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ABSTRACT (294)

Mycophenolate mofetil (MMF) is a pro-drug of mycophenolic acid (MPA) and is

frequently used to prevent acute graft-versus-host disease (aGVHD) in patients receiving

hematopoietic stem cell transplants (HCT). However, optimal doses of MMF and target MPA

concentrations in HCT patients have not been defined. In this study, relationships between

pharmacokinetic or pharmacodynamic markers of MPA and successful aGVHD prevention

and neutrophil engraftment were evaluated to inform individualized MPA treatments in HCT

patients.

We recruited 35 patients undergoing cord blood transplantation (CBT) who were

treated with MMF. Area under the concentration—time curves from 0 to 24 h (AUCy.,4) for

free MPA and MPA acyl glucuronide (AcMPAG) at one week after the start of MMF

treatments were significantly higher in patients with gastrointestinal (GI) aGVHD at stage > 1

than those at stage 0. Patients with faster neutrophil engraftment had higher free MPA

AUC .4 at one week after the start of MMF treatments compared with those with slower

neutrophil engraftment. Inosine-5’-monophosphate dehydrogenase activity in peripheral

blood mononuclear cells and single nucleotide polymorphisms in genes that were previously

associated with MPA pharmacokinetics and pharmacodynamics were not an independent

predictor for the clinical outcome. Receiver operating characteristic model analyses showed



that cut-off values of AUC 4 for successful GI aGVHD prevention were 0.689 and 15.6
ng-h'mL™" for free MPA and AcMPAG, respectively. In addition, the cut-off value of free
MPA AUC,.24 for neutrophil engraftment by day 25 was 0.405 pg-h-mL™".

In conclusion, free MPA AUC,.,4 may be a better predictor of the prevention of GI
aGVHD and neutrophil engraftment compared with that of total MPA in patients receiving
CBT. Hence, monitoring of the free MPA AUC.4 between 0.405 and 0.689 pg-h-mL™

could be considered informative of individualized MPA treatments in CBT patients.

Keywords: mycophenolic acid; pharmacokinetics; pharmacodynamics; cord blood

transplantation



INTRODUCTION

Patients with hematopoietic stem cell transplantation (HCT) require immunosuppressive
treatments for 6 to 12 months after transplantation to prevent acute graft-versus-host disease
(aGVHD) '?. Methotrexate (MTX) has been used for decades as a combination treatment
with calcineurin inhibitors such as tacrolimus and cyclosporine °. In a study by Bolwell e al.
* regimens of a calcineurin inhibitor and mycophenolate mofetil (MMF) led to faster
hematopoietic engraftment, decreased incidence of mucositis, and similar incidence of
aGVHD compared with those of a calcineurin inhibitor and MTX. Accordingly, MMF is
increasingly used as an alternative to MTX in HCT recipients °.

Mycophenolic acid (MPA) is the active and hydrolyzed form of MMF and is
metabolized by glucuronosyltransferases in the liver. MPA glucuronide (MPAG) and MPA
acyl glucuronide (AcMPAG) are primarily produced by UDP-glucuronosyltransferases
(UGT) 1A9 and 2B7, respectively °, and the in vitro pharmacological activity of AcMPAG
indicates roles in the gastrointestinal toxicity of MPA ’. MPA metabolites are eliminated by
multidrug resistance associated protein 2 (MRP2) and whereas most are excreted via the
urine, some are found in bile®. Due to the complicated pharmacokinetics of MPA, area under
the concentration—time curves (AUC) for MPA are routinely monitored for individualized

treatments in solid organ transplant recipients °, and the therapeutic 0-12 h AUC range of



MPA was shown to be 30-60 pg-h-mL™" in renal transplant patients '°. Recently, Arai ef al.
" suggested that monitoring of MPA plasma concentrations is necessary for effective
prophylaxis against aGVHD in cord blood transplant (CBT) patients. However, optimal doses
of MMF and target concentration ranges of MPA remain undefined in CBT patients 2.

