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Mycophenolate mofetil is associated with inferior overall 
survival in cytomegalovirus-seropositive patients with 
acute myeloid leukemia undergoing hematopoietic cell 
transplantation

A combination of a calcineurin-inhibitor (CNI) with myco-
phenolate mofetil (MMF) or methotrexate (MTX) is commonly 
used as graft-versus-host disease (GvHD) prophylaxis for 
HLA-matched donor hematopoietic cell transplantation 
(HCT). However, the use of MMF, which targets both T- and 
B-lymphocytes, is associated with a higher risk of cytomeg-
alovirus (CMV) reactivation as compared to MTX.1 Moreover, 
CMV reactivation is associated with an increased risk of 
non-relapse mortality (NRM) and worse overall survival 
(OS).2 We, therefore, postulated that the use of MMF as 
compared to MTX may increase these risks, especially in 
CMV-seropositive recipients. To investigate this hypothe-
sis, we compared the HCT outcomes of four groups: MTX/
CMV– (n=916), MTX/CMV+ (n=1,527), MMF/CMV– (n=267), and 
MMF/CMV+ (n=395).
We used an existing Center for International Blood and 
Marrow Transplant Research (CIBMTR) publicly available 
dataset3 from a previous publication.4 Our study population 
included patients ≥18 years with acute myeloid leukemia 
(AML), acute lymphoblastic leukemia (ALL), or myelodys-
plastic neoplasm (MDS) who underwent HCT with peripheral 
blood grafts from 10/10 HLA-matched unrelated donors 
between 2008 and 2017. All patients received tacrolimus 
with either MMF or MTX. Patients who received ex-vivo 
T-cell-depleted/CD34+ cell-selected grafts or post-trans-
plant cyclophosphamide (PTCy) were excluded. Our primary 
outcome of interest was OS. Secondary outcomes includ-
ed grades III-IV acute GvHD, chronic GvHD, relapse, and 
NRM. The Kaplan-Meier method was used to estimate OS 
probability. The cumulative incidence method accounting 
for competing risks was used to estimate the incidence 
of GvHD, NRM, and relapse. Competing risks considered 
were death or disease relapse for GvHD; disease relapse or 
relapse-related deaths for NRM; and death before relapse 
(NRM) for relapse. Predictors in univariate and multivariable 
analyses were evaluated using Cox proportional hazards 
regression for OS, and Fine-Gray regression accounting 
for competing risks for GvHD, NRM, and relapse. Factors 
significant at the 5% level (P≤0.05) were retained in the 
final model, except the main effect (GvHD prophylaxis/
recipient CMV serostatus), which was retained in the final 
model irrespective of the level of statistical significance. 
Bonferroni-adjusted P values are reported for multivariate 
analyses for the main effect to account for multiple testing. 

