©2013 Dustri-Verlag Dr. K. Feistle
ISSN 0946-1965

DOI 10.5414/CP201884
e-pub: June 19, 2013

Key words
mycophenolic acid —
drug interactions —
hematopoietic cell
transplantation

Received
December 11, 2012;
accepted

April 5, 2013

Correspondence to

Dr. Jeannine S. McCune
Department of Pharmacy,
Box 357630, University
of Washington, Seattle,
WA 98195, USA
jmccune@
u.washington.edu

International Journal of Clinical Pharmacology and Therapeutics, Vol. 51 — No. 9/2013 (711-717)

High prevalence of potential drug interactions
affecting mycophenolic acid pharmacokinetics
in nonmyeloablative hematopoietic stem cell

transplant recipients

Alenka Jakli¢', Carol J. Collins3, Ale$ Mrhar!, Mohamed L. Sorror*8, Brenda M.
Sandmaier*8, Meagan J. Bemer®, Igor LocatelliZ and Jeannine S. McCune®8

"Department of Biopharmaceutics and Pharmacokinetics, 2Department of Social
Pharmacy, University of Ljubljana, Ljubljana, Slovenia, *Department of
Pharmaceutics, “*Department of Medicine, °Department of Pharmacy, University of
Washington, and 6Clinical Research Division, Fred Hutchinson Cancer Research

Center, Seattle, WA, USA

Abstract. Objective: Mycophenolic acid
(MPA) exposure is associated with clinical
outcomes in hematopoietic cell transplant
(HCT) recipients. Various drug interaction
studies, predominantly in healthy volunteers
or solid organ transplant recipients, have
identified medications which impact MPA
pharmacokinetics. Recipients of nonmye-
loablative HCT, however, have an increased
burden of comorbidities, potentially increas-
ing the number of concomitant medications
and potential drug interactions (PDI) affect-
ing MPA exposure. Thus, we sought to be
the first to characterize these PDI in non-
myeloablative HCT recipients. Materials
and methods: We compiled PDI affecting
MPA pharmacokinetics and characterized
the prevalence of PDI in nonmyeloablative
HCT recipients. A comprehensive literature
evaluation of four databases and PubMed
was conducted to identify medications with
PDI affecting MPA pharmacokinetics. Sub-
sequently, a retrospective medication re-
view was conducted to characterize the cu-
mulative PDI burden, defined as the number
of PDI for an individual patient over the first
21 days after allogeneic graft infusion, in 84
nonmyeloablative HCT recipients. Results:
Of the 187 concomitant medications, 11
(5.9%) had a PDI affecting MPA pharma-
cokinetics. 87% of 84 patients had one PDI,
with a median cumulative PDI burden of 2
(range 0 — 4). The most common PDI, in de-
scending order, were cyclosporine, omepra-
zole and pantoprazole. Conclusion: Only a
minority of medications (5.9%) have a PDI
affecting MPA pharmacokinetics. However,
the majority of nonmyeloablative HCT re-
cipients had a PDI, with cyclosporine and
the proton pump inhibitors being the most

common. A better understanding of PDI
and their management should lead to safer
medication regimens for nonmyeloablative
HCT recipients.

Introduction

Nonmyeloablative conditioning regi-
mens for allogeneic hematopoietic stem cell
transplantation (HCT) have expanded the
availability of this procedure to patients who
cannot tolerate the toxicity of high-dose con-
ditioning due to age or comorbidity [1]. Ap-
proximately 75% of nonmyeloablative HCT
recipients have pre-transplant comorbidities,
as defined by the HCT-comorbidity index
(HCT-CI), possibly increasing the number of
potential drug interactions (PDI) [1]. A com-
prehensive review of PDI from postgrafting
immunosuppression, which is administered
for several months after allogeneic graft in-
fusion, has yet to be conducted. An evalua-
tion of PDI in nonmyeloablative HCT pa-
tients is imperative, especially considering
the increased attention given to drug inter-
actions in cancer patients receiving standard
dose chemotherapy [2] and in solid organ
transplant recipients [3].