MPA selectively inhibits inosine-5’-monophosphate dehydrogenase (IMPDH) and
suppresses the proliferation of B and T lymphocytes ", and different genes encode the
isoforms IMPDHI and 2 '"*"°. In addition, recombinant IMPDH2 was shown to be 4.8-fold
more sensitive to MPA than IMPDH]1 '®, and area under the effect-time curve (AUEC) values
of IMPDH activity on day 21 after HCT were previously associated with non-relapse and

overall mortality '’

. Therefore, measurements of IMPDH activity in peripheral blood
mononuclear cells (PBMCs) and AUC values of MPA are considered as effective predictors
of clinical outcomes for MPA treatments. In addition, single nucleotide polymorphisms
(SNPs) in genes were previously associated with MPA pharmacokinetics and
pharmacodynamics. In particular, the UGT2B7 SNP —842G>A resulted in significantly
higher AcMPAG AUC values at one and three months after renal transplantation '®, and the
MRP2 SNP —24C>T was associated with a significantly higher dose-corrected MPA trough

levels at later time points after transplantation °. In addition, the IMPDH2 SNP 3757 T>C

was associated with significantly higher IMPDH activity following MMF treatments, but had



no effects on MPA exposures *°. Finally, the incidence of acute rejection during the first year
after transplantation was significantly lower in carriers of IMPDHI —106 G>A4 and 125 G>A4
compared with the respective wild-type individuals *'. Hence, multiple polymorphisms
influence the pharmacodynamics of MPA in HCT patients. Thus, to inform individualized
MPA treatments, we associated pharmacokinetic and pharmacodynamic markers of MPA,
including previously reported SNPs, with successive aGVHD prevention and neutrophil

engraftment in CBT patients.

METHODS
Patients and Study Design

We recruited adult Japanese patients undergoing CBT at the Department of Hematology
and Oncology in Kyoto University Hospital between March 2013 and August 2016, and
included those who received MMF and tacrolimus for GVHD prophylaxis **. In these
patients, continuous intravenous administration of tacrolimus was initiated at 0.02 mg/kg/day
on day —1 of transplantation, and trough blood concentrations of tacrolimus were monitored
to adjust doses to 12—15 ng/mL. Oral administration of MMF was initiated on day —1 of CBT
at 10 mg/kg body weight every 8 h (30 mg/kg/day) and was stopped approximately within 1

month, although one patient received MMF at 15 mg/kg body weight every 12 h. Blood



samples were collected immediately before, and at 1, 2, 4, and 8 h after the morning dose in
the first and third weeks after the start of MMF treatments. For the patient who was
administered MMF every 12 h, additional blood samples were taken at 12 h after the morning
dose in the first and third weeks of MMF treatments. This clinical study was approved by the
Ethics Committee of Kyoto University Graduate School and Faculty of Medicine and Kyoto

University Hospital.

Clinical Outcomes

Diagnoses and classifications of aGVHD were performed by attending physicians using
traditional criteria **. Dysfunction of each organ (skin, gastrointestinal (GI), and liver) was
evaluated from stage 0 to 4 using organ symptoms as well as biopsy for skin and GI. Each
patient was assigned to the maximum aGVHD grade based on the stage classification of each
organ occurred within day 100 after transplantation. Patients were defined as aGVHD
development in the case of grade II or greater. Grade Il aGVHD includes some one of skin
dysfunction at stage 3, GI dysfunction at stage 1, or hepatic dysfunction at stage 1. In this
study, no patients showed liver dysfunction at stage 1 or greater. Therefore, we classified
each patient into three groups according to each organ dysfunction: skin G(+), skin aGVHD

at stage > 3; GI G(+), gastrointestinal aGVHD at stage > 1; G(-), aGVHD grade 0 or I.



Definitions of myeloablative conditioning (MAC) and reduced-intensity conditioning (RIC)
were consistent with those established in the RIC regimen workshop **. Disparities in human
leukocyte antigens (HLA) A, B, and C, and DR antigens were determined at serology
examinations. Neutrophil engraftment was defined by absolute neutrophil counts of more

than 0.5 x 10°/L for 3 consecutive days *°.

Experimental Methods

Blood samples were collected in 3-mL heparinized collection tubes and were centrifuged
at 15,000 g for 10 min. Subsequently, 20-uL aliquots of 10% acetic acid were added to 1-mL
separated plasma samples to stabilize AcMPAG. Unbound MPA was then separated by
ultrafiltration of 500-puL plasma samples using Amicon Ultra 30 K centrifugal filter devices
(Merck Millipore Ltd., Carrigtwohill, Ireland) at 14,000 g for 10 min. Concentrations of
MPA, MPAG, and AcMPAG were analyzed using liquid chromatography - tandem mass
spectrometry (LC-MS/MS) as previously reported *°, with lower limits of quantification of
0.05, 0.2, and 0.02 pg/mL, respectively. PBMCs were isolated from the remaining blood
samples using density gradient centrifugation with Ficoll-Paque PLUS (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) and were then stored at —20°C until analysis. IMPDH

activity in PBMC samples was measured according to previously reported methods *°, and



was calculated based on xanthosine-5-monophosphate (XMP) production normalized to

intracellular adenosine-5"-monophosphate (AMP) levels. The lower limit of quantification for

XMP and AMP was 50 nM, and samples with lower levels of AMP were excluded from

pharmacodynamic analyses due to extremely small numbers of PBMCs.

