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Abstract

Background and Objectives The hematological side effects associated with mycophenolic acid (MPA) are relatively com-
mon and have severe consequences. The majority of literature data have not shown clear consistency in the MPA exposure-
neutropenia relationship. We hypothesized that (i) adult de novo kidney transplant recipients who develop neutropenia have
relatively higher dose-normalized MPA exposure than patients without neutropenia, and (ii) the observed neutropenia may
be explained by polymorphisms in metabolism and/or transporter genes responsible for MPA disposition.

Methods Adult kidney transplant recipients on steady-state tacrolimus and MPA, not receiving a corticosteroid, and with
stable renal function were recruited for investigation at three periods post-transplant (1, 3, and 12 months; n=21, 17, and
13, respectively). Clinical variables (age, weight, MPA daily dose, albumin, serum creatinine, absolute neutrophil count),
tacrolimus and MPA concentrations (for exposure calculation), and genotypes (UGT2B7 G211T, UGT2B7 C802T, UGT1A9
T-275A, UGT1A9 T98C, MRP2 C-24T, MRP2 G1249A, OATP1B1 A388G, OATP1B1 C463A) were characterized.
Results A significant inverse association between dose-normalized MPA exposure (a surrogate marker for apparent MPA
clearance) and absolute neutrophil count in all three study periods (+* ~0.3-0.7) was observed. No associations between
characterized single nucleotide polymorphisms and MPA exposure or absolute neutrophil count were established. However,
significant alterations in the minor allele frequencies of UGT2B7#2 C802T, UGT1A9 T275A, and MRP2 G1249A were
evident.

Conclusion These findings support the clinical strategy for conducting MPA therapeutic drug monitoring in adult kidney
transplant patients on steroid-free immunosuppressant therapy. The novel population genomic analysis data warrant further
epidemiological investigations in a larger study sample.

Electronic supplementary material The online version of this Key Points
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1 Introduction

Mycophenolic acid (MPA) is widely used as a first-line
antirejection drug in adult kidney transplant recipients in
combination with a calcineurin inhibitor (e.g., tacrolimus
or cyclosporine) and corticosteroids [1, 2]. Due to unwanted
side effects associated with corticosteroids, however, ster-
oid-sparing regimens have been utilized in various transplant
centers to improve cardiovascular outcomes for patients with
minimal immunological risks [3, 4]. The hematological
side effects (e.g., leukopenia, neutropenia) associated with
MPA can be relatively frequent [1, 2] and have severe con-
sequences. A neutropenic patient is more likely to develop
infections, which may increase the risk of graft rejection,
and would require careful evaluation (e.g., sometimes with-
holding MPA) of their pharmacotherapy [1, 2]. Despite the
robust relationship between MPA exposure and efficacy
using established therapeutic targets in kidney transplant
recipients [5], data correlating MPA exposure to neutrope-
nia are still relatively scarce [6], especially in patients on
steroid-free regimens. Moreover, the majority of the studies
have characterized leukopenia rather than neutropenia, and
the collective literature has shown no clear consistency in
the exposure-neutropenia relationship [7]. To fill this impor-
tant knowledge gap, this article provides further evidence
demonstrating a correlation between dose-normalized MPA
exposure and neutropenia in kidney transplant patients on
steroid-free anti-rejection regimens.

Mycophenolic acid exhibits extremely large pharmacoki-
netic variability in humans [7]. It is highly protein bound and
undergoes extensive hepatic conjugation in the formation
of the inactive MPA-glucuronide and the putatively phar-
macologically active MPA-acyl-glucuronide [7]. The two
glucuronidation reactions are primarily mediated by UGT
(UDP-glucuronosyltransferase) 1A9 and UGT2B7, respec-
tively, and polymorphic forms of these enzymes have been
characterized [8]. Although associations between polymor-
phic UGT1A9 or UGT2BY7 alleles and altered MPA pharma-
cokinetics have been reported [8], relatively little data are
available establishing associations with pharmacodynamic
changes (i.e., toxicity) that have proven more difficult to
characterize [8]. The conjugated metabolites of MPA can
be eliminated renally or further subjected to enterohepatic
recirculation (EHR), the latter an important process respon-
sible for the recycling of MPA into the systematic circula-
tion. EHR is mediated by multidrug resistance-associated
protein 2 (MRP2 or ABCC2) and organic anion-transporting
polypeptide (OATP) enzymes [7]. Similar to MPA metabo-
lism, the EHR of MPA can be influenced by polymorphic
forms of MRP2 and OATP transporters in human subjects
[8]. Despite the emerging pharmacogenomics data related to
MPA metabolism, little is known of the effects of common
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genetic polymorphisms in UGT1A9, UGT2B7, MRP2, and
OATPI1B1 on the neutropenic adverse effects of MPA in
renal transplant patients on steroid-free regimens.

