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Abstract

MMF is commonly prescribed following kidney transplantation, yet its use is complicated by
leukopenia. Understanding the genetics mediating this risk will help clinicians administer MMF
safely. We evaluated 284 patients under 21 years of age for incidence and time course of MMF-
related leukopenia and performed a candidate gene association study comparing the frequency of
26 SNPs between cases with MMF-related leukopenia and controls. We matched cases by
induction, steroid duration, race, center, and age. We also evaluated the impact of induction and
SNPs on time to leukopenia in all cases. Sixty-eight (24%) patients had MMF-related leukopenia,
of which 59 consented for genotyping and 38 were matched with controls. Among matched pairs,
no SNPs were associated with leukopenia. With non-depleting induction, UGT2B7-900A>G
(rs7438135) was associated with increased risk of MMF-related leukopenia (P=.038). Time to
leukopenia did not differ between patients by induction agent, but 2 SNPs (rs2228075, rs2278294)
in IMPDH1 were associated with increased time to leukopenia. MMF-related leukopenia is
common after transplantation. UGT2B7 may influence leukopenia risk especially in patients
without lymphocyte-depleting induction. IMPDH1 may influence time course of leukopenia after
transplant.

Keywords
adverse effects; kidney transplantation; leukopenia

1| INTRODUCTION

MMF is among the most commonly prescribed medications for immunosuppression
following kidney transplantation.! Yet, its use in children and young adults is complicated
by a high incidence of side effects (gastrointestinal, hematologic)?~ that may lead to
empiric dose reduction, which has been associated with increased risk for rejection. The
incidence of MMF-related leukopenia is a function of overall exposure to MPA as estimated
by the area under the time-concentration curve in both children and adults.>~" Multiple
factors influence the risk of leukopenia in MMF-treated transplant recipients in the first year
following kidney transplantation including induction immunosuppression with lymphocyte-
depleting antibodies, other medications that cause marrow suppression such as
valganciclovir and trimethoprim/sulfamethoxazole, and viral infections such as
cytomegalovirus.89 In addition, it is now evident that pharmacogenetic factors significantly
impact the metabolism, transport, and target enzyme activity of MPA.10-17 SNPs in genes
encoding UGT have been associated with 50% increased or decreased drug exposure in
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humans;1213 SNPs in the genes encoding multidrug resistance proteins (MDR1 and MRP2)
may predict altered transport and distribution of MPA,14 and SNPs in genes encoding
IMPDH may influence the inhibitory activity of MPA,15-17

Because of its narrow therapeutic index, a number of studies have examined ways to
decrease side effects and increase the efficacy of MMF by relying on pharmacokinetic
analysis!®19 and/or IMPDH activity.29-23 While these methods have potential to improve
the efficacy of therapy, they have not been widely accepted for routine use, perhaps because
they require multiple blood samples and can be technically challenging.? Knowledge of a
patient’s genetic risk for developing MMF-related side effects may help identify the subset
of patients that would benefit from more intense monitoring of drug levels or IMPDH
activity. Likewise, an understanding of the increased risk of leukopenia related to other
medications and opportunistic viral infections may further allow clinicians to tailor therapy
in a manner that avoids this complication. Thus, knowledge about the gene-environment
association in these patients would be beneficial when considering treatment regimens.

We conducted a multicenter study to better understand the incidence and time course of
MMF-related leukopenia in children and young adults based on induction therapy and
examined the association of 26 SNPs involving genes that encode proteins involved in MPA
metabolism, transport, or target enzyme activity. We controlled our analysis for other factors
associated with leukopenia including induction with a depleting or non-depleting antibody,
other medications (eg, trimethoprim/sulfamethoxazole and ganciclovir/valganciclovir), and
viral infections. Finally, we evaluated time to leukopenia in all cases of MMF-related
leukopenia according to induction type (depleting or non-depleting) and these 26 SNPs.

2 | MATERIALS AND METHODS
2.1| Study design

This was a retrospective multicenter study to evaluate the incidence and time course of
MMF-related leukopenia within the first year following kidney transplantation and a
candidate gene association study comparing frequency of 26 SNPs between cases that
experienced MMF-related leukopenia and controls that did not. Participating centers were
recruited from the Midwest Pediatric Nephrology Consortium and obtained Institutional
Review Board (IRB) approval for participation.