Genomic DNA was isolated from whole blood samples that were collected from

pre-transplant recipients and from recipients at approximately five weeks after CBT

(post-engraftment). Subsequently, the SNPs IMPDHI —106G>A (rs2278294), IMPDHI

125G>A (rs2278293), and IMPDH?2 3757T>C (rs11706052) were identified using TagMan

probes that were designed by Applied Biosystems (Foster City, CA). In addition,

pre-transplant DNA was also used to identify UGT2B7 —842C>T (rs7439366) and MRP2

—24C>T (rs717620) genotypes.

Statistical Analysis

AUC values of MPA from 0 to 8 or 12 h (AUCy.s3 or AUC,.12, respectively) and AUEC

values of IMPDH from 0 to 8 or 12 h (AUEC,.s or AUEC,.,, respectively) were calculated

from measurements using the linear trapezoidal method. AUCy..4 was calculated as AUCy.g

or AUCy.;2 multiplied by daily dose divided by morning dose of MMF. Analyses of

neutrophil engraftment were performed in patients that were grouped according to median

10



days of neutrophil engraftment (day 25). Pharmacokinetic or pharmacodynamic parameters

of MPA were compared among three groups using Kruskall-Wallis test followed by Dunn’s

multiple comparison test. Differences between mean values of the two groups were identified

using Student’s #-test when variances were similar, and were identified using Mann-Whitney

U- test in the presence of unequal variances.

Factors associated with aGVHD development or neutrophil engraftment were identified

using Cox proportional hazard models. Covariates included ABO compatibility, age (> 50 or

> 60), gender (female for a donor and male for a recipient versus other combinations), HLA

mismatches > 3, conditioning regimen, genetic polymorphisms at pre- and post-engraftment

(heterozygote + homozygote type versus wild type), and pharmacokinetic and

pharmacodynamic parameters of MPA (AUC..4 or AUEC,s) at 1 and 3 weeks. Additional

covariates for aGVHD development included the engraftment day and cytomegalovirus

(CMV) relapse, and for neutrophil engraftment included total nucleated cell (TNC) and

CD34+ cell counts and cell counts per body weight. Factors were initially assessed in

univariate Cox proportional hazard analyses, and independent covariates with p values of less

than 0.1 were included in multivariate Cox proportional hazard analyses. The final model

comprised covariates with p values of less than 0.05 and results are expressed as hazard ratios

with 95% confidence intervals. Receiver operating characteristic (ROC) model analyses were

11



performed for cut-off values of aGVHD development for the GI tract and neutrophil

engraftment (day < 25) using the Youden index. All statistical analyses were performed using

Prism version 6 (GraphPad Software, Inc.) or IBM SPSS Statistics for Macintosh version

22.0 (Armonk, NY). P < 0.05 was considered statistically significant.

RESULTS

Patient Characteristics

A total of 40 patients provided consent and the treatment plan was feasible for 35

patients (87.5%). The other five patients were excluded from clinical outcome analyses due

to difficulty of continuation with MMF treatment (n = 3), non-compliance (n = 1), and severe

GI dysfunction before the first therapeutic assessment of MPA effects, but not due to

hyper-acute GVHD (n = 1). Clinical characteristics of all included patients are listed in Table

1. Among these, three patients received HCT twice in the study period, and two of three

patients were excluded from evaluations of aGVHD due to engraftment failure. The

incidence of aGVHD of > grade II was 30.3% (10/33 patients), and included seven patients

with skin aGVHD and three patients with GI aGVHD. No patients were diagnosed with

hepatic aGVHD. The ratio of neutrophil engraftment was 94.3% (33/35 patients) and the

median engraftment time was 25 days. The onset of skin and GI aGVHD were detected

12



between day 23 and 67 (median, day 32) and between day 48 and 50 (median, day 49),

respectively. Eighteen and one AUEC of IMPDH at one and three weeks, respectively, were

not included in analyses, because their AMP levels were below the limits of quantitation

reflecting small numbers of PBMCs. Data of AUEC,.;» from one patient receiving MMF

every 12 h were not included in the analysis. The genotypes of two patients were unknown

before transplantation due to a second HCT in one and defective DNA isolation from the

other. The genotypes of two other patients were unknown after transplantation due to

engraftment failure. All observed genotype distributions were consistent with the

Hardy-Weinberg equilibrium.