Recently, our group developed and validated the first
optimal limited sampling strategy (LSS) in adult renal
transplant recipients using MPA area under the concentra-
tion—time curve (AUC) on a tacrolimus-based steroid-free
regimen [9]. Using this specific LSS, we hypothesized that
adult de novo kidney transplant recipients who develop
neutropenia will have relatively higher MPA exposure than
patients without neutropenia. More specifically, we have
used dose-normalized MPA exposure (AUC/dose) in our
analyses because normalized exposure (i) allows the charac-
terization of the pharmacologically relevant “apparent MPA
clearance” (CL/F) and (ii) controls for the large variabilities
in oral bioavailability (F, which was not characterized in our
study) known to be associated with MPA [10]. We also pro-
posed that MPA-associated neutropenia may be explained
by polymorphisms in metabolism and/or transporter genes
responsible for MPA disposition. Our primary objective was
to determine associations between absolute neutrophil count
(ANC) and dose-normalized MPA exposure using regression
modeling. Our secondary objectives were to examine the
effects of single nucleotide polymorphisms (SNP) in select
UGT, MRP2, and OATP enzymes on MPA-associated neu-
tropenia while determining the relative frequencies of these
SNPs in our study population in comparison to the general
population without kidney disease.

2 Patients and Methods

Blood vacutainers containing ethylenediaminetetraacetic
acid (6 ml) were obtained from BD Diagnostics (Franklin
Lakes, NJ, USA). DNA was isolated using QIAmp Blood
Maxi Kit (Qiagen, Toronto, ON, Canada). Primers were
purchased from Integrated DNA Technologies (Coralville,
IA, USA). PCR Reagent was ReadyMix Taq PCR reaction
mix with MgCl, and the DNA ladder was Sigma-Aldrich
20 bp low-range marker (Sigma-Aldrich, St Louis, MO,
USA). Restriction enzymes were purchased from New Eng-
land BioLabs (Whitby, ON, Canada). Gel staining was done
with SYBR Safe DNA gel stain (Invitrogen, Carlsbad, CA,
USA). All other reagents were from VWR (Edmonton, AB,
Canada).

Adult (> 18 years old) de novo kidney transplant recipi-
ents were recruited from the solid organ transplant clinic at
Vancouver General Hospital (Vancouver, BC, Canada) if they
were on steady-state tacrolimus and MPA, not receiving a
corticosteroid, and had stable renal function as determined
by estimated glomerular filtration rates (GFR) (>40 ml/
min/1.73 m?) on two preceding clinic visits. All included sub-
jects received mycophenolate mofetil (CellCept formulation)
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and immediate-release tacrolimus (generic formulation).
Exclusion criteria included an organ rejection episode in
the preceding month, underlying gastrointestinal disease,
or cytomegalovirus (CMV)-seronegative recipients receiv-
ing allograft from a CMV-seropositive donor (CMV mis-
match). Operational approval from the Vancouver Coastal
Health Research Institute and Clinical Research Ethics Board
at the University of British Columbia were obtained prior
to the study. Recruited patients were studied prospectively
at three different time periods post-transplant (correspond-
ing to periods where neutropenic episodes are mostly likely
to take place in our institution) according to the following
schedules: Day 20—40 (period 1): collection of four plasma
samples (5 ml each, at 0, 1, 2, and 4 h) for the determina-
tion of (i) MPA and tacrolimus AUCs using LSS [9], (ii)
blood biochemistries (e.g., serum creatinine (SrCr), albumin,
ANC), and (iii) genotyping. The same procedures (except
for genotyping) were repeated at month 5-7 (period 2) and
month 11-13 (period 3). Additional patient demographic data
(age, weight, MPA daily dose, albumin, SrCr) were also col-
lected as part of routine care at each patient visit. Twenty-one
subjects were recruited for the first study period (a conveni-
ence sample size as no prior data were available), of which
17 subjects completed period 2, and 13 subjects completed
period 3. Plasma MPA and whole blood tacrolimus concen-
trations from an overnight fast were determined by validated
clinical assays at Vancouver General Hospital Clinical Labo-
ratory as part of routine care [11]. Patient genotyping was
conducted using restriction fragment length polymorphism
analysis (see Online Supplementary Material 1). Polymor-
phism frequencies in the study cohort were compared to pub-
lished population frequencies adjusted by ethnicity (e.g., the

Table 1 Patient biochemistry and demographic data

expected allele frequencies in Caucasians were multiplied
by the percentage of Caucasians in the study population and
added to the frequencies for other ethnicities each multiplied
by their percentage in our sample cohort) [12-26].