2.2 | Study Population

Ten participating centers conducted systematic chart review of all eligible patients in their
post-kidney transplant cohort and all patients who received a kidney transplant during the
conduct of the study to identify cases and controls for inclusion. Patients 1-21 years of age
who experienced MMF-related leukopenia or neutropenia during the first year following
kidney transplantation were approached for enrollment as cases. MMF-related leukopenia
was defined as WBC <3.0 x 10%/L and/or ANC <1.5 x 10%/L that prompted MMF
discontinuation and/or dose reduction and recovered within 6 weeks.

Patients were considered for enrollment as controls if they had been treated for a full year
with MMF at full dose (per each center’s protocol) without leukopenia or neutropenia.
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When a patient meeting the above criteria could not be found to match with a given case,
patients who experienced only one mild, transient episode of leukopenia that recovered
spontaneously without intervention were also eligible to participate as controls. Each case
was matched with one control according to five criteria listed in order of importance: (i)
induction regimen: depleting (antithymocyte globulin) vs non-depleting (basiliximab or
daclizumab) antibody vs none, (ii) duration of steroid therapy following transplantation, (iii)
race (black vs white or Hispanic), (iv) transplant center (to control for population
stratification), and (v) age (0-3, 4-12, >12 years of age). Unmatched cases (matching
control unavailable) were not included in the case-control analysis, but were included in a
post hoc analysis of SNP predictors of time to leukopenia stratified by induction antibody

type.

For the gene association study, patients were excluded for the presence of conditions that
could affect MMF exposure and for known causes of leukopenia not otherwise accounted for
in our model including the following: MMF dose reduction for reasons other than
leukopenia (eg, diarrhea, anemia), liver failure or transplant, bone marrow transplant, active
nephrotic syndrome, underlying diagnosis of systemic lupus erythematosus, therapy with
bile acid sequestrants, history of non-adherence, induction with alemtuzumab, estimated
glomerular filtration rate <30 mL/min/1.73 m? calculated using the bedside Schwartz
formula2> (0.413*height.m/serum creatinine),26 and evidence of cytomegalovirus viremia
within 1 month of the diagnosis of leukopenia.

2.3 | Data collection

The following data were gathered and recorded in a secure online database about each case
and control: demographic and anthropometric data; date of current and all previous
transplants; induction and maintenance immunosuppression; steroid treatment duration;
HLA mismatch; duration of treatment with ganciclovir and/or valganciclovir; date, height,
and weight at the time of leukopenia for cases and at 1 year for controls; MMF dose prior to
and after dose adjustment for cases and at 1 year for controls; serum creatinine; history of
other MMF-related side effects (eg, diarrhea, anemia), date and treatment of biopsy-proven
rejection; maintenance immunosuppression drug levels for cyclosporine, tacrolimus, or
sirolimus at the time of leukopenia for cases or at one year for controls; concurrent
medications; and concurrent viral infections (eg, EBV, CMV, adenovirus).

2.4 | Selection of candidate genes and genotyping

We selected candidate genes based on protein products which are involved in MPA
metabolism, transport, or target enzyme activity. Genetic variants in the candidate genes
were selected from previous publications with at least one positive association with activity
of the protein products. Eleven SNPs were selected from enzymes involved in MPA
metabolism [UGT1A8: *3 (rs1786762) and *2 (rs1042597); UGT1A9 -2152C>T
(rs17868320), -665C>T (rs10176426), -440C>T (rs2741045), -275T>A (rs6714486);
UGT2B7 -900A>G (rs7438135); UGT1A7 -57T>G (rs7586110); CYP3A5*3 (rs776746);
CYP3A4*22 (rs35599367); CYP2C8 (rs11572076)], 10 SNPs were selected from enzymes
involved in either MPA or MPA metabolite transports [ABCB1/MDRL1: 3435C>T
(rs1045642), 1236C>T (rs1128503), 2677G>T/A (rs2032582); SLCO1B3: 334T>G
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(rs4149117 and rs1104585); SLCO1B1: Vall74Ala (rs4149056) and Pro155Thr
(rs11045819); ABCC2/MRP2: -24C>T (rs717620 and rs12762549); ABCG2 421C>A
(rs2231142)], and five SNPs were selected from MMF target enzymes (IMPDH1.:
rs2278293, rs2278294, rs2228075; IMPDH2: rs11706052, rs4974081).

