progressive IgA nephritis did not cause any
substantial difference with respect to the overall IMPDH suppression.'**

A limited number of studies have addressed the potential alterations of cellular
guanine nucleotides in relation to MPA therapy. Increased GTP concentration in
erythrocytes was demonstrated, in association with elevated IMPDH activity, during
prolonged MMF administration.'*”"*> Conflicting results are reported for the GTP levels in
PBMCs during long-term MMF treatment. While a study in renal transplant patients
demonstrated MMF-related reduction of GTP in PBMCs,"*® another study in heart
transplant patients indicated no significant alteration of GTP in PBMCs after MMF
treatment for 3, 6 and 12 months, suggesting that the observed parallel induction of
hypoxanthine guanine phosphoribosyltransferase (HPRT) counteracted the effect of IMPDH
suppression.'” A somewhat surprising effect has been observed for the GTP levels in
lymphocytes throughout the MMF dose interval. Compared to transplanted patients on
AZA, the general lymphocyte GMP concentrations were reduced and the GDP
concentrations tended to be reduced, whereas the GTP concentrations increased during the
MMF dose interval.”’ We investigated the effect of MPA, exclusively, on the concentrations
of GDP and GTP in CD4+ cells. No immediate reduction of neither of the molecules was
observed following escalating single MMF doses in healthy volunteers. On the contrary, a
trend toward increased GTP was observed also in this specific lymphocyte subset.'”> No
relationship between clinical outcome and cellular guanine nucleotide concentrations, or
relative alterations of these, has yet been described in transplanted patients receiving MPA
therapy. Although reduced guanine nucleotides obviously are related to the antiproliferative

effect of MPA in vitro and ex vivo,"*"*’

the pharmacodynamics may be more complex in
vivo. It could be that the compartment of circulating lymphocytes does not reflect the real
requirement and capacity of purine synthesis in immunoactivated, proliferating
lymphocytes. Also, it could be speculated that deoxyguanine nucleotides might be better
pharmacodynamic markers than guanine nucleotides, since the former have demonstrated a
closer relationship to the antiproliferative effect of MPA in vitro.®'
Pharmacogenetic-pharmacodynamic studies have demonstrated that certain

pharmacogenetic characteristics of IMPDH are associated with clinical outcome, although

no specific relationship to the immunosuppressive efficacy of MPA has been reported. A
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trend toward elevated IMPDH?2 gene expression in PBMCs was observed in association
with gastrointestinal and hematological complications in liver transplant patients receiving
MME."* In renal transplant patients receiving MMF, the IMPDHI gene expression in
PBMCs was 2- to 3-fold increased during the first 3 months post-transplant, and a 20-fold
increase during acute rejection was observed for this gene in 2 patients.'” A longitudinal
study of the gene expressions of IMPDH [ and 2 in renal transplant patients during the early
post-transplant period showed that patients who experienced acute rejection had
significantly higher pre-transplant /MPDH?2 expression in CD4+ cells than the non-
rejecters.'”® Also, variants of the JMPDH genes may influence the IMPDH phenotype, and
possibly the efficacy or adverse effects of MPA. A non-frequent SNP in the /MPDH?2 exon
7, leading to substitution from leucine to phenylalanine at residue 263, generated a variant
that demonstrated 10-fold decreased catalytic activity compared to the wild-type IMPDH2
protein.”' Supported by observations of leukopenia in patients with the variant genotype, it
could be speculated that this variant will predispose for MMF-related adverse effects.”'*
On the contrary, another SNP in the JMPDH? gene was recently related to elevated IMPDH
activity in PBMCs during MPA exposure."' Two intronic SNPs in the JMPDHI gene have
been associated with the incidence of acute rejection in renal transplant patients receiving

MMF treatment.'*

The clinical impact of IMPDH expressions and gene variants needs
further characterization in future studies to develop potential algorithms for individualized

MPA exposure.

In summary, MMF is frequently included with standard dosing in immunosuppressive
regimens following solid organ transplantation. The exposure-dependent efficacy of MPA
combined with its highly variable pharmacokinetics between patients triggered the interest
in therapeutic monitoring of the drug. A therapeutic window for MPA AUC.;2; in the range
30 to 60 mgxh/L has been suggested. However, the MPA AUC.12, between rejecters and
non-rejecters show considerable overlap, the pharmacokinetics of MPA show a rather vague
relationship to adverse events, and the activity of the drug target IMPDH demonstrates high
interindividual variability. These findings have encouraged the exploration of
pharmacodynamic monitoring of MPA. The integration of pharmacokinetics and
pharmacodynamics may provide a more accurate prediction of efficacy and adverse effects
than MPA exposure alone. IMPDH phenotype, gene expression and genotype have
separately been associated with clinical outcome in transplanted patients receiving MMF

