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Abstract
Mycophenolate mofetil (MMF), in combination with a calcineurin inhibitor, is used as the prophylaxis for

graft-versus-host disease (GVHD) after allogeneic hematopoietic cell transplantation (HCT). Compared to intrave-
nous methotrexate (MTX), MMF is associated with a lower incidence of mucositis and shorter time for hema-
topoietic engraftment but comparable incidence of acute GVHD, resulting in the preferred use of MMF for
GVHD prophylaxis in elderly patients or those undergoing cord blood transplantation (CBT). Although several
studies have evaluated the clinical impact of MTX omission due to toxicity after allogeneic HCT, the impact of
oral MMF interruption for GVHD prophylaxis on transplant outcomes remains unclear. Therefore, in this study,
we retrospectively analyzed the consecutive data of adult patients who underwent single-unit unrelated CBT
and received oral MMF in combination with cyclosporine for GVHD prophylaxis at our hospital. Among the 53
patients, the planned dose of MMF was interrupted in 14 with a median of 19.5 d (range, 3-27 d) of CBT. In
multivariate analysis, MMF interruption, which was treated as a time-dependent covariate, was significantly as-
sociated with poorer overall survival (hazard ratio [HR], 5.41; 95% confidence interval [CI], 2.03-14.43; P < 0.001)
and higher non-relapse mortality (HR, 7.56; 95% CI, 1.99-28.79; P = 0.002). Further studies with larger cohorts
are necessary to confirm the clinical significance of oral MMF interruption in GVHD prophylaxis.
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Introduction
In combination with a calcineurin inhibitor, myco-

phenolate mofetil (MMF) is used for the prophylaxis of

graft-versus-host disease (GVHD) after allogeneic he-

matopoietic cell transplantation (HCT). Compared to in-

travenous methotrexate (MTX), MMF is associated with

a lower incidence of mucositis and shorter time to he-

matopoietic engraftment but comparable incidence of

acute GVHD1-3, resulting in the preferred use of MMF

for GVHD prophylaxis in elderly patients4-6 or those un-

dergoing cord blood transplantation (CBT)5-8. In contrast

to other countries, MMF has only been approved as an

oral formulation in Japan. However, some patients are

unable to take oral MMF mainly because of regimen-

related toxicity (RRT). Although several studies have

evaluated the clinical impact of omitting planned MTX

due to toxicity after allogeneic HCT9-15, no study has

evaluated the clinical impact of interrupting planned

oral MMF on GVHD prophylaxis. Therefore, in this

study, we investigated the clinical influence of oral

MMF interruption on CBT outcomes at our hospital.
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Materials and Methods
Patients and transplant procedures

We retrospectively analyzed the consecutive data of

53 adult patients who underwent single-unit unrelated

CBT and received planned oral MMF in combination

with cyclosporine for GVHD prophylaxis between No-

vember, 2013 and March, 2023 at our hospital. GVHD

prophylaxis consisted of intravenous cyclosporine (3

mg/kg/day from day -1) and oral MMF (30 mg/kg/day

from days 0 to 27)16. Unrelated cord blood was supplied

by cord blood banks in Japan. The cord blood unit,

conditioning regimen, GVHD prophylaxis, and suppor-

tive care were determined by the treating physicians16-20.

The Institutional Review Board of the Institute of Medi-

cal Science, the University of Tokyo approved this ret-

rospective study (2023-33-0810) and the adoption of an

opt-out consent mechanism.

Definitions
Neutrophil recovery was defined as the recovery

achieved on the first three consecutive days when the

absolute neutrophil count was higher than 0.5 × 109/L.

Platelet recovery was defined as that achieved on the

first seven consecutive days when the platelet count was

higher than 20 or 50 × 109/L without platelet transfu-

sion support. Diagnosis and grading of acute and

chronic GVHD were based on the standard criteria21, 22.

Overall survival (OS) was defined as the time from

CBT to death, subsequent allogeneic HCT, or the date

of last contact with patients who were lost to follow-up.

Non-relapse mortality (NRM) was defined as the time

from CBT to death without disease relapse. The num-

ber of human leukocyte antigen (HLA) disparities be-

tween the cord blood grafts and recipients was defined

as low resolution for HLA-A, HLA-B, and HLA-DR in

the graft-versus-host direction. HCT-specific comorbid-

ity index (HCT-CI)23 and refined disease risk index

(rDRI)24 were classified according to published criteria.