All enrolled cases and matched controls were asked to submit a saliva specimen using the
Oragene® DNA Self-Collection Kit or a single blood specimen using an EDTA tube for
genotyping at the time of enrollment during a regular follow-up visit. Samples were
collected locally at participating centers and then shipped directly to a centralized laboratory
where DNA isolation and genotyping were performed. Commercially available TagMan®
assays (Applied Biosystems, Foster City, CA, USA) were used to determine these genotypes
after cross-validation by direct sequencing.

2.5 | Statistical analysis

The incidence of MMF-related leukopenia was determined from seven of the participating
centers (3 of the initial 10 did not have complete data on their entire cohort). Descriptive
statistics were performed and compared between cases and controls using frequencies for
categorical data and median with interquartile range for continuous data. We used chi-square
analysis for categorical data, t tests for normally distributed continuous data, and
nonparametric tests for non-normally distributed continuous data. Prior to genetic
association analyses, all variants were evaluated for deviations from HWE by race. The
threshold for exceeding HWE was set as £=.0019 (Bonferroni correction of 26 SNPs). Two
variants surpassed this threshold, SLCO1B3 (rs1104585) and UGT1A9-2152C>T
(rs17868320), and thus were excluded from further analysis.

To determine whether our candidate variants were associated with the development of
leukopenia, we performed a matched case-control analysis using logistic regression.
Covariates in the model included induction therapy, concurrent medications, and viral
infections. An additive genetic model was used to test whether there was a dose-dependent
relationship effect with the number of copies of the minor allele and risk of leukopenia. In
addition, because the pathways leading to leukopenia may differ by induction agent,
analyses were also stratified by induction agent. Given the small sample size and exploratory
nature of this study, multiple testing correction was not performed. Using the sample of 38
matched case-control pairs, we would have 80% power to detect an odds ratio of 3.6 for a
SNP with a MAF equaling 0.15 at a. = 0.05. For variants with a MAF equaling 0.30, we
have 80% power to detect an odds ratio of 2.9.

As a secondary analysis, we performed a case-only analysis for the time to leukopenia using
linear regression. To maximize our power, we included all recruited cases with a DNA
sample even if they did not have a matching control (n = 57, 38 matched cases plus 19
unmatched cases). Time to leukopenia exhibited skewing, so the variable was natural-
logarithm-transformed. Covariates included sex, race, ethnicity, induction agent,
trimethoprim/sulfamethoxazole use, and ganciclovir/valganciclovir use. As with the case-
control analysis, stratified analyses were performed by induction agent. Given the small
sample size and exploratory nature of this study, multiple testing correction was not
performed.
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3 | RESULTS

3.1 | Incidence of MMF-related leukopenia

A chart review was performed for 284 subjects from seven centers. Of these, 68 (24%) met
our definition for MMF-related leukopenia. Fifty-eight (21%) patients never experienced a
single episode of leukopenia or neutropenia, and another 72 (25%) had only one episode of
transient leukopenia (recovered without intervention). Forty-eight (17%) patients
experienced other MMF-related side effects, and 38 (13%) were deemed to have other
causes of leukopenia (eg, cytomegalovirus infection).

3.2 | Candidate gene association study

Of the 68 identified potential cases, we were unable to enroll 11. An additional 19 did not
have an enrolled matched control for the following reasons: steroid duration (n = 10), race (n
=7), induction antibody (n = 1), or site (n = 1). Thus, we included 38 matched pairs in our
candidate gene association study. Cases and controls were well matched according to all
measured variables, including matching criteria (Table 1). Specifically, they did not differ in
induction agent, duration of steroids, age, race and ethnicity, gender, MMF dose (per body
surface area), treatment with other leukopenia-causing medications, viral illness, or biopsy-
proven rejection. Among cases, the mean WBC and ANC at the time of leukopenia were
1.85 x 10%/L (range: 0.8-2.9) and 0.55 x 10%/L (range: 0-1.3) respectively. Using all 38
matched pairs, none of the SNPs were associated with MMF-related leukopenia (P> .07)
(Table 2). However, among patients receiving non-depleting antibodies, the G allele for
UGT2B7-900A>G (rs7438135) was associated with increased risk of MMF-related
leukopenia [P=.038, OR 5.26 (1.1-25.0)].