treatment. Monitoring of the IMPDH activity (i.e. phenotype) or inhibition would represent
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the most direct approach of targeting the response to MPA. The induction of IMPDH
activity in erythrocytes during prolonged MPA therapy makes whole blood cells less
attractive as pharmacodynamic compartment, whereas specific lymphocyte subsets (as
CD4+ cells) or PBMCs seem to constitute appropriate cell matrices for the assessment of
MPA pharmacodynamics. Reliable assays for the determination of IMPDH activity and
MPA-mediated IMPDH inhibition have been developed, and the pharmacokinetic-
pharmacodynamic relationship at the molecular level has been thoroughly described
throughout the MMF dose interval. Immediate and extensive suppression of IMPDH in
CD4+ cells was demonstrated after the administration of single MMF doses. Potential
alterations of the underlying IMPDH activity in relation to drug administration or immune
state should be considered in the design of clinical pharmacodynamic studies. The
relationship between IMPDH activity or inhibition and clinical outcome needs further
characterization before prospective validation of individualized MPA therapy based on

pharmacodynamic monitoring may be initialized.
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Objectives of the Thesis

Individualization of the MPA therapy in transplanted patients may ultimately improve the
clinical outcome. Pharmacodynamic monitoring of the response to MPA is an attractive
approach to individualization since it allows integration of pharmacokinetic and
pharmacodynamic variability. The main objectives of this thesis were to develop reliable
methods for the assessment of MPA pharmacodynamics in clinical samples, and to provide
in-depth knowledge of the pharmacokinetic-pharmacodynamic characteristics of MPA at the
molecular level. The obtained methods and information were supposed to make a
foundation for clinical research strategies aiming at individualized MPA therapy in

transplanted patients.
Specific objectives of the projects were as follows:

Paper 1

The aims of this study in renal transplant patients were to describe the acute and long-term
effects of MPA on the IMPDH activity. Specifically, the pharmacokinetic-
pharmacodynamic relationship for MPA (1) within the MMF dose interval in stable patients
and (2) longitudinally during the first 2 months post-transplant were investigated. The study
was designed to allow detailed description of time-dependent alterations of the IMPDH
activity following transplantation and initiation of immunosuppressive therapy including

MMF.

Paper 11

The method for the determination of IMPDH activity, and specifically for the quantification
of MPA-mediated IMPDH inhibition, in CD4+ cells was developed in order to provide a
reliable assay that was relevant for the assessment of MPA immunopharmacodynamics in
clinical samples.

As CD4+ cells play important roles in the acute rejection immune response,'** and
because MPA inhibits the clonal expansion of these cells, we found it attractive to examine
the pharmacodynamics of MPA in this specific cell subset mostly constituted of T
lymphocytes. The cell isolation procedure based on anti-CD4 antibody-coated paramagnetic

beads involves gentle treatment of the cells. Previous studies indicated that efflux of MPA
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was a concern during cell isolation.’”'*"'** Rather than attempting to maintain the
intracellular MPA concentration during processing of the cells, we decided to restore the
intracellular concentration of MPA after cell isolation, thereby re-establishing the impact of

the in vivo intracellular MPA concentration.

Paper 111
The pharmacodynamics of MPA and 6-thioguanine nucleotides (6-TGN, metabolites of
azathioprine or mercaptopurine) involve interference with the DNA replication in
proliferating cells. While MPA inhibits the de novo synthesis of guanine and deoxyguanine
nucleotides, the thiopurines cause cytotoxic effects by incorporation into the DNA.
Depletion of the guanine nucleotides could potentially influence the gene expression and
protein level of IMPDH. However, conflicting results have been reported on this
issue 35143144

The aim of the study was to characterize the impact of MPA and 6-thioguanosine
(tGuO) on the basal (i.e. underlying) IMPDH activity in proliferating cells. The study
specifically focused on the potential concentration-dependencies of these relationships. The
relative gene expressions of the /MPDH isoforms were investigated as potentially

explanatory factors, and the cellular guanine and adenine nucleotides were determined to

describe effects on the purine pools.

Paper 1V
The integrated pharmacokinetic-pharmacodynamic approach of measuring MPA plasma
concentration and IMPDH activity or purine nucleotides in relevant cell subsets might
provide surrogate markers for the therapeutic response to MPA.