Descriptive statistics on baseline patient demographic
data were summarized using SigmaStat (Version 3.5). For
the primary objective, we first conducted linear regression
on log-transformed data (except for gender, which was
coded into 1 =female, and 2 =male) in order to determine
discrete clinical predictors for dose-normalized MPA AUC.
Subsequently, significant predictors of dose-normalized
MPA AUC were further incorporated into multiple regres-
sion models (as independent variables) in order to obtain
the best clinical predictor(s). To complement these regres-
sion models, we also sub-categorized subjects based on
their ANC (cut-off at 4500 neutrophil count (cells/mm?),
which represents the median value in the normal range)
and compared the MPA AUC values in the two divided
groups. Multiple regression models were constructed using
stepwise (backward/forward) analyses. The final sample
sizes obtained for each clinical variable are indicated in
Table 1. For the secondary objectives (genomic analyses),
we compared MPA AUC or ANC between subjects carry-
ing SNPs of UGT1A9, UGT2B7, MRP2, or OTAPIB1 and
wild-type carriers. Statistical significance was established
using Student’s ¢ test or the Wilcoxon rank-sum test (for
non-parametric data) for comparisons between two groups.
For comparison of SNP frequencies between our study pop-
ulation and literature data, Chi squared or Fisher’s exact test
(two-tailed) was conducted in Prism 5.0 (Graph Pad Prism,
San Diego, CA, USA). Statistical significance was deemed
a priori at p <0.05.

Characteristic Period 1 Period 2 Period 3

Weight (kg) 76+23 (N=21) 79+25 (N=16) 79+26 (N=13)
SrCr (umol/L) 115+26 (N=21) 101+23 (N=17) 98+17 (N=13)
GFR (ml/min/1.73 m?) 54+13 (N=21) 62+12 (N=16) 62+11 (N=13)
Albumin (g/L) 36+3 (N=21) 40+4 (N=16) 42+4 (N=12)
Daily MMF dose (g) 1.9+0.2 (N=21) 1.5+£0.5(N=17) 1.6+£0.5 (N=13)
Daily tacrolimus dose (mg) 9.1+4.4 (N=21) 54+3.1(N=17) 43+23 (N=13)
MPA AUC/dose (mg-h/L/g) 448+ 14.5 (N=21) 56.8+26.3 (N=17) 5444212 (N=13)

Tacrolimus AUC/dose (ug-h/L/mg)
ANC (1x10? cells/mm®)

415+182 (N=19)
47+15(N=21)

56.2+31.1 (N=17)
58424 (N=14)

59.8+21.9 (N=13)
37+1.4 (N=8)

Data presented as mean + SD

ANC absolute neutrophil count, AUC area under the concentration—time curve, GFR glomerular filtration rate, MMF mycophenolate mofetil,
MPA mycophenolic acid, SrCr serum creatinine
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3 Results
3.1 Subject Characteristics and Genotyping Data

The average age of the study population (n=21, n=10
females) was 56 + 11 years (mean + SD) at recruitment.
Patient demographic and biochemistry data in each of the
study periods are presented in Table 1. Patient ethnicity
and genotype data are summarized in Table 2. Because
we had decided to characterize each period individually
a priori, no attempts to compare the values (in Table 1)
between the three different periods were carried out. Over-
all, no apparent differences were observed for weight,
SrCr, GFR, and albumin values between the different
study periods (Table 1). However, a trend toward decreas-
ing tacrolimus doses in relation to post-transplant time
was observed, which is consistent with our practice guide-
lines. On the other hand, MPA TDM was not routinely
conducted in our institution, and the dose differences of
mycophenolate mofetil (MMF, prodrug of MPA) observed
between the different periods were based on adjustments
tailored to clinical presentation (e.g., adverse effects). Fur-
thermore, the bioavailability of MPA is known to exhibit
wide variability and is not linearly associated with MPA
dose [10]. Based on these findings, it was decided to nor-
malize MPA (to better characterize CL/F) and TAC AUCs
to their respective doses for subsequent statistical analy-
ses. Relatively large variabilities in ANC values were also
observed, precluding the establishment of trends between
the study periods (Table 1). Significant correlations
between MPA AUCs and individual MPA concentrations
or between tacrolimus AUC and tacrolimus concentrations
were observed in our dataset (r2=0.3—0.8, p<0.05; i.e.,
the expected observations; data not shown), supporting
the validity of our data.