Interaction effects between the main effect and other sta-
tistically significant co-variables were tested and account-
ed for as indicated in multivariable regression analyses. 
All reported outcomes are at 3 years, except acute GvHD 
which is at day 180. The proportionality of hazards assump-
tion was tested graphically and statistically. All statistical 
analyses were performed using STATA/IC 16.1 (StataCorp 
LLC, College Station, TX, USA). As the data analysis was 
carried out at The MD Anderson Cancer Center, the local 
Institutional Review Board approved this study (protocol: 
2022-0684), which was conducted in accordance with the 
Declaration of Helsinki. The dataset is publicly available3 
for data sharing, in accordance with CIBMTR guidelines. 
The study population’s baseline characteristics are shown 
in Table 1. In patients with AML (n=1,572), OS was signifi-
cantly (P<0.001) inferior in CMV+ recipients who received 
MMF prophylaxis. Overall survival at 3 years was only 31% 
(95% confidence interval [95% CI]: 25-37) in the MMF/CMV+ 
group, compared with 54% (95% CI: 45-63) in the MMF/
CMV– group, 51% (95% CI: 48-55) in the MTX/CMV+ group, 
and 58% (95% CI: 53-63) in the MTX/CMV– group (Figure 1A). 
This effect persisted in multivariate analysis: compared to 
the overall mortality in the MTX/CMV– group, the risk was 
1.8-fold higher in the MMF/CMV+ group, while it did not 
differ significantly in other groups (Table 2, Online Sup-
plementary Table S1). Inferior OS in the MMF/CMV+ group 
was driven by a higher risk of NRM (Figure 1B). The risks of 
relapse (Figure 1C) and grade III-IV acute and chronic GvHD 
(Figure 1D) did not differ significantly between the groups. 
In MDS patients (n=1,080), GvHD prophylaxis/recipient CMV 
serostatus had no significant association with OS, or the 
risk of relapse, but NRM varied by the Hematopoietic Cell 
Transplantation-specific Comorbidity Index (HCT-CI) score 
(Table 2, Online Supplementary Figure S1A). Among those 
with an HCT-CI score ≥3, the MTX/CMV+ group had a higher 
risk of NRM than had the MTX/CMV– group, while no sta-
tistically significant differences were seen in patients with 
an HCT-CI score 0-2. The risk of chronic GvHD was higher 
in the MMF/CMV– group than in the MTX groups.
In ALL patients (n=453), GvHD prophylaxis/recipient CMV 
serostatus had no significant associations with OS, NRM, 
or relapse (Table 2, Online Supplementary Figure S1B). The 
risk of chronic GvHD was higher in the MMF/CMV– group 
than in the MTX groups.
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There were no significant predictors of grade III-IV acute 
GvHD in any disease type. 
Next, we tested whether the use of PTCy prophylaxis 
altered these observations. We used a separate CIBMTR 
matched unrelated donor peripheral blood HCT cohort5 
of patients with AML (n=136), ALL (n=42) or MDS (n=64) 
who received PTCy/CNI/MMF prophylaxis (Online Supple-
mentary Table S2). In this population too, in multivariate 
analysis, CMV+ recipients had a significantly worse OS 

than CMV– recipients, but only if they had AML (hazard 
ratio [HR]=2.7, 95% CI: 1.1-6.4; P=0.03) and not if they 
had ALL (HR=0.4, 95% CI: 0.1-1.5; P=0.2), or MDS (HR=0.7, 
95% CI: 0.3-1.5; P=0.3). The risk of relapse and NRM did 
not differ by CMV serostatus in any disease group, al-
though these analyses were limited by the small number 
of events. 
In summary, in the CNI study population of patients who 
all received tacrolimus for GvHD prophylaxis with either 

N of patients
MTX/CMV+ MTX/CMV– MMF/CMV+ MMF/CMV–

1,527 916 395 267
Recipient age in years

Median (range) 57 (18-78) 56 (19-78) 62 (20-83) 61 (19-78)
≤40, N (%) 278 (18) 168 (18) 34 (9) 34 (13)
41-50, N (%) 231 (15) 142 (15) 38 (10) 32 (12)
51-60, N (%) 382 (25) 250 (27) 87 (22) 56 (21)
>60, N (%) 636 (42) 356 (39) 236 (60) 145 (54)

Disease, N (%) 
AML 836 (55) 391 (43) 223 (56) 122 (46)
ALL 239 (16) 135 (15) 44 (11) 35 (13)
MDS 452 (30) 390 (43) 128 (32) 110 (41)

Conditioning intensity, N (%)
 MAC 889 (58) 506 (55) 104 (26) 93 (35)
 RIC/NMA 631 (41) 408 (44) 290 (73) 174 (65)
 Missing 7 2 1 0

In vivo T-cell depletion, N (%)
Yes 624 (41) 594 (65) 190 (48) 140 (52)
No 903 (59) 322 (35) 205 (52) 127 (48)

Donor/recipient gender, N (%)
Male/male 652 (43) 443 (48) 170 (43) 134 (50)
Male/female 489 (32) 227 (25) 105 (27) 59 (22)
Female/male 155 (10) 123 (13) 55 (14) 36 (13)
Female/female 230 (15) 123 (13) 65 (16) 38 (14)
Missing 1 0 0 0

Disease status at HCT, N (%)
Early 753 (49) 395 (43) 170 (43) 106 (40)
Intermediate 193 (13) 114 (12) 54 (14) 27 (10)
Advanced 563 (37) 397 (43) 164 (41) 132 (49)
Missing 18 (1) 10 (1) 7 (2) 2 (1)