The aim of the study was to characterize the molecular exposure-response
relationship for MPA in order to explore the possibilities and guide the development

strategies for individualized therapy based on pharmacodynamic monitoring.
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Methods

Paper 1

Fifteen stable renal transplant patients attending the outpatient clinic were recruited for the
MMF dose interval study (group 1). The patients received a CsA-based immunosuppressive
regimen. Four of the patients served as controls as they did not receive MMF (which was
according to the standard protocol for renal transplantation between haploidentical siblings).
Two 12-h dose intervals at one-week interval were planned for each patient. Venous blood
samples were collected pre-dose and at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, and
12.0 hours post-dose.

Thirtythree patients undergoing renal transplantation were consecutively recruited
for the longitudinal study (group 2). Four of the patients received renal grafts from their
siblings and served as controls as they did not receive MMF, according to the standard
protocol. Venous blood samples were collected pre-transplant and thereafter pre-dose two to
three times a week during the first two weeks post-transplant, and one to two times a week
until eight weeks post-transplant.

Venous blood samples were collected from 22 healthy individuals in order to obtain
an estimate of the normal range of IMPDH activity.

The unbound and total MPA plasma concentrations were determined by a validated
reversed-phase LC-UV method.”® The unbound MPA assay was based on dialysis using the
Gilson ASTED (automated sequential trace enrichment of dialysates) equipment (Villiers-
le-Bel, France).

At this time, a reliable assay for IMPDH activity in lymphocytes isolated from
clinical samples, maintaining the actual intracellular MPA concentration, had not been
published. In order to minimize that problem, we chose to initiate the investigations of MPA
pharmacodynamics with whole blood cells as matrix. The assay published by Albrecht et
al.”” was slightly modified and used for the determination of IMPDH activity in whole blood
cells. Samples were incubated with saturating amounts of IMP and NAD, and the XMP
production rate (umol/L cell lysate/min) was quantified by measuring xanthine derived from
XMP with LC-UV. The assay modification involved replacement of a Nucleosil C18
column by a Chromolith Performance column. This modification allowed a shorter elution

time for xanthine (8 vs. 22 minutes), and the total run time was reduced by 50 % (20 vs. 40
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minutes). Additionally, the xanthine peak height was increased by approximately 40 % (data
not shown).

Linear regression of peak heights vs. concentrations was used for the calibration of
MPA and xanthine in the LC assays. The MPA and IMPDH activity AUCy.;, were
calculated by the trapezoid method. The results are presented as medians with range, or with
lower and upper quartiles. Differences in medians between groups were assessed by the
Mann-Whitney U-test, and differences between time-points within the same group were
tested by the Wilcoxon signed ranks test. Statistical significance was considered at the P <
0.05 level. Assessment of correlation was performed by bivariate analyses using Pearson’s

correlation. The software SPSS 11.0 was used for the statistical calculations.

Paper 11
Paramagnetic monodisperse polystyrene beads coated with anti-CD4 monoclonal antibodies
(Dynabeads®) were utilized for the isolation of CD4+ cells from 4 mL EDTA-blood
samples. Plasma from the sample was subjected to 0.1 pm filtration in order to remove
platelets and platelet-derived vesicles. The captured cells were washed in phosphate-
buffered saline (PBS), and thereafter they were incubated in the microfiltrated plasma from
the original sample. The plasma was removed after centrifugation, and the cells were
resuspended in PBS. Determination of the cell concentration was performed by counting the
intact cell nuclei on a Coulter Counter® after lysis of the cell membranes. The remaining
suspension was frozen.

The IMPDH assay was modified from the method published by Albrecht et al.’’
After thawing and homogenizing, the IMPDH-catalyzed conversion of IMP to XMP was
carried out in microtubes at 37 °C with saturating amounts of IMP and NAD. Following
termination of the enzyme reaction, XMP was hydrolyzed to xanthine. The samples were
tested for the presence of pre-existing xanthine, xanthosine or xanthine nucleotides in one
parallel aliquot by omitting NAD and incubation. Xanthine was quantified by reversed-
phase LC-UV. The introduction of a Chromolith Performance column in series with the
Nucleosil C18 column allowed adequate separation with 50 % shorter run-time. Linear
regression of peak heights was used to calculate the amount XMP produced during
incubation. The IMPDH activity was expressed as the XMP production rate (pmol XMP/10°
CD4+ cells/min).
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The total MPA plasma concentration was determined as described by Svensson et
al.'® The albumin plasma concentration was determined on the Modular analytics

instrument (Roche Diagnostics).