Relationships between Pharmacokinetic and Pharmacodynamic Markers of MPA and

Clinical Outcomes

At one week after starting MMF treatments, AUCy.,4 values for total MPA, free MPA,

MPAG, and AcMPAG, and AUEC,_g values for IMPDH, did not differ significantly between

skin G(+) and G(—) groups (Fig. 1). In contrast, AUCy.»4 values for free MPA and AcMPAG

at one week after starting MMF treatments were significantly higher in patients of the GI

G(+) group than in those of the G(—) group. AUCy4 values for total MPA, free MPA,

MPAG, and AcMPAG, and AUEC,s for IMPDH, did not differ significantly among G(-),

skin G(+), and GI G(+) groups at 3 weeks after the start of MMF treatments.

13



Patients with faster neutrophil engraftment (< 25 days) had significantly higher free

MPA AUC,.o4 values at one week after starting MMF treatments (Fig. 2). Moreover, the

AUEC,.g value for IMPDH tended to be lower in patients with faster neutrophil engraftment,

although this difference was not significant. At 3 weeks after starting MMF treatments, all

AUC.4 values for total MPA, free MPA, MPAG, and AcMPAG, and AUEC_ values for

IMPDH, were similar between patients with neutrophil engraftment times of < 25 and > 25

days.

Risk Factors for aGVHD development and Neutrophil Engraftment

Risk factors associated with skin G(+) or GI G(+) in patients receiving CBT were

examined in the univariate analysis (Table 2), and risk factors for skin G(+) significantly

associated were major ABO compatibility (p = 0.007), age > 50 (p = 0.096), age > 60 (p =

0.093), MRP2 —24C>T heterozygote + homozygote type pre-transplants compared with wild

type (p = 0.036), IMPDH?2 3757T>C heterozygote + homozygote type post-transplants

compared with wild type (p = 0.021), and AUCy.,4 values for total MPA. However, no factors

were significantly associated with skin G(+) in the multivariate analysis (Table 3).

In the univariate analysis of GI G(+), significant risk factors included AUCy.o4 values

for free MPA, MPAG, and AcMPAG at one week after starting MMF treatments, and

AUC.24 values for total MPA and AcMPAG at three weeks after starting MMF treatments

14



(Table 2). The AUC value for AcMPAG at one week after starting MMF treatments was the
most significant risk factor for GI G(+) (p = 0.008). Associations of AUEC values for
IMPDH at one week after starting MMF treatments were not assessed using univariate
analyses because too few patients were included in the GI G(+) group. Moreover, further
multivariate analyses were discarded because all significant factors were highly correlated
pharmacokinetic parameters.

As shown in Table 4, significant risk factors for neutrophil engraftment in the
univariate analyses included HLA mismatches of > 3 (p = 0.026), CD34+ cell count per body
or body weight (p = 0.091 and 0.012, respectively), and AUC.,4 values for total or free MPA
at one week after the start of MMF treatments (p = 0.042 and 0.024, respectively). In the
multivariate analyses, HLA mismatches of > 3, CD34+ cell count per body weight, and

AUC.24 value for free MPA were significantly associated with neutrophil engraftment.

ROC Analyses of GI aGVHD and Neutrophil Engraftment

Significant pharmacokinetic markers that were identified were further assessed in ROC
analyses (Table 5). ROC curve analyses defined the cut-off values for free MPA and
AcMPAG AUC.,4 of 0.689 and 15.6 pg-h-mL™, respectively, as predictors of GI aGVHD

development. Moreover, AUCy.»4 values from ROC curves were 0.967 (p = 0.009) for free

15



MPA and 0.956 (p = 0.010) for AcMPAG, and sensitivity and specificity were 100% and
96.7% for free MPA, and were 100% and 90% for AcMPAG, respectively. The cut-off
values of free MPA AUC value for the neutrophil engraftment by day 25 were 0.405
pg-h'mL" in ROC curve analyses, with an AUC value for the ROC of 0.766 (p = 0.007).
Sensitivity and specificity were 79% and 75%, respectively. The AUC value for the ROC of

total MPA was 0.648 (p = 0.136) and was not significantly predictive.