3.2 Linear Regression Analyses to Determine
the Associations between Clinical Covariates
and ANC

Linear regression analyses were conducted to assess the
strength and significance of the associations between each
specific clinical co-variate and ANC in each study period
(Table 3). Our results indicated that “sex” was significantly
associated with ANC in period 1 (+*=0.222) and period 2
(*=0.336), whereas “weight” was a significant co-variate
in period 1 (*=0.210). The only co-variate consistently
(r*~0.3-0.7) associated with ANC across all three study
periods was MPA AUC/dose (hence, MPA CL/F) (Table 3).
An inverse association between MPA AUC/dose and ANC
was observed (Figs. 1, 2, 3), providing the initial piece of
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evidence supporting the hypothesis that higher dose-normal-
ized MPA exposure is associated with reduced ANC. In con-
trast to dose-normalized MPA AUC, tacrolimus AUC was
not significantly associated with ANC in any study period
(data not shown).

3.3 Multiple Regression Analyses to Determine
the Associations between Clinical Covariates
and ANC

To further assess the associations between clinical co-var-
iates and ANC, significant co-variates identified from sin-
gle regression analyses (“sex,” “weight,” and “MPA AUC/
dose”) were further incorporated into multiple regression
models (using “ANC” as dependent variable and “sex,”
“weight,” and “MPA AUC/dose” as independent variables)
for each study period. Forward selection and backward
elimination multiple regression modeling indicated that
“MPA AUC/dose” was the only co-covariate significantly
predicting “ANC” in each study period (Table 4). This
observation is consistent with the data obtained from single
linear regression modeling, providing another piece of evi-
dence supporting our primary hypothesis. Moreover, results
from multiple regression modeling further emphasized the
associations between “MPA AUC/dose,” but not “sex’ or
“weight,” and “ANC.” The strengths of the associations (12
values ~0.3-0.7 across the three study periods) observed for
MPA AUC/dose suggested that fluctuations in MPA expo-
sure contributed to about 30-70% of the variabilities in ANC
in our study cohort.

3.4 Categorical Analyses of the Effects of ANC
(>or<4.5x 10° cells/mm3) on Dose-Normalized
MPA Exposure

As a complementary approach to regression analyses
(Tables 3 and 4), subjects in period 1 (n=21) were fur-
ther sub-categorized based on ANC (< or> 4.5 x 10 cells/
mm?>, the median value in the normal range) in order to
compare the MPA AUC/dose values between these two
groups. Consistent with the findings obtained from regres-
sion analyses, subjects with ANC < 4.5 x 10? cells/mm?*
(n=9; mean+SD, 3.69+0.61 x 103 cells/mm3) exhibited
significantly higher MPA AUC/dose values (53.4+ 14.5
vs. 41.2+11.5 mg h/L/g, respectively) than subjects
with ANC >4.5x10° cells/mm?® (n=12; mean + SD
5.62 +1.06 x 10° cells/mm?®) (Fig. 4). These findings fur-
ther support an inverse relationship between MPA expo-
sure and ANC. This post hoc analysis was conducted for
period 1 only due to insufficient sample sizes in other
periods.
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Table 3 Linear association between individual clinical variables and absolute neutrophil count (as dependent variable)

Independent variables Period 1 Period 2 Period 3
7 values

Sex (female/male) 0.222% 0.336* 0.301
Weight (kg) 0.210* 0.082 0.321
SrCr (umol/L) 0.000 0.056 0.002
GFR (ml/min/1.73 m?) 0.079 0.018 0.277
Albumin (g/L) 0.066 0.065 0.316
MPA AUC/dose (mg-h/L/g) 0.295* 0.661* 0.682*
Tacrolimus AUC/dose (ug-h/L/mg) 0.002 0.056 0.293

AUC area under the concentration—time curve, GFR glomerular filtration rate, MPA mycophenolic acid, SrCr serum creatinine

#p<0.05

%10 1 P<0.05
g =0.295
%8 -
: o °
e °
N
e ®e
., e 3
£ | * "o
£ ® .
22
E
E 0 ] ] ] 1
<
0 20 40 60 80

AUC (mg-h/L/g)

Fig.1 Linear correlation analyses between absolute neutrophil count
(x1000 cells/mm?) versus dose-normalized MPA AUC (mg-h/L/g)
in de novo adult kidney transplant recipients (n=19-21) 20-40 days
(period 1) after receiving graft

P<0.05
- 17=0.661

Absolute neutrophil count (x1000 cells/ mm?)
O P, N W H» U1 OO N
1

0 50 100 150
AUC (mg-h/L/g)

Fig.2 Linear correlation analyses between absolute neutrophil count
(x1000 cells/mm?®) versus dose-normalized MPA AUC (mg-h/L/g)
in de novo adult kidney transplant recipients (n=14) 170-190 days
(period 2) after receiving graft
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Fig.3 Linear correlation analyses between absolute neutrophil count
(x1000 cells/mm?) versus dose-normalized MPA AUC (mg-h/L/g)
in de novo adult kidney transplant recipients (n=8) 11-13 months
(period 3) after receiving graft