Paper 111

Human acute T-lymphoblastic leukemia cells (MOLT-4) were used as the in vitro model.
RPMI-1640 / fetal bovine serum (9/1) containing penicillin, streptomycin and mycostatin
constituted the growth medium. The cells were resuspended in fresh medium (250 000
cells/mL in 1 mL wells) 24 hours before addition of MPA or tGuO, and the exposure lasted
for 72 hours. Cell counting was performed on a Coulter Counter®.

The cell viability was determined by detection of the dead cell fractions using
ethidium homodimer-1. The IMPDH activity was determined according to the assay for
CD4+ cells described in paper II. A wash-out protocol was utilized for removal of
intracellular MPA, allowing the IMPDH basal activity to be measured. The IMPDH activity
was adjusted for cell viability and expressed as pmol XMP/10° cells/min. Relative gene
expressions of IMPDH [ and 2 were quantified by a previously described real-time reverse

transcription PCR assay.'*®

Target gene expressions were calculated relative to the
geometric mean expression of aminolevulinate delta-synthase 1, P2-microglobulin and
ribosomal protein L13. A linear gradient anion-exchange LC-UV method described by

136,147
others ™

was applied for the quantification of cellular GDP, GTP and ATP. A minor
modification involving the introduction of two reversed-phase Chromolith Performance
columns in front of the anion-exchange Hypersil NH2 column improved the separation of
the nucleoside triphosphates.

The ICs values and slope factors (H) were estimated by non-linear regression of a 4-
parameter equation using the GraFit software. Furthermore, the ICyy values were calculated
by the equation ICyy = ol » ICso. The control value was defined as the mean of control
replicates in an experiment. The t-test and calculation of 95 % confidence intervals were

performed by the statistical software SPSS 13.0. Statistical significance was considered with

two tails at P < 0.05.
Paper IV

Five healthy individuals (Caucasians, male/female 2/3) participated in this single-dose

crossover exposure-response study of MPA molecular pharmacodynamics. Median age was
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50 years (range 24 to 62), and median body mass index was 23.9 kg/m’ (range 20.6 to 26.2).
Single MMF doses (mycophenolate mofetil oral suspension, CellCept™) of 100, 250, 500
and 1000 mg were administered to each individual between 8:00 and 8:30 a.m. Wash-out
periods of at least five days were established between the doses.

Venous blood samples were collected pre-dose and 0.25, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0,
5.0, 6.0, 8.0, 10.0, 12.0 and 24.0 hours post-dose. MPA plasma concentration and IMPDH
activity were determined at all sampling times, whereas (0.25, 0.5, 1.5, 3.0, 5.0, 10.0) hours
and (0.25, 5.0, 10.0) hours did not include measurement of gene expression and purine
nucleotides, respectively. Also, purine nucleotides were not determined following the 100
mg dose. Samples for baseline assessments of all variables (except MPA) were collected at
8:00 a.m., 10:00 a.m., 12:00 a.m., 2:00 p.m., 4:00 p.m., 6:00 p.m. and 8:00 p.m. on a single
occasion without MMF administration.

The total plasma concentration of MPA was determined according to a previously
published LC-UV method."”® The IMPDH activity in CD4+ cells, expressed as the XMP
production rate (pmol/10® cells/min), was measured by the assay described in Paper II. A
validated real-time reverse transcription PCR assay was used to quantify the relative gene
expressions of IMPDH I and 2 in CD4+ cells."*® Concentrations of GDP, GTP, AMP, ADP
and ATP in CD4+ cells were determined by combined reversed-phase anion-exchange LC-
UV, slightly modified from a previously described method."**'*” The chromatographic
separation of the nucleoside triphosphates was improved by coupling two Chromolith
Performance columns in front of a Hypersil NH2 column. Plasma albumin, total bilirubin,
creatinine, urea and alanine aminotransferase (ALAT) were determined on the Modular
Analytics instrument (Roche Diagnostics).

The area under the variable vs. time curve (AUC) was calculated by the trapezoid
method. Minimum and maximum values, and corresponding time points, were extracted as
actual observed values. The software WinNonlin Version 5.2 was used to estimate the ECsg
values by non-linear regression with the inhibitory effect E,.,x model (effect zero at infinite
concentration). Differences were assessed by the Wilcoxon signed ranks test which was run
on the software SPSS 15.0. Statistical significance was considered with two tails at P <
0.05.