Statistical analyses
Groups were compared using the Mann-Whitney U

test for continuous variables and Fisher’s exact test for

categorical variables. The effects of MMF interruption

on OS and NRM were graphically illustrated using the

Simon-Makuch plots. Multivariate analysis was con-

ducted using the Cox proportional hazards model for

overall mortality, and the Fine and Gray model for

NRM, neutrophil recovery, platelet recovery, grades II-

IV acute GVHD, grades III-IV acute GVHD, overall

chronic GVHD, and extensive chronic GVHD. Multi-

variate analysis involved the following factors as covari-

ates: MMF interruption (yes vs. no), which was treated

as a time-dependent covariate, age (<65 vs. ≥65 years),

gender (male vs. female), HCT-CI (<3 vs. ≥3), rDRI

(low/intermediate vs. high/very high), cryopreserved

cord blood total nucleated cell (TNC) dose (<2.5 ×
107/kg vs. ≥2.5 × 107/kg), and low-resolution HLA

disparities in the graft-versus-host direction (0, 1 vs. 2).

P-values < 0.05 were considered to be statistically sig-

nificant. Statistical analyses were conducted using EZR

version 1.6125.

Results
Patient characteristics

All patient and CBT characteristics are presented in

Table 1. The median age of the entire cohort was 63

years (interquartile range [IQR], 60-66 years). The most

common disease was acute myeloid leukemia (57%).

Disease risk defined by rDRI was high or very high in

75% of the patients. The majority of conditioning regi-

mens included 180 mg/m2 fludarabine, 9.6 mg/kg intra-

venous busulfan, 4 Gy total body irradiation, and 12 g/

m2 high-dose cytarabine (83%)16. The median cryopre-

served cord blood TNC dose was 2.52 × 107/kg (IQR,

2.21-3.24 × 107/kg), and the median cryopreserved

cord blood CD34+ cell dose was 0.99 × 105/kg (IQR,

0.79-1.23 × 105/kg). Ten patients (19%) had previously

undergone allogeneic HCT.

Among the 53 patients, the planned dose of MMF

was interrupted in 14 with a median of 19.5 d (range,

3-27 d) of CBT. The patients in whom the planned

dose of MMF was interrupted were young (P=0.031)

and had previously undergone allogeneic HCT (P=

0.014). The main causes of MMF interruption were mu-

cositis and vomiting due to RRT (n=8), general malaise

due to organ failure or infection (n=3), alveolar hemor-

rhage (n=1), encephalitis (n=1), and engraftment failure

(n=1). No additional immunosuppressants were admin-

istered to the patients during MMF interruption.

Association of MMF interruption with hematopoie-
tic recovery and GVHD

In Fisher’s exact test, MMF interruption was associ-

ated with lower platelet recovery rate, which was de-

fined as ≥ 50,000/μL (P=0.024), but not the rates of

neutrophil recovery (P=0.220), grades II-IV acute

GVHD (P=0.140), grades III-IV acute GVHD (P=

0.181), overall chronic GVHD (P=0.315), and extensive

chronic GVHD (P=1.000; Table 2). In the multivariate

analysis, MMF interruption, which was treated as a

time-dependent covariate, was significantly associated

with lower platelet recovery, which was defined as

≥ 20,000/μL (hazard ratio [HR], 0.26; 95% confidence

interval [CI], 0.12-0.58; P = 0.001) and ≥ 50,000/μL

(HR, 0.27; 95% CI, 0.10-0.70; P = 0.006; Table 3), but

not neutrophil recovery (Table 3), acute GVHD, and
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Table　1.　Patient, cord blood unit, and transplant characteristics