HCT-CI, N (%) 
0-2 734 (48) 497 (54) 164 (41) 121 (45)
≥3 793 (52) 419 (46) 231 (58) 146 (55)

Donor age, N (%)
>35 years 408 (27) 216 (24) 96 (24) 51 (19)

Donor CMV, N (%)
Seronegative 884 (58) 681 (74) 214 (54) 204 (76)
Seropositive 643 (42) 235 (26) 181 (46) 63 (24)

Year of HCT, median (range) 2014 (2008-17) 2014 (2008-17) 2013 (2008-17) 2014 (2008-17)
Follow-up among survivors, in months, 
median (IQR) 48 (36-65) 48 (36-68) 50 (36-73) 49 (36-72)

MTX: methotrexate; CMV: cytomegalovirus; MMF: mycophenolate mofetil; AML: acute myeloid leukemia; ALL: acute lymphoblastic leukemia; 
MDS: myelodysplastic neoplasms; MAC: myeloablative conditioning; RIC: reduced-intensity conditioning; NMA: non-myeloablative condition-
ing; HCT: hematopoietic cell transplantation; HCT-CI: Hematopoietic Cell Transplantation-specific Comorbidity Index; IQR: interquartile range.

Table 1. Baseline characteristics.
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MMF or MTX and underwent matched unrelated donor 
HCT with peripheral blood grafts, we showed that MMF 
was associated with a significantly higher risk of NRM and 
worse OS in CMV+ individuals but only in AML patients, 
and not in those with MDS or ALL. The underlying mecha-
nism of this observation is unclear, but one hypothesis is 
as follows. It is known that CMV induces an exaggerated 
proliferation of natural killer cells, γ/δ T cells, and cytotoxic 
T cells.6,7 As MMF inhibits both B- and T-lymphocytes,1 it 
is associated with broader immunosuppressive effects 
than MTX, and CMV-induced lymphocytic expansion8,9 is 

suppressed by MMF more than by MTX.10 Moreover, MMF 
is administered for an extended period after HCT, while 
MTX is given for a short course. It is, therefore, con-
ceivable that MMF may thwart CMV-driven expansion of 
both innate and adaptive immune cells, which may not 
only negate any potential protective effects of CMV on 
relapse but may also increase the risk of infections and 
NRM. Several studies have shown that CMV is associat-
ed with a reduced risk of relapse, but predominantly in 
AML patients11-13 and not in those with lymphoid malig-
nancies,11,13,14  or even MDS.12,13 The additional inhibition 

Figure 1. Outcomes of patients according to their cytomegalovirus status and whether they received methotrexate or mycophe-
nolate mofetil for graft-versus-host disease prophylaxis. Among patients with acute myeloid leukemia, four groups were stud-
ied: patients given methotrexate (MTX) who were cytomegalovirus (CMV) seronegative (MTX/CMV–, dotted black), patients given 
MTX who were CMV seropositive (MTX/CMV+, solid black), patients given mycophenolate mofetil (MMF) who were CMV seroneg-
ative (MMF/CMV–, dotted maroon) and those given MMF who were CMV seropositive (MMF/CMV+, solid maroon). Outcomes include 
(A) overall survival, (B) non-relapse mortality, (C) relapse, and (D) chronic graft-versus-host disease. AML: acute myeloid leukemia; 
GvHD: graft-versus-host disease.
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of humoral and T-cell immunity in the presence of MMF 
would be predicted to promote CMV reactivation with its 
associated highly suppressive immunological imprinting 
and infectious sequelae.15