DISCUSSION

27-2
! 9, the

Although MMF is often used to prevent aGVHD in patients receiving HCT
therapeutic range of MPA remains undefined in these patients. In this study, higher AUC
values for AcCMPAG as well as free MPA were associated with aGVHD development of the
GI tract, and higher AUC values for free MPA were significantly associated with faster
neutrophil engraftment in CBT patients. The therapeutic range of free MPA AUC.o4 values
was indicated as 0.405-0.689 pg-h-mL™". No SNPs that were previously associated with
pharmacokinetic and pharmacodynamic parameters of MPA were associated with aGVHD
development or neutrophil engraftment.

In analyses of the relationship between pharmacokinetic and pharmacodynamic

markers and site-specific aGVHD, the AUC value of free MPA and AcMPAG at one week
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after the start of MMF treatments was significantly higher in patients with aGVHD of the GI
tract than in those without aGVHD. In addition, the AUC of AcMPAG at one week after the
start of MMF treatments was the most significant risk factor for aGVHD of the GI tract in
Cox proportional regression analyses. However, since pharmacokinetics of MPA had a large
intra-individual variability as shown in our previous report *, there were no significant
relationships between MPA pharmacokinetic parameters at three weeks after the start of
MMF treatments and aGVHD. Patients who suffer from aGVHD after HCT do so as a result
of excessive production of the inflammatory cytokines interleukin (IL)-1, IL-6, and tumor
necrosis factor alpha (TNF-a), during the early stages after HCT ***'. Higher free MPA
concentration brings to increase AcCMPAG concentrations, because free MPA 1s metabolized
to AcMPAG in the liver, and AcMPAG is excreted in bile. AcMPAG concentrations in
intestine are greater than those in plasma, reflecting its bile excretory pathway. Due to its
unstable structure, AcMPAG was reportedly bound to plasma proteins and other
macromolecules such as several proteins and DNA *2. Furthermore, AcMPAG reportedly
induces mRNA and protein expression of the pro-inflammatory cytokines TNF-o and IL-6 ',
In addition, conditioning regimens cause direct mucosal damage in HCT patients

suggesting that increases in AcMPAG plasma concentrations during the early stages after

transplantation leads to leukocyte activation and/or direct impairment of the GI tract and

17



mediates inflammatory GI symptoms. However, only three patients showed aGVHD of the
GI tract in this study, and AUC values of AcMPAG from patients receiving CBT were lower
than those reported in patients with organ transplants **. Other previous studies show that the
AcMPAG concentrations required to induce TNF-a and IL-6 in vitro are considerably higher
than those in clinical studies ''~>*. Therefore, further studies are required to characterize the
relationship between aGVHD development in the GI tract and AcMPAG or free MPA plasma
concentrations.

In studies of the relationship between pharmacokinetic and pharmacodynamic markers
and neutrophil engraftment, patients with faster neutrophil engraftment had significantly
higher concentrations of free MPA at one week after the start of MMF treatments than those
with slower engraftment. In the multivariate Cox proportional regression analyses, the AUC
value for free MPA at one week after the start of MMF treatments was significantly
associated with neutrophil engraftment in addition to HLA mismatch > 3 and CD34+ cell
count per body weight. Factors that have been shown to affect neutrophil engraftment in CBT
are degree of HLA mismatches and total nucleated cell counts per body weight *’. In this
study, the median (range) of TNC per body weight was 2.55 (1.80 — 5.14) x 10’ cells/kg, and
almost all patients had enough counts greater than 2 x 107 cells /kg. This can be the reason for

no association of TNC with neutrophil engraftment. Patients after CBT suffer from various

18



symptoms of pre-engraftment immune reactions (PIR), and these are caused by the excessive
production of inflammatory cytokines **. In particular, such patients suffer from hyperthermia,
increased weight, and skin rashes until approximately day 9 after CBT *°. In addition,
hemophagocytic syndrome (HPS) is induced by activated macrophages *’, and PIR and HPS
delay engraftment and cause engraftment failure *" *. The incidence of severe
pre-engraftment syndrome in patients treated with a calcineurin inhibitor in combination with
MMF was significantly lower than in those treated with the calcineurin inhibitor only .
Moreover, MMF combination regimens prevented HPS and improved the rate of engraftment
in CBT patients, likely reflecting better control of PIR *. Therefore, the inhibition of immune
cell activation by higher concentrations of free MPA may facilitate neutrophil engraftment by
preventing the onset of PIR and HPS.