Entire cohort
N=53

MMF interruption (-) 
N=39

MMF interruption (+) 
N=14 P

Median age at CBT (IQR), years 63 (60-66) 64 (61.5-66) 59.5 (51.5-64.25) 0.031
Sex 1.000
Male 32 (60%) 23 (59%) 9 (64%) 
Female 21 (40%) 16 (41%) 5 (36%) 
HCT-CI 1.000
0-2 42 (79%) 31 (80%) 11 (79%) 
≥ 3 11 (21%) 8 (20%) 3 (21%) 
Diagnosis
AML 30 (57%) 23 (59%) 7 (50%) 
MDS 14 (26%) 10 (26%) 4 (29%) 
ALL 3 (6%) 2 (5%) 1 (7%) 
CMML 2 (4%) 2 (5%) 0
MPN 1 (2%) 1 (3%) 0
NHL 1 (2%) 0 1 (7%) 
ATL 1 (2%) 1 (3%) 0
CAEBV 1 (2%) 0 1 (7%) 
Refined disease risk index 1.000
Low/intermediate/undetermined 13 (25%) 10 (26%) 3 (21%) 
High/very high 40 (75%) 29 (74%) 11 (79%) 
Conditioning regimen 0.062
 TBI 12Gy+Cy 1 (2%) 0 1 (7%) 
 Bu4/Cy/Flu 2 (4%) 1 (3%) 1 (7%) 
 TBI 4Gy+Flu+Bu3+HDAC 44 (83%) 35 (89%) 9 (64%) 
 TBI 4Gy+Flu+Mel140 6 (11%) 3 (8%) 3 (21%) 
Cryopreserved TNC dose (IQR), × 107/kg 2.52 (2.21-3.24) 2.43 (2.17-3.12) 2.67 (2.33-3.31) 0.397
Cryopreserved CD34+ cell dose (IQR), × 105/kg 0.99 (0.79-1.23) 1.01 (0.81-1.18) 0.84 (0.68-1.42) 0.600
HLA disparities* 1.000
0 or 1 14 (26%) 10 (26%) 4 (29%) 
2 39 (74%) 29 (74%) 10 (71%) 
Number of allogeneic HCT 0.014
1 43 (81%) 35 (90%) 8 (57%) 
2 10 (19%) 4 (10%) 6 (43%) 
CBT, cord blood transplantation; IQR, interquartile range; HCT-CI, Hematopoietic Cell Transplantation-Specific Comorbidity Index; AML, 
acute myeloid leukemia; MDS, myelodysplastic syndrome; ALL, acute lymphoblastic leukemia; CMML, chronic myelomonocytic leukemia; 
MPN, myeloproliferative neoplasm; NHL, non-Hodgkin’s lymphoma; ATL, adult T-cell leukemia; CAEBV, chronic active Epstein-Barr virus 
infection; TBI, total body irradiation; Cy, cyclophosphamide; Bu, busulfan; Flu, fludarabine; HDAC, high-dose cytarabine; Mel, melphalan; 
TNC, total nucleated cell; HLA, human leukocyte antigen; HCT, hematopoietic cell transplantation; MMF, mycophenolate mofetil
*HLA disparities between cord blood graft and recipient were defined as a low-resolution for HLA-A, HLA-B, and HLA-DR in the graft-
versus-host direction.

chronic GVHD (Table 4).

Impact of MMF interruption on OS and NRM
In univariate analysis, MMF interruption, which was

treated as a time-dependent covariate, was significantly

associated with poorer OS and higher NRM (Figure 1).

Multivariate analysis also revealed that MMF interrup-

tion was significantly associated with poorer OS (HR,

5.41; 95% CI, 2.03-14.43; P < 0.001) and higher NRM

(HR, 7.56; 95% CI, 1.99-28.79; P = 0.002; Table 5).

Among the 14 patients in whom the planned dose of

MMF was discontinued, 10 died during the last follow-

up. The causes of death were pneumonia in 3 patients,

relapse in 2, alveolar hemorrhage in 1, gastrointestinal

hemorrhage in 1, acute GVHD in 1, multiple organ fail-

ure in 1, and sepsis in 1.

Discussion
Previous studies have demonstrated the clinical im-

pact of MTX omission day 11 due to toxicity after allo-

geneic HCT; however, their results are controversial,

mainly because of the small sample size9-15. A recent

meta-analysis by Kharfan-Dabaja et al. demonstrated



Table　2 .　F isher’s exact test of hematopoietic recovery and GVHD
MMF interruption (-) MMF interruption (+) P

Neutrophil recovery
Number of evaluable patients 39 11
≥500/μL 39 (100.0%) 10 (90.9%) 0.220
Platelet recovery
Number of evaluable patients 39 10
≥20,000/μL 36 (92.3%) 7 (70.0%) 0.090
≥50,000/μL 36 (92.3%) 6 (60.0%) 0.024
Acute GVHD
Number of evaluable patients 39 10
Grades II to IV 35 (89.7%) 7 (70.0%) 0.140
Grades III to IV 6 (15.3%) 4 (40.0%) 0.181
Chronic GVHD
Number of evaluable patients 27 7
Overall 22 (81.4%) 4 (57.1%) 0.315
Extensive 6 (22.2%) 2 (28.5%) 1.000
GVHD, graft-versus-host disease; MMF, mycophenolate mofetil
The P-values in bold are statistically significant (<0.05).