Mycophenolate mofetil (MMF), an ester
prodrug, is a key component of postgraft-
ing immunosuppression after nonmyeloab-
lative HCT. MMF is rapidly hydrolyzed to
mycophenolic acid (MPA), its therapeuti-
cally active metabolite, by esterases in the
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gastrointestinal (GI) tract. MPA is a potent,
reversible and non-competitive inhibitor
of inosine monophosphate dehydrogenase
(IMPDH) Types I and II, the inhibition of
which blocks de novo purine synthesis in B
and T lymphocytes [4]. After rapid absorp-
tion in the small intestine, MPA undergoes
hepatic metabolism by various UDP-gluc-
uronosyltransferase (UGT) isoenzymes to
form MPA glucuronide (MPAG) [4]. Me-
tabolites, of which MPA-7-O-glucuronide
predominates, are excreted renally or into
the bile via the ATP binding cassette trans-
porter 2 (ABCC2, also multidrug resistance-
associated protein 2 or MRP2) [4]. Metabo-
lites can be converted back to MPA by the
bacterial B-glucuronidase enzymes of the GI
flora. The subsequent reabsorption of MPA
as part of enterohepatic recycling (EHC)
leads to a secondary peak in the MPA plas-
ma concentration-time profile. HCT recipi-
ents infrequently exhibit a secondary MPA
peak [5] and have reduced MPA plasma area
under the concentration-time curves (AUCs)
compared to solid organ transplant recipi-
ents [6].

Our group observed that low total MPA
AUC was associated with a higher likeli-
hood of graft rejection and low donor T-
cell chimerism in nonmyeloablative HCT
recipients [7]. High unbound MPA AUC
was associated with a higher likelihood of
cytomegalovirus (CMV) reactivation. PDI
that decrease MPA AUC could increase the
risk of graft rejection and low donor T-cell
chimerism, while PDI that increase MPA
AUC may increase toxicity. This led to our
hypothesis that HCT patients are suscep-
tible to drug interactions that affect MPA
AUC, and that these PDI may be caused, in
part, by concomitant medications adminis-
tered for comorbidities unrelated to HCT.
To evaluate this hypothesis, we compiled
a comprehensive list of previously docu-
mented PDI affecting MPA AUC. We then
used this list to conduct a study character-
izing the cumulative PDI burden, defined
as the sum of PDI for an individual patient
over the first 21 days after allogeneic graft
infusion. Because of the key role that MPA
has as postgrafting immunosuppression for
HCT recipients, we focused solely on PDI
affecting MPA AUC and did not include
drugs (e.g., acyclovir [8]) affected by MPA.

Methods

Literature review

We sought to compile a comprehensive
list of PDI and therefore evaluated several fre-
quently used drug interaction databases and
conducted literature searches in PubMed. The
drug interaction databases evaluated were the
University of Washington Drug Interaction
Database [9], Stockley’s Drug Interactions
[10], Lexicomp™ [11], Micromedex® [12] and
Drugs.com [13]. In addition, a PubMed search
was conducted with the following terms: (i)
mycophenolate OR (mycophenolic acid) AND
interactions, (ii) mycophenolate OR (myco-
phenolic acid) AND (drug name), (iii) myco-
phenolate OR (mycophenolic acid) AND (drug
name) AND interactions.

PDI affecting MPA
pharmacokinetics

PDI were categorized by the level of evi-
dence and recommended management. The
level of evidence was classified using the scale
from Facts and Comparisons: Drug Interaction
Facts™ [14]. Medications with level 5 scien-
tific evidence (i.e., in vitro data only) were not
further considered relevant due to the lack of
pharmacokinetic data. The recommended ac-
tion to manage a PDI was classified using
Hansten and Horn’s operational classification
of drug interactions (ORCA) [15]. ORCA clas-
sifies drug interactions on a 5-class scale: Class
1 is assigned to drug interactions that must be
avoided at all times and Class 5 is assigned to
those that can be ignored. The recommended
action to manage a PDI was chosen by the first
(AJ), second (CJC) and senior (JSM) authors,
with a group discussion to handle any dis-
agreements. Case reports were evaluated with
the Drug Interaction Probability Scale (DIPS)
[16]. The recommended action depended on
whether the medication was related to the HCT
procedure (i.e., an essential part of the post-
grafting immunosuppression) or unrelated (i.e.,
medications to treat comorbidities or cancer-
related syndromes or to alleviate toxicities).
Calcineurin inhibitors, corticosteroids and an-
timicrobials were categorized as HCT-related.
Proton pump inhibitors (PPIs) and valproate
were classified as non-HCT related.