3.3 | Time to leukopenia analysis

For a secondary analysis of time to leukopenia, we analyzed our entire cohort of enrolled
cases, which included 38 matched cases and 19 unmatched cases (n = 57). The 19 cases not
included in the case-control analysis did not differ from the 38 patients who were included
(Table 1) and were similar in the time to leukopenia (P = .2). Median time (interquartile
range) to leukopenia for the entire group was 105.8 (69.3-153.3) days and did not differ
significantly in those who received depleting antibody compared to those who received non-
depleting antibody induction [131.7 (81.0-174.6) days vs 99.7 (64.4-140.0) days (P=.22)].
Two SNPs in the IMPDH1 gene were significantly associated with time to leukopenia (Table
3). The G allele in rs2228075 was associated with an increased time to leukopenia (P=.
0046). When examining the genotypic least squares means, those with GG genotype had a
time to leukopenia 92 days longer than individuals with either the GA or AA genotype. The
G allele in rs2278294 was also associated with an increased time to leukopenia (P =.0382).
When examining the genotypic least squares means, the GG genotype had time to
leukopenia 90 days longer than individuals with either the GA or AA genotype.

4 | DISCUSSION

In this study, we examined three important aspects of MMF-related leukopenia in a cohort of
nearly three hundred children and young adults during their first year following kidney

Pediatr Transplant. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Varnell et al.

Page 7

transplantation including the incidence and time course of MMF-related leukopenia, the
influence of induction agents, and the association of 26 candidate SNPs. This is the largest
study of MMF-related leukopenia in pediatric and young adult kidney transplant recipients
to date, and the findings further the understanding of this important problem in a high-risk
population. For the candidate gene association study, patients were well matched according
to clinical, demographic, and treatment characteristics to provide the best chance for
isolating the impact of genetics.

Of the 284 children in the first year following kidney transplantation, we found that 24% (n
= 68) experienced MMF-related leukopenia as evidenced by WBC <3.0 x 10%L and/or
ANC <1.5 x 109/L that recovered within 6 weeks following a dose adjustment or
discontinuation of medication. When combined with the 48 patients who were excluded
from case-control analysis because they required MMF dose modification caused by other
side effects (diarrhea/anemia), 41% (116/284) of all patients required an MMF dose
modification in the first year following transplantation due to one or more side effects.
Others have looked at MMF-related leukopenia in pediatric cohorts and have found varying
rates of leukopenia. Ohmann et al?’ and Siddiqi et al?® have reported adverse event data in
pediatric heart transplant patients, and they found the incidence of MMF-related leukopenia
to be 35.6% (21/59 patients) defining leukopenia as WBC <2000 cells/uL and 59% (13/22
patients) defining leukopenia as WBC <3000 cells/pL, respectively, with MMF dosing of
600 mg/m2. Bunchman et al?® reported MMF use in pediatric kidney transplant patients and
found an incidence of leukopenia of 24% (24/100), which is consistent with our findings.
When we looked at the time to leukopenia based on induction antibody type, there was no
significant difference based on depleting vs non-depleting antibodies. While it may be
assumed that the depleting antibodies would lead to decreased time to leukopenia based on
the mechanism of action, in a study of rabbit antithymocyte globulin vs basiliximab in renal
transplantation, Brennan et al described that immediately after transplantation, leukopenia
and thrombocytopenia were more common among patients who received antithymocyte
globulin than among those who received basiliximab (£ < .001) but that by day 14 there
were no significant differences noted.30