Table　3.　Multivariate analysis of neutrophil and platelet recovery

Neutrophil recovery Platelet recovery
(≥20,000/μL) 

Platelet recovery
(≥50,000/μL) 

HR (95%CI) P HR (95%CI) P HR (95%CI) P
MMF interruption 0.79 (0.32-1.95) 0.623 0.26 (0.12-0.58) 0.0010.001 0.27 (0.10-0.70) 0.006
Age ≥65 years 1.54 (0.91-2.60) 0.100 1.11 (0.54-2.29) 0.759 1.35 (0.66-2.73) 0.402
Female sex 2.61 (1.25-5.45) 0.010 1.49 (0.81-2.72) 0.189 1.51 (0.77-2.97) 0.226
HCT-CI ≥3 0.74 (0.40-1.36) 0.337 0.79 (0.30-2.05) 0.637 0.72 (0.29-1.80) 0.488
rDRI high/very high 0.57 (0.34-0.95) 0.034 0.95 (0.53-1.71) 0.883 0.87 (0.47-1.59) 0.656
Cord blood TNC ≥ 2.5 × 107/kg 0.92 (0.48-1.77) 0.814 1.06 (0.59-1.93) 0.827 1.05 (0.56-1.96) 0.858
HLA disparities* 2 mismatch 1.45 (0.80-2.60) 0.210 1.72 (0.90-3.31) 0.098 1.55 (0.75-3.18) 0.227
MMF, mycophenolate mofetil; HCT-CI, hematopoietic cell transplantation comorbidity index; rDRI, refined disease risk index; 
TNC, total nucleated cell; HLA, human leukocyte antigen; HR, hazard ratio; CI, confidence interval
*HLA disparities between cord blood graft and recipient were defined as a low-resolution for HLA-A, HLA-B, and HLA-DR in the
graft-versus-host direction.
The P-values in bold are statistically significant (<0.05).

Table　4.　Multivariate analysis of acute and chronic GVHD

Grades II to IV acute GVHD Grades III to IV acute GVHD Overall chronic GVHD Extensive chronic GVHD
HR (95%CI) P HR (95%CI) P HR (95%CI) P HR (95%CI) P

MMF interruption 0.42 (0.15-1.18) 0.101 0.44 (0.07-2.73) 0.383 0.69 (0.28-1.70) 0.429 1.77 (0.31-9.85) 0.514
Age ≥65 years 1.13 (0.59-2.16) 0.702 0.79 (0.15-4.18) 0.786 0.72 (0.30-1.69) 0.453 0.61 (0.11-3.35) 0.577
Female sex 1.32 (0.71-2.45) 0.365 0.68 (0.15-3.07) 0.616 0.57 (0.24-1.38) 0.217 0.82 (0.17-3.95) 0.814
HCT-CI ≥3 0.77 (0.32-1.82) 0.554 0.50 (0.02-8.59) 0.638 0.41 (0.08-2.04) 0.282 2.96 (0.53-16.34) 0.211
rDRI high/very high 0.75 (0.33-1.71) 0.498 1.41 (0.23-8.42) 0.701 0.62 (0.31-1.26) 0.191 0.53 (0.12-2.17) 0.378
Cord blood TNC ≥ 
2.5 × 107 /kg 0.59 (0.31-1.11) 0.105 2.71 (0.54-13.54) 0.223 1.37 (0.68-2.74) 0.368 2.03 (0.53-7.80) 0.298

HLA disparities* 2 
mismatch 0.85 (0.42-1.72) 0.669 0.62 (0.15-2.51) 0.504 0.40 (0.17-0.92) 0.031 0.72 (0.14-3.59) 0.690

GVHD, graft-versus-host disease; MMF, mycophenolate mofetil; HCT-CI, hematopoietic cell transplantation comorbidity index; rDRI, refined disease risk 
index; TNC, total nucleated cell; HLA, human leukocyte antigen; HR, hazard ratio; CI, confidence interval
*HLA disparities between cord blood graft and recipient were defined as a low-resolution for HLA-A, HLA-B, and HLA-DR in the graft-versus-host direction.
The P-values in bold are statistically significant (<0.05).
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Figure　1.　Overall survival and non-relapse mortality after CBT based on the interruption of planned dose of MMF.
The impact of interruption of planned dose of MMF on overall survival (a) and non-relapse mortality (b) after CBT was graphically 
illustrated by Simon-Makuch plots with a conditional landmark analysis at 19.5 d after CBT, which was the median time of MMF 
interruption after CBT
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Table　5.　Multivariate analysis of overall mortality and non-relapse mortality