3.5 Effects of SNPsin UGT2B7, UGT1A9, MRP2,
and OATP1B1 on Dose-Normalized MPA
Exposure and ANC

This secondary analysis examined the effects of SNPs in various
common genes associated with MPA metabolism (UGT2B7
G211T, UGT2B7 C802T, UGT1A9 T-275A, UGT1A9 T98C,
MRP2 C-24T, MRP2 G1249A, OATP1B1 A388G, OATP1B1
C463A) on MPA exposure and ANC in the first study period.
No subjects carrying polymorphic alleles were identified for
UGT1A9*3 T98C and MRP2 G1249A in our study (Table 5).
With respect to the other SNPs, the majority of subjects were
heterozygous carriers. Due to the exploratory nature of this sec-
ondary analysis and the relatively small study cohort, not all
SNPs had sufficient sample size for further statistical analyses.
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Table 4 Multiple regression analyses (forward selection and backward elimination) incorporating significant clinical co-variates for prediction of

absolute neutrophil count

Period 1

Period 2 Period 3

MPA AUC/dose (*=0.295)
Sex, weight, MPA AUC/dose

Significant co-variate identified

Independent variables incorporated
into models

MPA AUC/dose (*=0.697)
Sex, weight, MPA AUC/dose?

MPA AUC/dose (*=0.682)
Sex, weight, MPA AUC/dose?

AUC area under the concentration—time curve, MPA mycophenolic acid

 Input independent variables selected based on observations obtained across periods 1-3

80

: \

Dose normalized MPA AUC (mg-hr/L/g)

@ @@ T N i

nmmm

OANC<4.5 EANC>4.5

Fig.4 Dose-normalized MPA AUC values in subjects with
ANC<4.5%10° cells/mm® (n=9) versus ANC>4.5x10° cells/mm?
(n=12) in de novo kidney transplant recipients 20-40 days (period 1)
post kidney transplant. *p <0.05 based on Student’s t-test (data satis-
fied both normality and constant variance tests). AUC area under the
concentration—time curve, MPA mycophenolic acid

Despite a trend toward increased dose-normalized MPA expo-
sure in heterozygotes of UGT1A9 (T-275A), no associations
between dose-normalized MPA AUC or ANC and any of the
SNPs identified were evident in our study cohort (Table 5). This
post hoc analysis was conducted in period 1 only, due to insuf-
ficient sample sizes in other periods.

3.6 Frequencies of SNPsin UGT2B7, UGT1A9,
MRP2, and OATP1B1 in the Study Population
Compared to Population Controls

This secondary analysis examined the minor allele fre-
quencies of the characterized SNPs in the study cohort in
comparison to the frequencies found in population controls.
Because the ethnicities of our study subjects were known,
the expected minor allele frequencies for each ethnicity in
the general population (drawn from the literature) could be
compared for the tested SNPs (Table 6) [12-26]. Where

Table 5 Genotype frequencies, absolute neutrophil count, and dose-normalized MPA exposure in study period 1

Genes (N=W/He/Ho)

Wild type (MPA AUC/dose and

Heterozygotes (MPA AUC/dose and Homozygotes (MPA

ANC) ANC) AUC/dose and ANC)

UGT2B7 G211T (n=19/2/0) 45.84+13.58 52.04 N/A
4.86+1.34 4.1 N/A

UGT2B7 C802T (n=17/4/0) 46.22+14.22 49.26 £17.45 N/A
491+1.42 4.07+0.50 N/A

UGTI1A9 T-275A (n= 15/6/0) 43.83+£12.10 52.93+17.26 N/A
5.09+1.27 4.05+1.21 N/A

UGT1A9 T98C (n=21/0/0) 46.13+14.89 N/A N/A
4.75+1.45 N/A N/A

MRP2 C-24T (n=15/4/2) 45.52+16.00 47.62£8.45 50.93
4.82+1.51 4.98+0.54 42

MRP2 G1249A (n=21/0/0) 46.13+14.89 N/A N/A
4.75+1.45 N/A N/A

OATPI1B1 A388G (n=5/12/4) 50.61+13.69 43.20+15.38 50.90+9.10
4.98+1.71 4.78+1.28 458+1.23

OATPI1B1 C463A (n=17/4/0) 45.00+14.73 52.51+8.92 N/A
4.89+1.42 4.38+0.69 N/A

MPA AUC/dose is expressed as mg-h/L/g; ANC is expressed as 1x 10° cells/mm?