Based on total MPA concentrations, the therapeutic range of MPA in renal transplant
patients was defined as AUCy.;; of 30-60 pg-h-mL™" '°. However, total MPA concentrations
were not related to neutrophil engraftment or aGVHD development in this study. Although
free MPA concentrations were previously identified as a biomarker of the
immunosuppressive effects of MPA compared with total MPA *, Jacobson et al. ** showed
that subjects with free MPA AUCys values of less than 0.15 pg-h-mL™ had higher

cumulative incidences of aGVHD development than subjects with a greater AUC values, and
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free MPA AUC,. 1, values of less than 0.3 pg-h-mL™" were also associated with more frequent
aGVHD. Atcheson et al. ** reported significantly higher free MPA AUC.¢ values in patients
with thrombocytopenic, leukopenic, and/or infectious outcomes than in other patients.
Therefore, free MPA concentrations are likely associated with the efficacy and/or toxicity of
MPA. In the present ROC analyses, free MPA AUCy.24 values of less than 0.689 pg-h-mL™
were associated with successive aGVHD prevention for the GI tract and the values of more
than 0.405 pg-h-mL™" were essential to achieve neutrophil engraftment by day 25, suggesting
that the therapeutic range of 0.405-0.689 pg-h-mL™" as free MPA AUC,.,4 is preventative of
aGVHD in the GI tract and concomitantly achieves early neutrophil engraftment in patients
receiving CBT.

The present study was limited by relatively small numbers of patients with aGVHD
(seven with skin aGVHD and three with GI aGVHD). Thus, further studies are warranted to
clarify the importance of therapeutic monitoring of free MPA AUC values in larger numbers
of CBT patients. Conditioning intensity has been shown to be a risk factor for aGVHD in
HCT *> % The relationship between the total body radiological dosage and aGVHD
development was examined in this study (data not shown), but there were no significant
relationship. Since conditioning regimens were variable among patients and the present study

included a relatively small number of patients, effects of conditioning regimens on aGVHD

20



development should be examined in a future study.

In conclusion, serum concentrations of AcCMPAG and free MPA were both associated

with aGVHD development of the GI tract, and free MPA concentrations were predictive of

early neutrophil engraftment in CBT patients. Therefore, free MPA monitoring could be used

to inform MMF dose adjustments in patients receiving CBT.
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Table 1. Characteristics of cord blood transplant (CBT) patients (n = 35)

Parameter Number or median (range)
MAC/RIC 17/18

Male/Female 22/13

Age (years) 43 (21-66)

Body weight (kg)
Dose of MMF (mg/day)
Dose of MMF/body weight (mg/day/kg)
ABO compatibility
(Match/Major/Minor/Bidirectional)
Total nucleated cell count per body (x10®
cells)
Total nucleated cell count per body
weight (x107 cells/kg)
CD34+ cell count (x10° cells)
CD34+ cell count per body weight (x10
cells/kg)
CMV relapse (Yes/No)
HLA mismatch (0-2/3-8)
Acute GVHD grade (0/1/11/1I1/1V)*?
Skin G(+) / GI G(+) *
Day of GVHD development (days) *
Day of neutrophil engraftment (days)
Engraftment failure
Genetic polymorphism (wild /
heterozygote / homozygote) ¢
IMPDHI -106G > A (rs2278294)
IMPDHI 125G > A (1s2278293)
IMPDH? 3757T > C (rs11706052)
MRP2 -24C > T (1rs717620)
UGT2B7 —842G>A (rs7439366)

58.1 (33.5-76.3)
1750 (1000-2500)
30.5 (22.1-57.7)
16/7/8/4

15.0 (10.7-26.1)

2.55 (1.80-5.14)

3.21 (1.26-9.41)

0.57 (0.21-1.69)

18/17

20/15

9/14/8/2/0

7/3

45 (23-67)

25 (14-45)

2

Pre Post
10/15/8 9/13/11
15/12/6 12/14/7
32/1/0 25/8/0
24/9/0 -

14/15/4 -

CMV, cytomegalovirus; GI, gastrointestinal;

GVHD, graft-versus-host disease;

IMPDH, inosine

monophosphate dehydrogenase; MAC, myeloablative conditioning; MMF, myophenolate mofetil; MRP,

multiple-drug resistance protein; RIC, reduced-intensity conditioning; UGT, UDP-glucuronosyltransferase.