Ethics

The clinical studies were approved by the Regional Committee for Medical Research Ethics.
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Results and Discussion

Paper 1

In patient group 1, twenty (nineteen for the IMPDH activity) and seven 12-h profiles were
obtained from the patients receiving and not receiving MMF, respectively. The total MPA
Cp was 1.2 (range 0.36 to 6.0) mg/L, Cpax wWas 13.3 (range 2.7 to 37.3) mg/L and tmax Was
1.0 (range 0.5 to 3.0) hours, and AUC.12, was 40 (range 13 to 72) mgxh/L. The median of
the unbound MPA fraction medians in the dose intervals was 1.6 (range 1.1 to 2.7) %. The
median coefficient of variation (CV) of the unbound fraction within the dose interval was 14
(range 10 to 23) %. A good correlation was demonstrated between MPA AUC.;2, and
concentrations at 1.5 and 5.0 hours, alternatively at pre-dose and 1.5 hours. In the patients
receiving MMF, the minimum IMPDH activity (Apin) was 8 (range 2 to 26) % compared to
the pre-dose level and coincided with the MPA peak concentration. Approximately six
hours after dose administration the IMPDH activity returned to pre-dose values. The
IMPDH activity was stable throughout the 12-h interval in the patients not receiving MMF.
The pre-dose IMPDH activity was significantly higher in the MMF patients than in the non-
MMF patients and in the healthy individuals. Also, the IMPDH activity AUCy.jo, was
significantly higher in the MMF patients compared to the non-MMF patients.

In patient group 2, all MMF patients except one were observed at least until week 6,
thereafter the number of patients was 16 and 12 for week 7 and week 8, respectively. The
MPA C, was fairly stable throughout the study period. The IMPDH activity was initially
reduced following transplantation and MMF onset. A reduction of 76 (range 27 to 96) %
relative to pre-transplant values was observed at median 4 days post-transplant. Thereafter
the IMPDH activity gradually increased. The maximum IMPDH activity was 4.9-fold
(range 2.0- to 17-fold) higher than at baseline and occurred at median 40 days post-

transplant. A similar increase was not observed in the non-MMF patients.

A limitation of this study would be the use of whole blood cells as bioanalytical matrix.
Lymphocytes, or even activated lymphocytes, would probably constitute a more
representative matrix with respect to the pharmacodynamics of MPA. Nevertheless,
uncontrolled manipulation of the intracellular MPA concentration during cell processing
would limit the interpretation of the MPA-mediated IMPDH inhibition in isolated cell

subsets. In the present study, the real-time in vivo impact of MPA was maintained and the
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measured IMPDH activity should thereby reflect the clinical capacity for guanine nucleotide
synthesis. It should be noted that the MPA concentration to some extent masks the
longitudinal increase of IMPDH activity in the pre-dose samples.

With precautions regarding the cell matrix, it could be speculated that the relative
alterations of whole blood cell IMPDH activity within the MMF dose interval might serve
as a surrogate pharmacodynamic marker for MPA. The results suggest that the clinical
effect may be related to the sharp MPA peaks, as the IMPDH activity was close to pre-dose
values during the second half of the MMF dose interval. The transient IMPDH inhibition
may be sufficient to arrest proliferating lymphocytes in the synthesis (S) phase.
Furthermore, the results suggest that monitoring strategies should focus on the first half of
the MMF dose interval.

The mechanisms leading to the observed longitudinal alterations of IMPDH activity
in the MMF patients may be complex. Although the measured enzyme activity in whole
blood was quantitatively dominated by erythrocytes, changes with respect to the fractions of
cell subsets could potentially influence the total activity. The initial reduction of IMPDH
activity could be a direct MPA effect. The gradually increasing activity could be explained
by induced IMPDH expression, decreased IMPDH degradation or cell subset changes. In a
recent study, we demonstrated that MPA therapy was associated with increased /MPDH

. . . 128
gene expression in reticulocytes.

The clinical relevance of the considerably increased
IMPDH activity in whole blood cells during prolonged MPA therapy is unknown. Despite
this longitudinal increase, the IMPDH activity is still reduced to very low levels during the

MPA peaks.

Paper 11

The kinetics of the IMPDH-catalyzed reaction in the CD4+ cell matrix was saturated with
substrate (IMP) and co-factor (NAD) concentrations of 1.79 umol/L and 0.38 pumol/L,
respectively. The XMP concentration increased linearly vs. incubation time during 240
minutes, and a standard incubation period of 120 minutes was implemented. The XMP
production rate was considered to be linear in the interval 0.13 to 8.7 pmol/min.

The relevance of restoring the intracellular MPA concentration was investigated in
samples from a healthy individual who received a single 1000 mg MMF dose. CD4+ cells
were isolated from pre-dose (tp) and 1.5 hours post-dose (t; 5) samples. Incubation of to- and
t; s-cells in ty-plasma demonstrated the MPA wash-out effect. On the other hand, incubation

of t- and t;s-cells in t;s-plasma demonstrated the principle of re-establishing the
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intracellular MPA concentration. The recoveries of albumin and MPA in the microfiltrated
plasma were 97 % and 96 %, respectively.