Given the high rate of MMF-related leukopenia, we sought also to identify the impact of
genetic variants on this important treatment-limiting side effect via an exploratory case-
control candidate gene association study of 26 SNPs known to affect the metabolism,
transport, or target enzyme activity of MMF. Without any stratification of patients, we did
not find any of the 26 SNPs that predicted a statistically significant increased risk for
leukopenia. We did find that in patients with non-depleting antibody induction, the G allele
for UGT2B7-900A>G was associated with increased risk of MMF-related leukopenia. We
can only speculate as to why we found an association only in patients with non-depleting
antibody induction, but it is possible that the well-described leukopenia-causing effect of
lymphocyte-depleting antibody induction3! washed out the ability to detect any association
between this SNP and leukopenia. In the absence of the lymphocyte depletion, the effects of
genetic polymorphisms may play a more important role. MPA is mainly metabolized by
UGT1A family members (particularly UGT1A9 and UGT1A8) to MPA glucuronide
(MPAG) and UGT2B?7 to the acyl glucuronide of MPA (AcMPAG).10:32 |t has been reported
that the G allele for UGT2B7-900A>G is associated with decreased metabolic activity and
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subsequent higher AUCs of MPA, resulting in a higher risk for adverse events in pediatric
kidney transplant recipients.1% While the specific mechanism of leukopenia and MMF
metabolites is still a topic of investigation, our finding that the G allele was associated with
an increased risk for MMF-related leukopenia is consistent with prior literature suggesting
impaired metabolism and overall higher systemic exposure to MPA increases the risk of
leukopenia,>~7:10.32.33

Others have studied the metabolite ACMPAG as a potential mediator of adverse side effects
for patients prescribed MMF both in vitro and in vivo and suggest there may be a
relationship between ACMPAG and gastrointestinal side effects; 3435 however, AcCMPAG has
not been convincingly shown to be a mediator of leukopenia. In a study by van Agteren et al,
they did not find a difference in ACMPAG concentrations in 332 Kidney transplant patients
that experienced leukopenia compared to those that did not.3¢ We did not measure serum
MPA or its metabolites (MPAG and AcMPAG) in this study, so we are unable to correlate
whether or not the UGT2B7-900G allele had an effect on plasma levels of MPA or its
metabolites; however, this could be performed in future studies looking for allelic
differences in MMF-related side effects in pediatric kidney transplant recipients.

Compared to adults, it may be that children and adolescents are more susceptible to MMF-
related leukopenia and/or the effects of SNPs due to maturation of these enzymes. Indeed, it
has been reported that the levels of some key drug-metabolizing enzymes commonly reach
adult levels after 3 years of age, while the isoforms of the UGT enzymes (especially
UGT1A9, UGT2B7, and UGT1A®6) develop more slowly and typically do not reach adult
levels until 10 years of age.3” As such, it is important to recognize that the ability to
metabolize various drugs is dynamic throughout childhood38 and that age-related studies,
specifically looking at pharmacokinetics and how SNPs contribute to metabolism, are
required. These differences in metabolism between adults and children may modify the
effect of SNPs on the incidence of MMF-related side effects.

Of the two SNPs in the IMPDH1 gene, the G alleles in rs2228075 and rs2278294 were
associated with increased time to leukopenia. This would suggest a protective effect against
the development of leukopenia in individuals homozygous for the G allele compared to the
GA or AA phenotype. In pediatric heart transplant patients, Ohmann et al reported that the
GG phenotype in rs2278294 was significantly associated with reduced risk of MMF dose-
holding or discontinuation, with 55% of GG carriers discontinuing and/or holding MMF
compared with 86.7% of patients with an A allele at this locus (P=.01; adjusted OR = 0.15,
95% Cl: 0.04-0.62, P=.008).2” Similar findings have also be described in adult kidney
transplant patients.3° Of note, rs2278294 and rs2228075 exhibit moderate linkage
disequilibrium (/2 = .64) based on 1000 Genomes CEU data. This suggests that the
associations we detected may be a marker for another genetic variant in this region. Future
studies should examine this further. While our findings do not directly provide a mechanism
for increased time to leukopenia, given that these alleles have lower incidence of other
adverse events, it is possible that these alleles affect sensitivity of this target enzyme to
MPA.
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Strengths of our study include that it is the largest cohort of children and young adults to be
assessed for MMF-related leukopenia. For the gene association study, cases were well
matched to their controls according to five important parameters and a variety of important
SNPs with plausible mechanisms for causing increased MMF exposure and related
leukopenia were evaluated. However, the results must be interpreted in light of weaknesses
common to studies of rare conditions. We were unable to directly assess exposure to MPA or
its metabolites to link genetic findings to a mechanism of action. Unfortunately our data
cannot determine causality, only establish associations. Finally, because it was exploratory,
the candidate gene association study was powered only to detect large effects of genetic
polymorphisms (OR of 2.9-3.6 for MAFs ranging from 0.15 to 0.30). Most often, SNPs in
complex genetic traits are associated with smaller effects sizes that our study was
underpowered to detect. Thus, the lack of association with MMF-related leukopenia in our
study does not necessarily mean that no association exists. Larger studies with multiple
testing corrections will be required to detect more subtle effects and provide conclusive
results. Interestingly, however, as highlighted in the discussion, our findings align with those
of other investigators and therefore supplement to the growing body of literature
documenting the effects of SNPs on risk of MMF-related side effects.