Table 1.
(HCT) recipients.

Drug interactions in HCT

713

Characteristics® of nonmyeloablative hematopoietic cell transplant

weekly on standardized medication history
worksheets. Medication doses were not col-
lected. Concomitant medications were culled

aCategorical data presented as number of participants meeting stated criteria;
continuous data presented as median (min-max); °PHCT-Comorbidity index was

assigned to 82 patients; °1
renal and liver dysfunction;

patient, included in both values below, had both

dereatinine clearance < 60 ml/min, calculated with

Cockroft Gault equation using actual body weight; ®total bilirubin > than 2 times
laboratory upper normal limits, alanine aminotransferase or aspartate amino-
transferase > than 3 times laboratory upper normal limits.

Patient population

We evaluated concomitant medications
in a cohort of nonmyeloablative HCT re-
cipients who participated in a prospective
biomarker study between November 2008
and February 2012. Written informed con-
sent was obtained from all patients, and the
study protocol was approved by the Institu-
tional Review Board at the Fred Hutchinson
Cancer Research Center (clinicaltrials.gov
#NCT00764829). Oral MMF administration
frequency and dose were specified by HCT
clinical protocols. Patients received support-
ive care per institutional Standard Practice
Guidelines as previously described [17].

Study evaluating PDI

All concomitant medications (both around-
the-clock and “pro re nata”) were recorded

Characteristic No. of patients .. .

- i from the medication history worksheets by

Total no. of patients 84 nd 4 th di j

e 617 (20.0-73.1) two in epen ent rgters, wit iscrepancies re-

Male 52 (62%) solved by discussion and a third review. The

Cancer diagnosis number of concomitant medications and PDI
Non-Hodgkin lymphoma 28 (33%) were evaluated on Days 2, 7 and 21 after allo-
Chronic lymphocytic leukemia 16 (19%) geneic graft infusion. These days were chosen
Acute myeloid leukemia 12 (14%) because Days 7 and 21 were used in our prior
Multiple myeloma 8 (10%) pharmacodynamics analysis in nonmyeloabla-

. 0, . ..
NG R EBE B EIRE ic ) tive HCT recipients [7]. A PDI was defined as
Myeloproliferative disorders 4 (5%) .. . . . .
: : the administration of a potentially interacting
Acute lymphocytic leukemia 3 (4%) .. s
o medication within 3 days before or on Days 2,
Other 6 (7%) . .

HCT comborbidity index? 7 or 21. For each patient, the cumulative PDI
0 8 (10%) burden over the first 21 days post HCT was cal-
1-2 13 (15%) culated by adding the number of PDI on each
3-4 31 (37%) day; each drug was counted only once.
>5 30 (36%)

End organ dysfunction®
Renal dysfunction ¢ 11 (13%)

Liver dysfunction® 12 (14%) Results

Postgrafting immunosuppression concomitant with MMF . . L
Cyclosporine 58 (69%) 84 patients were included in this retrospec-
Tacrolimus 26 (31%) tive analysis; characteristics are described in
Sirolimus and calcineurin inhibitor 13 (15%) Table 1. 51 participants had concomitant med-

ications recorded on all 3 days (i.e., Days 2,
7 and 21), 24 participants on 2 of the 3 days,
and 9 participants on only 1 day. Patients took
a median of 13 (range 7 — 24) medications
including MMF and 87% patients had a PDIL.
The majority of PDI arose from HCT-related
medications; these should be managed by
monitoring (ORCA, Class 3) since there is no
suitable alternative available.