The effect of MMF when used with PTCy remains unknown. 
In our ad hoc analysis of the PTCy cohort, our findings 
were similar to those in the CNI cohort (not given PTCy), 
i.e., increased mortality in CMV+ recipients with AML, but 
not in those with ALL or MDS. However, the independent 
effects of MMF and CMV on this association could not 
be determined as all patients received PTCy/CNI/MMF. 
These findings are hypothesis-generating and provide 
foundational data for further studies to assess the inter-
action between MMF and CMV serostatus in patients with 
AML, versus other hematologic malignancies, receiving 
PTCy-based prophylaxis.
Limitations of our study are the lack of data on CMV re-
activation and causes of death. Because we lacked these 
data, we do not know the precise reason for the worse 
OS in the MMF/CMV+ group. Of note, almost all patients 
in the CNI cohort and a majority in the PTCy cohort un-
derwent HCT in the era before letermovir was approved 
by the US Food and Drug Administration. Whether or 
not the use of letermovir alters these conclusions also 
remains to be investigated.
In conclusion, our data suggest that the use of MMF with 
CNI prophylaxis should be avoided in CMV-seropositive 
AML patients undergoing matched unrelated donor HCT. 
Further studies are needed to assess the interaction 

between MMF and CMV serostatus when PTCy is used 
for GvHD prophylaxis, and in the setting of letermovir 
prophylaxis. 
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OS NRM Relapse Chronic GvHD
HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

AML
MTX/CMV– 1.0 1.0 1.0 1.0
MTX/CMV+ 1.2 (0.9-1.4) 0.7 1.2 (0.9-1.6) 0.8 0.9 (0.8-1.2) 0.9 0.9 (0.7-1.1) 0.9
MMF/CMV– 0.9 (0.7-1.3) 0.9 1.4 (0.9-2.1) 0.7 0.8 (0.5-1.0) 0.1 1.4 (1.05-1.8) 0.2
MMF/CMV+ 1.8 (1.4-2.3) <0.001 1.9 (1.3-2.6) 0.002 1.2 (0.9-1.6) 0.1 0.9 (0.7-1.2) 0.9

ALL
MTX/CMV– 1.0 1.0 1.0 1.0
MTX/CMV+ 0.9 (0.7-1.3) 0.9 1.5 (0.8-2.8) 0.9 0.9 (0.5-1.3) 0.9 1.03 (0.7-1.4) 0.9
MMF/CMV– 0.8 (0.4-1.4) 0.9 1.02 (0.5-2.1) 0.9 0.7 (0.3-1.7) 0.9 2.1 (1.3-3.3) 0.01
MMF/CMV+ 1.2 (0.7-1.9) 0.9 0.9 (0.6-1.4) 0.9 0.8 (0.4-1.6) 0.9 1.7 (1.04-2.8) 0.2

MDS
MTX/CMV– 1.0 1.0** 1.0 1.0
MTX/CMV+ 1.2 (0.99-1.5) 0.3 1.6 (1.1-2.2) 0.03 0.9 (0.8-1.3) 0.9 1.01 (0.8-1.2) 0.9
MMF/CMV– 1.1 (0.8-1.5) 0.9 1.6 (0.9-2.6) 0.2 0.8 (0.5-1.2) 0.9 1.6 (1.2-2.1) 0.01
MMF/CMV+ 1.3 (1.0-1.7) 0.2 1.6 (1.05-2.4) 0.1 1.01 (0.7-1.5) 0.9 1.4 (1.1-1.9) 0.1

*Full models are shown in Online Supplementary Table S1. There were no significant predictors of grade III-IV acute GvHD in any disease type. 
**In patients with a Hematopoietic Cell Transplantation-specific Comorbidity Index (HCT-CI) score ≥3. Among those with an HCT-CI 0-2, tak-
ing the MTX/CMV– group as the reference, the hazard ratios (with 95% confidence intervals) were 0.9 (0.6-1.3) for the MTX/CMV+ group (P=0.5), 
0.9 (0.4-1.7) for the MMF/CMV– group (P=0.7), and 1.6 (0.9-2.6) for the MMF/CMV+ group (P=0.09). OS: overall survival; NRM: non-relapse mor-
tality; GvHD: graft-versus-host disease; CI: confidence interval; HR: hazard ratio; AML: acute myeloid leukemia; ALL: acute lymphoblastic 
leukemia; MTX: methotrexate; CMV: cytomegalovirus; MMF: mycophenolate mofetil; MDS: myelodysplastic neoplasms.

Table 2. Multivariate analysis.*
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