In summary, we found that a quarter of patients treated with MMF developed leukopenia and
41% developed an MMF-related side effect that required dose modification within the first
year post-transplant. The UGT2B7 -900A>G allele is associated with a increased risk for
MMF-related leukopenia in patients treated with non-depleting antibodies, and two SNPs in
the IMPDH1 gene are associated with delayed time to leukopenia. These findings need to be
validated in other studies prior to application in clinical care. Further, we reiterate the need
for such studies in children due to the unique implications of enzymatic maturation in this
population.
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Patient characteristics for case-control analysis of genetic variants associated with MMF-related leukopenia

Matched cases ~ Controls Pvalue Unmatched cases
Matching criteria 38 38 19
Induction antibody (%) 1
Depleting 14 (37) 14 (37) 9 (47)
Non-depleting 23 (61) 23 (61) 10 (53)
None 1(3) 1(3) 0 (0)
Weeks of steroid therapy: median (Q1-Q3) 52 (1-52) 52 (1-52) .89
Race (%) .64
White 31(81) 28 (74) 11 (58)
Black 6 (16) 7(18) 5 (26)
American Indian 0 1(3) 2(11)
Other 2 (5) 2(5) 1(5)
Ethnicity (% Hispanic) 3(8) 2(5) .64 1(5)
Other patient characteristics
Age at TX (years, mean + SD) 11.3+5.1 10.2+5.0 .32 11.13+5.32
Time to leukopenia (years, median, IQR) 0.27 (0.17-0.42) - - 0.36 (0.25-0.46)
Sex (%M) 24 (63) 22 (58) 64 9 (47)
MMF dose (mg/m?2/d) 850.8 + 236.7 795.9 +252.0 .34 1012.9 £ 523.7
Body surface area (m?) 1.2+04 1.2+05 77 1.3+05
Primary DX (%) 47
O0—aplasia’hypoplasia/dysplasia 7 (18) 5(13)
1—chronic glomerulosclerosis 4(11) 1(3)
2—focal segmental glomerulosclerosis 4(11) 4(11)
3—obstructive/reflux nephropathy 4 (11) 8(21)
4—other 19 (50) 20 (53)
Viral illness within 1 year post-transplant (%)
Cytomegalovirus 1(3) 1(3) 1.0
Epstein-Barr virus 3(8) 3(8) 1.0
Adenovirus 0 0
Anemia 3(8) 1(3) .61
Diarrhea 4(11) 4(11) 1.0
Biopsy-proven acute rejection (%) 6 (16) 3(8) 48 1(6)
Trimethoprim/sulfamethoxazole use at the time of leukopenia? 30 (79) 29 (76) 8 17 (94)P
Valganciclovir use at the time of leukopenia? 22 (58) 22 (58) 1.0 10 (56)
Trimethoprim/sulfamethoxazole and valganciclovir at the time of 21 (55) 20 (53) .82 10 (56)

leukopenia?

a . . o _ .
Use for med in controls based on the time of a leukopenia in the cases, and for cases med use within 8 d of leukopenia.
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bMissing data for one individual.
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