A wash-out procedure for complete removal of intracellular MPA was described.
The two last washing steps were replaced by PBS volumes of 5 mL after transferal to a new
tube. In the paper, it is stated that no IMPDH inhibition was observed if the cells were
resuspended in PBS rather than plasma. However, empirical data indicate that the cells
should be incubated in microfiltrated blank (MPA-free) plasma to obtain comparable levels
of IMPDH activity between the wash-out and standard procedure.

The interseries CVs of the IMPDH assay in CD4+ cells at MPA plasma
concentrations of 0, 2.2 and 8.6 mg/L were 25 %, 16 % and 13 % (n = 7 at each

concentration), respectively.

The major fraction of circulating CD4+ cells is constituted by T helper lymphocytes. This
class of cells plays an important role in allograft rejection and inflammation. Hence, the
IMPDH activity or inhibition in this specific cell subset may predict the clinical
immunosuppressive effect of MPA. A limitation of the cell matrix is that the requirement
and capacity of (deoxy)guanine nucleotide synthesis, and furthermore the sensitivity to
MPA, might differ between naive and activated lymphocytes.

The measured IMPDH activity is the maximal reaction rate of the IMP-XMP
turnover. In absolute terms, it does not directly express the real in vivo IMPDH activity. It
will, however, correlate to the amount of active enzyme and thereby to the capacity of XMP
and (deoxy)guanine nucleotide synthesis.

We demonstrated that MPA efflux and influx are dynamic processes that should be
properly handled in IMPDH inhibition assays. The concept of restoring the intracellular
MPA concentration by incubating the isolated cells in microfiltrated plasma separated from
the original blood sample eliminated the previously described drug wash-out problem.
Importantly, the plasma was removed and the cells were resuspended in PBS before cell
lysis. Then the cellular concentrations of MPA and IMPDH were proportionally diluted,
thereby preserving the impact of the intracellular MPA on the IMPDH activity. Because
complete removal of MPA from the cell surface is impossible without washing, there is a
risk for over-estimating the enzyme inhibition.

The presented imprecision of the assay reflects the actual methodological variation
between samples as the CVs comprise the entire assay including cell counting, the IMPDH-

catalyzed XMP production, hydrolysis of XMP and quantification of xanthine by LC-UV.
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Paper 111

With respect to growth inhibition of the MOLT-4 cells, the estimated ICsy values were 0.24
(SE 0.01) pumol/L and 0.19 (SE 0.02) pumol/L, and the calculated ICqy values were 0.54
pmol/L and 0.64 pumol/L for MPA and tGuO, respectively. Cells exposed to MPA showed
numerically lower viability than cells exposed to equimolar tGuO concentrations.

MPA demonstrated a biphasic concentration-dependent effect on the IMPDH basal
activity; the activity increased at MPA < ICsy, whereas the activity was significantly
reduced at MPA 0.50 pmol/L. The IMPDH activity was stable in the low range of tGuO
concentrations. However, the activity was significantly reduced at tGuO 0.50 umol/L.

The IMPDH?2 gene demonstrated 23-fold higher expression than /MPDHI in the
MOLT-4 cells (controls). MPA induced the gene expression of both isoforms at MPA 0.15
pmol/L and 0.50 pmol/L. During exposure to tGuO a modest increase in the expression of
IMPDH?2 was observed, whereas the expression of IMPDHI was not consistent between
experiments.

At low tGuO concentrations the cellular concentrations of GDP and GTP tended to
increase, and ATP increased significantly. Steep reductions of these nucleotides were
observed when tGuO was increased to 0.50 pmol/L. The nucleotides gradually decreased
during increasing MPA exposure. A trend toward modestly increased ATP levels was

observed at the low MPA concentrations.

The results demonstrate that the IMPDH basal activity is influenced by MPA and tGuO, and
suggest that reduced IMPDH basal activity is related to the proliferation-blocking effects of
these agents. The reduced underlying IMPDH activity may enhance the antiproliferative
activity of MPA and tGuO at high concentrations. If analogous reductions of the IMPDH
basal activity occur during AZA and 6-mercaptopurine treatment, their antiproliferative and
toxic effects may be limited by the IMPDH-dependent production of the thioguanine
nucleotide antimetabolites. Since the IMPDH activity will not be a prerequisite for the
conversion of 6-thioguanine to its corresponding nucleotides, this may contribute to the
understanding of the excess toxicity that is seen with 6-thioguanine compared to 6-
mercaptopurine in the treatment of childhood lymphoblastic leukemia.'*®

The elevated IMPDH basal activity at MPA < ICs, was associated with increased
IMPDH?2 gene expression. The IMPDH2 gene expression was still increased at the
proliferation-blocking concentration of MPA, whereas the IMPDH basal activity was

reduced. According to a recent hypothesis, the MPA-mediated reduction of the GTP levels
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could induce aggregate formation of IMPDH, which again may lead to trapping of less
active conformations of the enzyme.® With respect to the tGuO experiments, the lack of
correlation between the IMPDH gene expression and activity remains unexplained.