Data are presented as mean +SD where n> 3; if n <3 only the average value is presented

He heterozygotes, Ho homozygotes, W wildtype, N/A non-identified
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Table 6 Frequencies of single nucleotide polymorphisms in UGT2B7, UGT1A9, MRP2, and OATP1BI1 in study cohort compared to population

controls [11-25]

Polymor- rs 12233719 rs 7439366 rs 6714486 rs 72551330 15 717620 rs 2273679 rs 2306283 rs 11045819
phisms UGT2B7%3 UGT2B7*2 UGT1A9 UGT1A9*3  MRP2 C-24T MRP2 OATP1B1 OATP1B1
G211T C802T T-275A T98C GI1249A A388G C463A

Expected (A)  0.94 0.63 0.97 0.98 0.80 0.90 0.42 0.92
Expected (a)  0.06 0.37 0.03 0.019 0.20 0.10 0.58 0.08
Observed (A) 0.95 0.90 0.86 1.00 0.81 1.00 0.52 0.90
Observed (a)  0.05 0.10 0.14 0.00 0.19 0.00 0.48 0.10
P-value 0.99 <0.0001 <0.0093 0.99 0.99 <0.0032 0.22 0.99

Expected (A): expected major allele frequency based on population literature data; Expected (a): expected minor allele frequency based on pop-
ulation literature data; Observed (A): observed major allele frequency based on data collected in this study; Observed (a): observed minor allele

frequency based on data collected in this study

possible, the Indian, Chinese, Korean, and Caucasian minor
allele frequencies were extracted. If multiple reports were
available in the literature, average values were calculated
for these ethnicities for the specific SNP. For patients whose
ethnicity was recorded as “Asian Oriental,” Chinese, Japa-
nese, or Korean minor allele frequencies were utilized for
statistical analysis. Because there are no reports of minor
allele frequencies in the literature for people of Indian
descent for UGT2B7*2, UGT1A9 T-275A, UGT1A9%3,
and MRP2 G1249A, the average Asian minor allele fre-
quencies were utilized in our calculations. Based on these
analyses, UGT2B7%2 C802T (frequency decreased vs. con-
trol), UGT1A9 T-275A (increased), and MRP2 G1249A
(decreased) exhibited significantly different minor allele
frequencies in our study cohort compared to population fre-
quencies in the controls (Table 6).

4 Discussion

Neutropenia is commonly observed in kidney transplant
patients in the early de novo period, and may be associated
with significant co-morbidities [27, 28]. MMF usage has
been associated with neutropenia, or the more commonly
characterized leukopenia, in kidney transplant recipients
[7, 29]. Hematologic toxicities (including neutropenia) also
appear to be the primary reason for MMF dose reduction
during the first year post kidney transplant in adult patients
[30], which may result in increased graft rejection. However,
data on the associations between neutropenia, or leukopenia,
and MPA exposure have proven inconsistent in various stud-
ies in kidney transplant [7, 29]. Moreover, the majority of
studies that have examined the relationship between MPA
exposure and hematological side effects have characterized
“leukopenia,” which may have completely different etiolo-
gies/mechanisms to “neutropenia” [28]. Likewise, to our
knowledge, no studies examining the relationship between
neutropenia and MPA exposure have yet been conducted
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in strictly “steroid-free” kidney transplant patients. Given
the known induction effects of corticosteroids on MPA
metabolism [31] or leukocytosis [32] (potentially affecting
the nature of neutropenia, e.g., Vitko et al. [33]) and the
lack of available correlation data in adult kidney transplant
recipients on steroid-free regimens, our primary finding of
a significant inverse association between dose-normalized
MPA exposure and ANC in this specific population is novel
and of clinical relevance, especially in the context of the
increasing utilization of steroid-free regimens today [34].

Our findings of a significant inverse association between
dose-normalized MPA exposure and ANC were based on
multiple complementary approaches that included single
regression modeling (Table 3, Figs. 1, 2, 3), multiple regres-
sion modeling (Table 4), and categorical analysis (Fig. 4).
Despite the relatively small sample size, the strength and
significance of the identified associations found in all three
study periods supported the robustness of our observation.
Based on 12 values, dose-normalized MPA AUC correlated
more strongly with ANC in study period 2 (+*=0.697) or 3
(*=0.682) than period 1 (*=0.295), suggesting additional
clinical factors (not characterized in this study) may also
contribute to reduced ANC early after transplant. The dis-
crepancy in the strength of associations in period 1 (vs. 2 or
3) is unlikely attributed to renal function or protein binding
because SrCr and albumin concentrations were comparable
across periods (Table 1). On the other hand, a trend toward
a lower dose-normalized MPA exposure was observed in
period 1, which might suggest that higher dose-normalized
MPA exposure (i.e. >60 mg h/L/g) as evident in periods 2
and 3 may result in stronger associations, or MPA becom-
ing the primary driver, of lower ANC. Additional investiga-
tions with a larger sample size and other clinical factors are
needed to address this specific observation.