*Data from two patients were excluded because of engraftment failure. ° Skin G(+) means stage > 3 skin acute

GVHD and GI G(+) means stage > 1 gastrointestinal (GI) acute GVHD corresponding to acute GVHD grade 11

or greater. © Genotypes of two patients were unknown.
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Table 2. Univariate Cox proportional hazards regression analyses of risk factors associated with skin or GI

aGVHD in CBT patients-

Skin GI
Risk factors HR (95% CT) p-value HR (95% CI) p-value
ABO compatibility
Major 8.01 (1.77-36.2) 0.007 0.036 (N.E.) 0.602
Minor 0.645 (0.078-5.36)  0.685 2.30(0.184-22.4) 0.563
Bidirectional 1.24 (0.149-10.3) 0.843 0.041 (N.E.) 0.674
Age > 50 4.03 (0.779 —20.8)  0.096 3.34(0.303-36.9) 0.325
Age > 60 3.62 (0.807—16.2) 0.093 1.35(0.122 —14.9) 0.808
Days of engraftment 0.994 (0.901—-1.10)  0.910 1.00 (0.860—1.19) 0.985
CMV relapse 0.581 (0.130 —2.60) 0.478 1.62 (0.147—17.9) 0.693
Gender (donor and recipient
combination)
Female for donor and
male for recipient 1.89 (0.365-9.76)  0.449 0.036 (N.E.) 0.602
HLA mismatch >3 1.53 (0.340—6.82) 0.580 0.591 (0.054—6.52) 0.668
RIC 1.14 (0.256—5.12) 0.860 0.460 (N.E.) 0.526
Genetic polymorphism
Pre
IMPDHI -106G > A 1.92 (0.224—16.4) 0.552 0.184 (0.017-2.03) 0.166
IMPDHI 125G > A 0.324 (0.059-1.77)  0.194 0.377 (0.034—4.16)  0.426
IMPDH?2 3757T > C 0.047 (N.E.) 0.761 0.047 (N.E.) 0.834
MRP2 -24C>T 6.22 (1.13-34.3) 0.036 0.029 (N.E.) 0.509
UGT2B7 —842G>A 0.734 (0.148-3.64)  0.705 0.394 (0.036—4.35) 0.447
Post
IMPDHI -106G > A 35.6 (N.E.) 0.303 0.176 (0.016—1.94) 0.156
IMPDHI 125G > 4 46.8 (N.E.) 0.228 0.274 (0.025-3.02) 0.291
IMPDH?2 3757T > C 5.86 (1.3-26.4) 0.021 0.032 (N.E.) 0.543
PK/PD parameters
1 week
MPA AUCy.24 1.04 (1.01—1.06) 0.006 1.02 (0.977—1.06) 0.432
Free MPA AUC.24 1.00 (0.999 —1.00)  0.271 1.00 (1.00—1.01) 0.021
MPAG AUCy.24 0.999 (0.997—-1.00)  0.385 1.00 (1.00—1.00) 0.051
AcMPAG AUC.p4 0.966 (0.847—1.10)  0.612 1.28 (1.07—1.54) 0.008
IMPDH AUEC, ¢ 1.00 (0.999—1.00) 0.761 N.E. N.E.
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3 weeks

MPA AUC.24 1.00 (0.950—1.05) 0.986 1.10 (0.994-1.22)
Free MPA AUC.24 0.999 (0.996—1.00)  0.785 1.00 (0.998—1.01)
MPAG AUCq.4 0.999 (0.997—-1.00)  0.116 1.00 (0.999—1.00)
AcMPAG AUC.p4 0.966 (0.843—1.11)  0.617 1.28 (1.02 —1.60)
IMPDH AUEC.s 1.00 (0.997—1.00) 0.809 0.997 (0.991-1.00)

0.065
0.187
0.470
0.031
0.333

CMV: cytomegalovirus; GI: gastro-intestine; IMPDH: inosine monophosphate dehydrogenase; HLA: human

leukocyte antigen; HR: hazard ratio, MRP: multiple-drug resistance protein; N.E.: not estimated; PK/PD,

pharmacokinetic/pharmacodynamic; UGT: UDP- glucuronosyltransferase.
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Table 3. Multivariate Cox proportional hazards regression analyses of risk factors associated with skin aGVHD

in CBT patients

Factors Hazard ratio (95% CI) p-value

ABO compatibility

Major 4.91 (0.739-32.6) 0.100
Age
>60 1.82 (0.184-18.0) 0.610
Genetic polymorphism
Pre
MRP2 -24C>T 3.02 (0.353-25.9) 0.313
Post
IMPDH?2 3757T > C 4.05 (0.437-37.6) 0.218
MPA AUC.4 (1 week) 1.00 (0.960-1.05) 0.910