Conflicting results have been reported for the influence of MPA on the ATP levels
in cell models."?”*!*10 Also, reports on the in vivo levels of cellular ATP during AZA
and MMF treatment are diverse.'*'*1*>!36 Our results indicate that ATP may be increased
at low MPA and tGuO concentrations, thereafter gradually decreased during increasing
MPA exposure and steeply decreased above a tGuO threshold concentration. This
concentration-dependent biphasic effect might explain the diverse results previously
reported.

Sensitivity to the MPA and tGuO exposure may be related to cell type and cell cycle
status. Therefore, generalization of the effects observed in the MOLT-4 cell model has

restrictions.

Paper IV
In the healthy individuals, the MPA Ci,.x and AUC,. 1z, increased linearly with dose.
Maximum inhibition of the IMPDH activity in CD4+ cells occurred 0.25 to 3.0 hours after
MMF administration and coincided with the MPA C..x. The IMPDH A, medians were 94,
51, 15, 14 and 13 % relative to Ay at baseline, 100, 250, 500 and 1000 mg MMF,
respectively. Corresponding MPA C,,,x median values were 2.7, 6.4, 14.6 and 26.7 mg/L at
100, 250, 500 and 1000 mg, respectively. The ECso was estimated to be 2.3 mg/L by a
pooled data analysis, and the IMPDH activity was not further inhibited when the MPA
concentrations exceeded approximately 6 mg/L. The overall IMPDH activity (AUCy.121)
approached maximum reduction at MPA AUC. 12, 22 mgxh/L. Maximum reduction relative
to baseline IMPDH activity AUC.jo, was in the order of 50 %. Although very low MPA
concentrations were observed toward the end of the 12-h interval, the IMPDH A;, was still
suppressed compared to A and baseline Aj;. An ad hoc experiment demonstrated that the
direct IMPDH inhibition was 34 % at MPA C;; 1.1 mg/L (mean, n = 2).

The IMPDH?2 /| IMPDH]I gene expression (Eg) ratio in the CD4+ cells was median
3.6 (range 1.8 to 5.2). Minimum /MPDH] expression (IMPDH]I E;,, normalized to Eo)
within the 12-h interval was significantly reduced at 250 mg and 500 mg MMF. Also, the
IMPDH1 AUC. 121 (% of Egxh) showed a tendency toward reduction at 250 mg and 500 mg
MMF. The IMPDH? Ei, Was significantly reduced at 500 mg MMF.
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The guanine nucleotide concentrations in the CD4+ cells were not reduced following
administration of MMF. On the contrary, GTP and ATP tended to increase. GDP, ADP and
AMP were fairly stable.

This study in healthy individuals allowed the examination of MPA-mediated effects,
exclusively, across a range of MMF doses. MPA mediated strong suppression of IMPDH in
CD4+ cells, mainly by direct inhibition, but also in association with reduced /MPDH gene
expression. It was demonstrated that total MPA AUC 2, exceeding 22 mgxh/L did not
decrease the overall IMPDH activity any further. Accordingly, the 1000 mg MMF dose was
in the upper range of the exposure-response curve. The results indicate that overexposure to
MPA may occur with concentrations above approximately 6 mg/L. It may be hypothesized
that the incidence of adverse effects could be reduced by identifying patients who are
overexposed to MPA, and then reduce the MPA exposure according to IMPDH inhibition
on an individual basis in these. Avoidance of high MPA C,,,x might improve the adverse
effect profile. Dose reduction alone, or combined with more frequent administration, or
controlled-release formulations could potentially overcome this.

The study does not support any immediate GDP or GTP reduction in circulating
CD4+ cells following MMF administration. This finding suggests that these nucleotides
lack potential as immediate response biomarkers to MPA. Future studies should rather
address possible long-term alterations of guanine or deoxyguanine nucleotides and the
potential relationship to clinical efficacy of MPA.