Of 187 concomitant medications, 11
(5.9%) had a PDI. Figure 1 describes the
number of concomitant medications and PDI,
respectively. The median number of PDI per
patient was 1 (Days 2 or 7) or 2 (Day 21),
with a consistent range of 0 — 3 over all three
occasions. The increased number of PDI on
Day 21 was mostly due to increased cortico-
steroid administration. The median cumula-
tive PDI burden was 2 (range: 0 — 4). Ten
PDI were expected to decrease MPA AUC
and one to increase MPA AUC (Table 2).
The most common PDI were cyclosporine,
omeprazole, and pantoprazole (Figure 2).

PDI decreasing MPA AUC

Several PDI had the potential to decrease
MPA AUC, including cyclosporine, cortico-
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Figure 1. A: Concomitant medications per non-
myeloablative HCT recipients. B: Number of PDI
per nonmyeloablative HCT recipients.

Table 2. Overview of all PDI affecting MPA pharmacokinetics.

steroids, and PPIs. Decreasing MPA absorp-
tion or increasing MPA clearance would de-
crease MPA AUC, resulting in increased risk
of graft rejection [7] or acute graft-versus-host
disease (GVHD) [18]. Cyclosporine is often
used as postgrafting immunosuppression with
MPA. It inhibits ABCC2, thereby impairing
EHC by inhibiting MPA reabsorption [18].
Cyclosporine is the only PDI previously re-
ported in HCT recipients: the median MPA
clearance was 33% higher in patients receiv-
ing concomitant cyclosporine compared to pa-
tients receiving tacrolimus [19]. The majority
(n = 58) of our cohort received cyclosporine.
Corticosteroids were predominantly used in
this population to treat GVHD; their use in-
creased from Day 2 to Day 21 (Figure 2). The
potential effect of corticosteroids on MPA
pharmacokinetics has been controversial; two
studies reported no effect [32, 37], while an-
other reported lower MPA exposure [20]. The
majority of patients received prednisone, but
2 patients received methylprednisolone. PPIs
potently inhibit gastric acid secretion, sub-
sequently increasing the gastric pH. Higher
gastric pH is expected to decrease MPA ab-
sorption by decreasing the release and hydro-
lysis of MMF [35]. Varying PPIs were used;
omeprazole and pantoprazole predominated.
Antibiotics may affect the EHC of MPA by

Drug® \ Evidence per literature review \ n® \ Management®
| MPA area under the curve (AUC)?, | efficacy
Cyclosporine* HCT [19], MPA clearance 1 33% 58 2
Proton pump inhibitors Solid organ transplant (SOT), population pharmacokinetic (popPK) analysis [32],
no effect
Omeprazole Healthy volunteer (HV) [33], MPAAUC | 23% 28 2
Pantoprazole Autoimmune disorders (AID) [34], MPAAUC | 37%; SOT [35], MPAAUC | 27% 20 2
Esomeprazole Assumed similar to omeprazole [33] 1 2
Lansoprazole SOT [36], MPAAUC | 25% 1 2
Corticosteroids* SOT [20, 32, 37], conflicting data
Prednisone SOT, conflicting data with no effect [37, 38] or lower MPA exposure [20] 15 3
Methylprednisolone SOT [20], MPA clearance | 25% 2 3
Antibiotics SOT, PopPK study [32], no effect
Metronidazole HV [21], MPAAUC | 19% 1 3
Amoxicillin/clavulanic acid | SOT, MPA Ctrough | 46% [39]; SOT, case report® [40] 1 &
Ciprofloxacin SOT, MPA Ctrough | 46% [39]; HCT, case report® [41] 7 &
1 MPAAUC, 1 risk for toxicities
Valproate® ‘ SOT, case report [22] ‘ 1 ‘ 2

@HCT medications are astericked; Peach PDI was counted once per patient over the entire study period; °ORCA [15] classification of
drug interactions with 2 (usually avoid combination: use only under special circumstances) and 3 (minimize risk: assess risk and take
recommended actions including considering alternatives, circumventing or monitoring); Ylevel 2 scientific evidence [14]; ®level 3 scien-

tific evidence [14].
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Figure 2. Time course of PDI.

impairing conversion of MPAG to MPA by GI
bacterial B-glucuronidase. Patients took cip-
rofloxacin, metronidazole, and amoxicillin/
clavulanic acid (Table 2). Notably, no patients
took a fluoroquinolone and metronidazole at
the same time. This combination has been
shown to reduce MPA AUC by 33%, the most
substantial effect seen in all antibiotic — MPA
interaction studies [21].