We have strategically utilized dose-normalized MPA
exposure (AUC/dose) because it allowed the characteriza-
tion of the pharmacologically relevant “apparent MPA clear-
ance” (CL/F) and acted as a control for the large variabilities
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in MPA’s bioavailability, which was not characterized in our
oral study [10]. When the same analyses were conducted
with un-normalized MPA AUC, the significant association
with ANC was still evident in study period 1 (r*=0.231,
p <0.05) but not in periods 2 and 3 (data not shown). These
discrepancies may be secondary to the relatively smaller
samples in periods 2 and 3 in the context of un-controlled
MPA variability (i.e., without dose-normalization). A larger
sample size in future studies should be able to confirm this
hypothesis. Nevertheless, our observation of a significant
association (based on period 1 data) between ANC and
AUC, irrespective of dose-normalization, would still sup-
port our overall conclusion.

Overall, our novel observation of a significant associa-
tion between dose-normalized MPA exposure and ANC in
steroid-free subjects is consistent with other clinical studies
that have examined a similar relationship between hemato-
logical effects and MPA concentrations, but in adult kid-
ney transplant recipients on steroid-based regimens. For
example, Mourad et al. [35] found an association between
elevated MPA concentration taken at 30 h post-dose and the
presence of adverse events, including hematologic effects,
in the early post-transplant period. However, Mourad et al.
did not characterize neutropenia as a specific end-point or
find MPA exposure to be a significant predictor of adverse
events. Similarly, Atcheson et al. [36] examined the phar-
macokinetics of MPA 5 days post-transplant and reported
higher free MPA (but not total) values in patients exhibiting
the composite adverse events of leukopenia/thrombocyto-
penia/infectious disease. A notable difference is that these
studies [35, 36] enrolled subjects on cyclosporine (vs. only
tacrolimus in our study), which is known to affect the EHR,
hence the exposure, of MPA [2]. Moreover, Kuypers et al.
reported a higher incidence of leukopenia in patients with
MPA exposure > 60 mg/L/h (up to 5 years post-transplant)
[6] and, in a separate study, higher exposure of MPA at 3
and 12 months post-transplant in subjects characterized
to be leukopenic [37]. However, neither study specifically
characterized neutropenia or established regression models
to determine the strength of the relationship. Because their
categorical analysis [6] was based on the conventional MPA
AUC target range established in subjects on cyclosporine
[5], and they included subjects on tacrolimus only, the clini-
cal validity of their analysis may be questioned. Overall,
we have provided, to our knowledge, the first evidence on
the association between neutropenia and dose-normalized
MPA AUC (hence, MPA CL/F), specifically in the steroid-
free patient population. The strengths of the associations
identified in our study cohort (r*~0.3-0.7) indicated that
dose-normalized MPA exposure is a significant contributor
(i.e., 30-70%) to the variability in ANC in this patient group.
These findings are clinically relevant and provide further
support for conducting MPA therapeutic drug monitoring

[38]. Future studies in larger samples are needed to deter-
mine the therapeutic thresholds (i.e., AUC cut-offs that may
result in neutropenia), preferably using receiver operating
characteristic analyses which can provide an assessment on
the predictive values of MPA exposure on neutropenia, and
whether LSS-mediated MPA AUC determination can miti-
gate neutropenic side effects.

In contrast to MPA, no association between dose-nor-
malized tacrolimus exposure and ANC was observed in
our study population (Table 3). This is consistent with the
literature in patients taking steroid-based immunotherapy
regimens that neutropenic episodes have more often been
associated with MPA (and not tacrolimus) in adult kidney
transplant recipients [28, 37]. On the other hand, case reports
of probable tacrolimus-associated neutropenia are available
in three adult kidney transplant recipients on steroid-based
therapies within 3 months of transplant [39]. Elevated trough
tacrolimus concentrations (> 8 ng/ml) at 12 months post-
transplant have also been documented in a relatively large
cohort of adult kidney transplant recipients, although no
AUC or ANC data were available [40]. Due to the limited
number of studies characterizing tacrolimus-associated neu-
tropenia, it was difficult to discern factors leading to these
discrepancies. Overall, our observation is, to our knowledge,
the first supporting a lack of association between dose-nor-
malized tacrolimus exposure and ANC specifically in the
steroid-free adult kidney transplant population. Taken in the
context of a significant association with MPA, these negative
findings with tacrolimus are also clinically relevant as they
allow clinicians to focus on MPA (rather than tacrolimus)
while managing neutropenic episodes. Further mechanistic
examinations of neutropenia can also be directed specifically
toward MPA.