One limitation of this study is the single-dose design that did not allow investigation
of steady state MPA concentrations. However, the MPA exposures at the high single doses
were comparable to clinically relevant exposure. We could not assess the possible
contribution of the active acyl glucuronide metabolite (AcMPAG) to the IMPDH inhibition,

as this metabolite was not quantified.
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Conclusions of the Thesis

Mycophenolic acid mediated a dual effect on the IMPDH activity in whole blood cells.
Following transplantation and initiation of MMF treatment, the pre-dose IMPDH activity
gradually increased during 6 weeks. At day 40 post-transplant the activity was nearly 5-fold
higher than at pre-transplant. Still, a strong transient IMPDH inhibition coincided with the
MPA Cpax approximately 1 hour after MMF dose administration. The relevance of
measuring IMPDH activity in whole blood cells is debated. It could be speculated that
relative inhibition of whole blood cell IMPDH activity within the dose interval might
predict the clinical response to MPA. The dose interval study in renal transplant patients
indicates that monitoring strategies should focus on the first half of the MMF dose interval,
as the IMPDH activity was close to pre-dose values during the second half of the interval.

In the MOLT-4 cell model, it was demonstrated that MPA influences the underlying
IMPDH activity in a concentration-dependent manner. The proliferating cells possessed
mechanisms for expression-associated induction of the IMPDH basal activity at moderate
MPA concentrations, consistent with the observed induction of pre-dose activity in whole
blood cells. However, the basal activity was reduced at MPA concentrations causing
extensive inhibition of cell proliferation. These results suggest that reduced IMPDH basal
activity may be related to the proliferation-blocking effects of MPA.

We developed and validated an assay for the determination of IMPDH activity and
specifically the MPA-mediated IMPDH inhibition in CD4+ cells isolated from small-
volume blood samples. This assay is suitable for the assessment of the direct molecular
effect of MPA in clinical samples.

The exposure-response study in healthy individuals demonstrated strong reduction of
the IMPDH activity in circulating CD4+ cells during clinically relevant MPA exposure.
Reduced IMPDH gene expression was associated with the exposure to MPA. The
pharmacokinetic-pharmacodynamic analysis revealed that MPA plasma concentrations
above approximately 6 mg/L did not inhibit the IMPDH activity any further. The IMPDH
activity AUCy.1on approached maximum reduction at MPA AUC .o, 22 mgxh/L. As no
guanine nucleotide reductions were observed in the circulating CD4+ cells after MMF
administration, these nucleotides may not be used as immediate response biomarkers to
MPA. The results suggest that the current standard dosing of MMF corresponds to MPA

exposure in the upper range of the exposure-response curve, although a high variability was
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observed. Still as a hypothesis, this could explain the frequent adverse effects that occur in
transplanted patients receiving MPA therapy. Integrated monitoring of IMPDH activity and
MPA concentration may help identifying patients who are over- or underexposed to MPA,
and furthermore it may provide individualized dosing to improve the clinical outcome.
Future studies are needed to characterize the potential relationship between IMPDH activity
and clinical outcome during MPA therapy. Limited sampling strategies should be defined to

allow the methodology in routine clinical practice.
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Future Perspectives

A study of the pharmacokinetic-pharmacodynamic relationship for MPA in liver transplant
patients has been initiated at Rikshospitalet University Hospital. The assay for
determination of IMPDH activity in CD4+ cells will be utilized to examine the molecular
response to MPA in this patient population. The first part of the study will be descriptive in
order to assess the relationship between the biomarker and the clinical pharmacodynamics,
and to define a limited sampling strategy. The second part will aim at prospective
assessment of individualized MPA exposure based on monitoring of IMPDH activity or
inhibition. One hypothesis is that adequate efficacy and less adverse effects may be obtained
by reduced MPA exposure in a considerable proportion of the patients.

Similar pharmacokinetic-pharmacodynamic studies may be performed in other
populations of transplanted patients. As the acute rejection and graft loss rates are relatively
low with present immunosuppressive protocols, a general obstacle to prospective
investigations is the great number of patients that will be needed to assess superiority of any
intervention with reasonable statistical power. It could be appropriate to identify patients
who are expected to benefit utmost by individualized immunosuppressive treatment (e.g.
high risk patients), and then perform studies on the relationship between IMPDH activity
and clinical outcome in such selected sub-populations. Prospective assessment of IMPDH
monitoring should ultimately be accomplished. The importance of adverse effects due to
excessive immunosuppression should be stressed as clinical endpoints in addition to acute
rejection, graft loss and patient survival. Studies should ideally be designed to allow long-
term follow-up. It remains to be elucidated whether relationships between IMPDH-related
variables and clinical outcome are of sufficient predictive strength, and eventually whether

it will be feasible to implement IMPDH monitoring in the routine laboratory service.
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