PDI increasing MPA AUC

Valproic acid (level 3 evidence) was the
only PDI to increase MPA AUC. Elevated
unbound MPA AUC has been associated with
more frequent CMV reactivation, therefore in-
creasing toxicity [7]. The proposed mechanism
for this interaction is inhibition of UGT2B7 en-
zymes, which would decrease metabolism of
MPA to MPAG and increase MPA AUC. This
is supported by case reports from 3 patients
[22], leading to a DIPS score of 3.

Discussion

To our knowledge, this is the first anal-
ysis of PDI in the setting of postgrafting
immunosuppression in nonmyeloablative
HCT recipients. Our key findings are that:
1) few (5.9%, 11 of 187) known concomi-

tant medications have the potential to affect
MPA pharmacokinetics based on current lit-
erature; 2) most patients (87%) had a PDI
affecting MPA pharmacokinetics; and 3)
cyclosporine, omeprazole and pantoprazole
were the most common PDI. Only one other
group has characterized PDI within HCT re-
cipients [23]: 60% of 70 myeloablative HCT
recipients had a PDI with an antibiotic dur-
ing administration of the conditioning regi-
men [23]. We focused on MMF because it
is administered daily for several months to
nonmyeloablative HCT recipients, many
of whom are either elderly or have comor-
bidities [1]. We targeted PDI affecting MPA
pharmacokinetics because various pharma-
codynamic studies suggest MPA AUCs or
trough concentrations are associated with
clinical outcomes in HCT populations [7,
24]. Furthermore, adverse outcomes are as-
sociated with drug interactions in solid organ
and general medicine patients [25, 26], but
no similar studies have been conducted in
nonmyeloablative HCT recipients. Thera-
peutic drug monitoring of MPA is not stan-
dard of care in nonmyeloablative HCT recip-
ients. We propose a PDI could be clinically
significant if it may cause a > 20% change
in the total MPA AUC. This threshold was
established based on the recent American
Society of Blood and Marrow Transplanta-
tion report that generic immunosuppressants
are considered interchangeable if their AUCs
are within 20% of one another [27]. Previous
groups considered a 66% reduction in MPA
bioavailability [28] or a 10 mg/l1xh change in
MPA AUC [29] as relevant. Not surprisingly,
there were also a varying number of publica-
tions regarding PDI (Table 2) with support-
ive data for some medications (e.g., PPIs) or
conflicting information for others (e.g., cor-
ticosteroids).

The majority of HCT recipients had at least
one PDI affecting MPA pharmacokinetics,
which confirms our hypothesis that these pa-
tients are susceptible to drug interactions due,
in part, to concomitant medications adminis-
tered for comorbidities unrelated to HCT. The
HCT-CI of this patient population are com-
parable to those reported by Sorror et al. [1],
who observed that an HCT-CI of 1 or greater is
associated with worse survival in nonmyeloab-
lative HCT recipients. Of the 187 concomitant
medications, only a minority had a PDI (Table
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2). Notably, only the PDI of the concomitant
medications were evaluated; thus, not all pre-
viously reported drug interactions with MPA
(e.g., rifampin [30], nonsteroidal anti-inflam-
matory agents [31]) were included.

Conclusion

We found only a few concomitant medi-
cations had PDI that could affect MPA AUC.
These medications, however, are commonly
used as postgrafting immunosuppression in
the HCT setting and potentially affect that
majority of HCT recipients. Given the pau-
city of literature and the potential negative
effects of PDI, especially in a population
with multiple comorbidities, cross-sectional
studies within a larger HCT population are
needed to better comprehend PDI in nonmy-
eloablative HCT. Until these potential PDI
are better understood, diligent review of con-
comitant medications is necessary to identify
PDI affecting MPA pharmacokinetics, which
could subsequently affect the therapeutic in-
dex of MMF.
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