IMPDH: inosine monophosphate dehydrogenase; MRP: multiple-drug resistance protein.
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Table 4. Univariate and multivariate Cox proportional hazards regression analyses of risk factors associated

with days to neutrophil engraftment following CBT

Univariate Multivariate
Factors HR (95% CIT) p-value HR (95% CI) p-value
ABO compatibility
Major 1.16 (0.472-2.86) 0.745
Minor 0.790 (0.341-1.83) 0.582
Bidirectional 0.992 (0.314-2.71) 0.883
Age
>50 1.04 (0.517-2.10) 0.908
>60 1.09 (0.500-2.36) 0.834
Gender (donor and recipient
combination)
Female for donor and male
for recipient 0.947 (0.366-2.31) 0.948
HLA mismatch >3 2.30 (1.11-4.79) 0.026 2.34 (1.11-4.93) 0.026
RIC 1.02 (0.515-2.03) 0.860
Total nucleated cell count per
body 1.07 (0.945-1.20) 0.294
Total nucleated cell per body
weight 1.35 (0.818-2.23) 0.438
CD34+ cell count per body 1.33 (1.02-1.73) 0.091
CD34+ cell per body weight 4.35(1.10-17.2) 0.012 4.61 (1.14-18.7) 0.033
Genetic polymorphism
Pre
IMPDHI -106G > A 1.82 (0.816-4.07) 0.143
IMPDHI 125G > A 1.43 (0.693-2.95) 0.334
IMPDH?2 3757T > C 1.47 (0.194-11.1) 0.710
MRP2 -24C>T 1.18 (0.529-2.61) 0.694
UGT2B7 —842G>A 1.05 (0.510-2.14) 0.905
Post
IMPDHI -106G > A 0.866 (0.397-1.89) 0.717
IMPDHI 125G > A 1.26 (0.614-2.58) 0.531
IMPDH?2 3757T > C 0.722 (0.319-1.64) 0.435
PK/PD parameters
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1wk

MPA-AUC .4

Free MPA-AUC .54
MPAG-AUC 24
AcMPAG-AUC .4
IMPDH-AUECg

1.02 (1.00-1.04)
1.00 (1.00-1.003)
1.00 (1.00-1.001)
1.03 (0.973-1.10)
0.999 (0.997-1.00)

0.042
0.024
0.386
0.302
0.160

1.00 (1.00-1.00)

0.018

IMPDH, inosine monophosphate dehydrogenase; HLA, human leukocyte antigen; HR, hazard ratio; MRP,

Multiple-drug resistance protein;

conditioning; UGT, UDP-glucuronosyltransferase.

PK/PD, pharmacokinetic/pharmacodynamic; RIC,

reduced-intensity
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Table 5. Receiver operating characteristic curve analyses of MPA pharmacokinetics at 1 week after the start of
MMF treatments for aGVHD development for the gastrointestinal (GI) tract and neutrophil engraftment in CBT

patients

Cut-off value AUC-ROC

] p-value
(ug-h-mL™) (95% CI
aGVHD development for the GI
tract
0.967
Free MPA-AUC .24 0.689 0.009
(0.902-1.03)
0.956
AcMPAG-AUC 4 15.6 0.010
(0.880-1.03)
Neutrophil engraftment by day 25
0.766
Free MPA-AUC .24 0.405 0.007
(0.606-0.927)
0.648
Total MPA-AUC 54 53.6 0.136

(0.461-0.835)
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Figure legends

Figure 1. Relationship between site-specific acute graft-versus-host disease (aGVHD) and

pharmacokinetic parameters of mycophenolic acid (MPA) and inosine-5’-monophosphate

dehydrogenase (IMPDH) activity at one week after the start of mycophenolate mophetil

(MMF) treatments; (A) 0—24 h area under the concentration—time curve (AUCy.»4) values for

total MPA, (B) free MPA AUCy.24, (C) MPAG AUC(.54, (D) ACMPAG AUC.4, (E) 0-8 h

area under the effect-time curve (AUEC,.g) for IMPDH. G(—), aGVHD grades 0-I; skin G(+),

stage > 3 skin aGVHD, GI G(+), stage > 1 gastrointestinal aGVHD; n.d., not detected. Bars

show median values; *p < 0.05, Kruskall-Wallis test followed by Dunn’s multiple

comparison test.

Figure 2. Relationship between days to neutrophil engraftment and pharmacokinetic

parameters of MPA and IMPDH activity at 1 week after the start of MMF treatments; (A)

Total MPA AUC.24, (B) Free MPA AUC .24, (C) MPAG AUC.24, (D) AcMPAG AUC.24,

(E) IMPDH AUEC,.s; The median day of engraftment was 25 days after cord blood

transplantation (CBT). Bars show median values; *p < 0.05, Student #-test.
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Figure 1 (2-column fitting image)
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