Overall mortality Non-relapse mortality
HR (95%CI) P HR (95%CI) P

MMF interruption 5.41 (2.03-14.43) <0.001 7.56 (1.99-28.79) 0.002
Age ≥65 years 1.74 (0.69-4.38) 0.238 2.48 (0.61-10.06) 0.201
Female sex 0.31 (0.11-0.87) 0.026 0.43 (0.12-1.51) 0.189
HCT-CI ≥3 1.80 (0.65-4.95) 0.251 1.52 (0.34-6.70) 0.578
rDRI high/very high 2.35 (0.75-7.37) 0.140 0.94 (0.21-4.05) 0.937
Cord blood TNC ≥ 2.5 × 107 /kg 1.59 (0.66-3.83) 0.293 2.59 (0.70-9.53) 0.151
HLA disparities* 2 mismatch 1.21 (0.45-3.26) 0.697 0.92 (0.20-4.06) 0.912
MMF, mycophenolate mofetil; HCT-CI, hematopoietic cell transplantation comorbidity index; rDRI, re-
fined disease risk index; TNC, total nucleated cell; HLA, human leukocyte antigen; HR, hazard ratio; CI, 
confidence interval
*HLA disparities between cord blood graft and recipient were defined as a low-resolution for HLA-A,
HLA-B, and HLA-DR in the graft-versus-host direction.
The P-values in bold are statistically significant (<0.05).

that day 11 omission of MTX was associated with poor

OS, but not NRM, in acute or chronic GVHD15. For

GVHD prophylaxis, MMF is started at 15-45 mg/kg

orally or intravenously twice or thrice a day starting on

day 0 and continued for 27-40 d until termination or ta-

pered down through days 96-18026-30. However, the ideal

MMF concentration, dosage schedule, and treatment du-

ration for GVHD prevention remain unclear31, 32. Our

study is the first to evaluate the clinical impact of inter-

rupting planned oral MMF treatment on transplant out-

comes. We found that MMF interruption led to poor

platelet recovery, poor OS, and high NRM after CBT,

but did not affect the incidence of acute and chronic

GVHD. However, our results should be interpreted cau-

tiously as most patients with interrupted MMF did not

take any other oral drugs or diet. Poor oral intake alters

the microbiota diversity and composition, resulting in a

high incidence of gastrointestinal GVHD and poor

clinical outcomes33, 34. Therefore, although intravenous

MMF is safe and effective for GVHD prophylaxis35, 36,

whether the use of intravenous MMF overcomes the

negative effects of oral MMF interruption remains un-

clear.

Here, our data showed that MMF interruption did not

affect the incidence of acute or chronic GVHD, which

is consistent with a meta-analysis evaluating the clinical

impact of day 11 MTX omission due to toxicity after

allogeneic HCT15. Only one patient in whom the
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planned dose of MMF was interrupted died due to

acute GVHD. Interruption of planned oral MMF for

GVHD prophylaxis may be associated with the devel-

opment of severe RRT. Indeed, most patients in whom

the planned dose of oral MMF was administered exhib-

ited significant organ damage, which may have contrib-

uted to a higher NRM apart from GVHD. Previous

studies have shown the significant impact of early com-

plications on subsequent complications after allogeneic

HCT37, 38. Grade 2 or higher gastrointestinal RRT is fre-

quently observed with the most common conditioning

regimen16. Early severe gastrointestinal RRT may be as-

sociated with the interruption of planned oral MMF for

GVHD prophylaxis, possible contributing to subsequent

complications and poor outcomes after CBT.

Here, we found that the interruption of oral MMF

was significantly associated with poor platelet recovery

after CBT. The exact mechanisms underlying the asso-

ciation between the interruption of oral MMF and lower

platelet recovery remain unknown. However, a previous

study reported that tacrolimus combined with MMF is

superior to tacrolimus alone in neutrophil engraftment

after CBT, but not in platelet recovery39. Addition of

MMF may promote engraftment by suppressing hy-

perimmune reactions in cord blood cells39. These effects

may be responsible for the poor platelet recovery in pa-

tients in whom the planned dose of MMF was inter-

rupted. Several studies have shown that delayed platelet

recovery is associated with poor outcomes after

HCT40, 41, which is consistent with our CBT data. Over-

all, our findings suggest an association between MMF

interruption and poor platelet recovery and mortality af-

ter CBT.

In summary, we found that MMF interruption was

significantly associated with poor OS and high NRM

after CBT. However, further studies with larger cohorts

are required to confirm the clinical significance of oral

MMF interruption in GVHD prophylaxis.
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