As a mechanistic approach to further characterize MPA-
associated neutropenia in kidney transplant recipients, we
conducted a post hoc genomic analysis in attempts to draw
associations between SNPs in common genes responsible
for MPA disposition and ANC (Table 5). Our initial control
analyses did not find significant effects of genotype on dose-
normalized MPA exposure. Our finding of a trend toward an
increase of dose-normalized MPA AUC in heterozygotes
of UGT1A9 (T-275A) are in contrast to that reported by
Kuypers et al. [41], who have illustrated a reduction in MPA
exposure in carriers of the same polymorphic allele com-
pared to controls. The discrepancies might be attributed to
the study population (i.e., strictly Caucasian vs. a significant
Asian population), the nature of immunotherapy (steroid vs.
steroid-free), or dose effects (2 g vs. <2 g) in Kuypers et al.
[41] as compared to our work, respectively. In general, there
is a lack of consensus in the literature describing the effects
of the studied SNPs on MPA exposure [41, 42]. Further-
more, our secondary post hoc analyses indicating a lack of
association between gene markers and ANC (Table 5) are
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very likely due to the small sample sizes, and, therefore, the
low frequency of SNP carriers identified in our study. As
such, further studies in larger patient samples are needed
to rule out any potentially false-negative findings. Because
no subjects were carrying polymorphic forms of UGT1A9
(T98C) or MRP2 (G1239A) (Table 5), we could not assess
the effects of these polymorphic alleles. Because the litera-
ture data describing the effects of the characterized SNPs
on MPA pharmacodynamics (e.g., neutropenia) have also
proven inconsistent [8, 43], further characterizations on the
pharmacogenomics of MPA, with respect to MPA metabo-
lism and MPA-associated neutropenia, are warranted.

In contrast to the overall negative results from our cat-
egorical analyses attempting to draw associations between
SNPs and MPA-related neutropenia, our subsequent post hoc
population pharmacogenomic frequency analyses revealed
potentially hypothesis-generating findings. Of the eight
SNPs tested, five showed population minor allele frequencies
as expected, whereas two polymorphisms were expressed at
lower frequencies (UGT2B7%2 and MRP2 G1249A) and one
(UGT1A9 T275A) was expressed at higher frequency in our
study compared to population controls [12-26] (Table 6).
Because UGT2B7*2 and MRP2 G1249A have usually been
associated with reduced enzyme/transporter activities, and
UGTI1A9 T275A protein can be associated with higher
catalytic activities (with discrepancies reported in litera-
ture) [8, 43], our novel observation of significantly altered
minor allele frequencies could result in the formulation of
the following general hypothesis: that altered allele frequen-
cies of UGT2B7*2, UGT1A9 T275A, and MRP2 G1249A
as observed in our population of adult kidney transplant
recipients may be associated with the risk of renal disease.
Because the polymorphic alleles were detected in positive
controls as well as patient samples, these results are unlikely
to be artefactual. Moreover, the large reduction in minor
allele frequency (e.g., from 37% to 10% for UGT2B7%2) and
the high levels of statistical significance (indicating a high
signal-to-noise ratio) suggest that these findings are likely
biologically relevant. This hypothesis would require further
testing in a larger cohort.

Our study has the following limitations: (i) the observa-
tional, open-label nature with small sample size (which is
sufficient for our primary end-point that established robust
associations between ANC and dose-normalized MPA-AUC,
but insufficient for some secondary genomic analyses); (ii)
the very few “neutropenic” episodes (i.e., ANC < 1.5x 10°
cells/mm?®) actually characterized, thereby potentially lim-
iting the extrapolation of our findings to truly neutropenic
patients; (iii) the high frequency of Asian subjects (with equal
proportion of Caucasians) in the cohort that is fairly unique
to the Vancouver (Canada) population, and hence reducing
the generalizability of findings; (iv) the limited duration of
follow-up (only up to 1 year post-transplant) and therefore
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the lack of information on more stable, chronic patients that
remain on steroid-free regimens; and (v) the lack of MPA
metabolite or additional SNP (e.g., UGT1AS) data, which
can be potentially associated (with inconsistencies reported
in literature) with the neutropenic side effects of MPA [8, 43].

5 Conclusion

Our significant and novel finding on the inverse association
between dose-normalized MPA AUC, a surrogate marker
for CL/F, and ANC in adult kidney transplant patients on
steroid-free anti-rejection regimens is of clinical relevance
because (i) it supports the clinical strategy to focus on MPA
while managing a neutropenic episode and (ii) it provides
further support for conducting MPA drug monitoring in this
specific population.
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