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Addition of mycophenolate mofetil to a calcineurin inhibitor
and post-transplant cyclophosphamide results in lower
incidence of extensive chronic graft-versus-host disease in HLA-
matched allogeneic hematopoietic stem cell transplantation for
acute myeloid leukemia in complete remission: a matched-pair
analysis on behalf of the Acute Leukemia Working Party of

the EBMT
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Whether one or two agents added to post-transplant cyclophosphamide (PTCy) are needed in HLA-matched allogeneic
hematopoietic stem cell transplantation (allo-HSCT) with peripheral blood stem cells (PBSC) is debated. We retrospectively
compared PTCy in association with a calcineurin inhibitor (PTCy+CNI) or with a CNI plus mycophenolate mofetil (PTCy+CNI+MMF)
in adult patients transplanted for acute myeloid leukemia in first complete remission and receiving PBSC in the period from 2010 to
2020. Propensity score matching was performed using exact matching for donor type (related or unrelated) and the nearest
neighbor for other variables (i.e. age, adverse cytogenetics, Karnofsky performance status, patient and donor cytomegalovirus
serology, conditioning intensity). Each group comprised 146 patients, with 63% in total undergoing matched unrelated-allo-HSCT.
Median follow up was longer for PTCy+CNI (36 [IQR 31-39] months versus 25 [IQR 19-30] months for PTCy+CNI+MMF, p < 0.01). At
2 years, PTCy+CNI was associated with a higher incidence of extensive chronic GVHD (16% [95% Cl 10-22] versus 6% [95% Cl 3-12]
for PTCy+CNI+MMF, p < 0.03) while no differences were observed for all the other transplant outcomes. Addition of MMF to PTCy
and CNI may help to prevent extensive chronic GVHD in HLA-matched allo-HSCT with PBSC.

Bone Marrow Transplantation (2025) 60:1146-1151; https://doi.org/10.1038/s41409-025-02610-5

INTRODUCTION

Despite major transplant improvements, graft-versus-host disease
(GVHD) still represents one of the leading causes of morbidity and
mortality after allogeneic hematopoietic stem cell transplantation
(allo-HSCT) even in the setting of human leukocyte antigen (HLA)
matched transplantation [1, 2]. The standard GVHD prophylaxis has
historically been based on the use of a calcineurin inhibitor (CNI)
alone or more frequently in association with methotrexate (MTX) or
mycophenolate mofetil (MMF) [3]. More recently, with the increas-
ing use of peripheral blood stem cells (PBSC) as the stem cell source,
the addition of antithymocyte globulin (ATG) to the standard GVHD
prophylaxis has been shown to help prevent chronic GVHD
(cGVHD), as well as allowing earlier immunosuppressive agents
withdrawal [4-6]. However, active interest in the development of
new GVHD prophylaxis strategies resulting in the reduction of the

duration and of the number of drugs used is ongoing. Use of post-
transplant cyclophosphamide (PTCy), initially pioneered by Luznik
et al. in the haploidentical setting, has opened a new chapter in the
GVHD prophylaxis conception [7]. Due to the favorable results
obtained with this strategy in the presence of HLA mismatches, its
use has been extended to other donor types [8-10]. Despite use of
PTCy being shown to be feasible in the HLA-matched setting, early
closure of studies investigating its use as a single agent for GVHD
prevention has led to the conclusion that adjuvant immunosup-
pressors should be added to PTCy even in the absence of HLA
mismatches [11]. This conclusion was also confirmed in a study by
our group whereby the addition of two immunosuppressive agents
to PTCy allowed more favorable transplant outcomes [9]. However,
the latter study included both PBSC and bone marrow as stem cell
sources and different drugs combined with PTCy in patients
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diagnosed with either acute lymphoblastic leukemia or acute
myeloid leukemia (AML).

METHODS

This is a retrospective study from the Acute Leukemia Working Party (ALWP)
of the European Society of Blood and Marrow Transplantation (EBMT), which
is a working group of more than 600 transplant centers, mostly located in
Europe, that are required to report annually all consecutive transplantations
and follow-up data. Data are entered, managed, and maintained in a central
database with internet access; each EBMT center is represented in this
database. There are no restrictions on centers for reporting data, except for
those required by law on patient informed consent, data confidentiality and
accuracy. Quality control measures include several independent systems:
confirmation of validity of the entered data by the reporting team, cross-
checking with the National Registries, and regular in-house and external data
audits. Patients provide informed consent authorizing the use of their
personal information for research purposes. Each patient provides informed
consent for transplant according to the ethical principles of the Declaration
of Helsinki. The study was approved by the Institutional Review Board of the
ALWP of the EBMT.

Study design and eligibility criteria

Included in the current study were adult patients aged =18 years at
transplant, diagnosed with AML and undergoing their first allo-HSCT in first
complete remission (CR). Only patients transplanted from a matched
related donor (MRD) or fully matched unrelated donor (MUD) receiving
PBSC were eligible. Transplant outcomes of patients receiving PTCy-based
GVHD prophylaxis with a CNI (PTCy+CNI group) were compared to those
also receiving MMF (PTCy+CNI+MMF group). Concomitant use of ATG or
ex-vivo T-cell depletion represented exclusion criteria. Transplants were
performed during the period 2010-2020.

Definitions

Cytogenetic risk was defined according to MRC criteria [12]. Performance
status was graded according to the Karnofsky performance status (KPS)
scale and was defined as poor when it was <90. The conditioning regimen
was defined according to data reported by EBMT centers as myeloablative
conditioning (MAC) or reduced-intensity conditioning (RIC) [13].

The primary endpoint of the study was the cumulative incidence of
acute GVHD (aGVHD) and cGVHD. Secondary endpoints included
leukemia-free survival (LFS), overall survival (OS), refined GVHD/relapse-
free survival (GRFS), relapse incidence (RI) and non-relapse mortality (NRM).

Severity of aGVHD was graded according to the modified Glucksberg
criteria and cGVHD according to the revised Seattle criteria [14, 15].

Engraftment was defined as achieving an absolute neutrophil count
>0.5x 10%/L for three consecutive days. The probability of being alive
without evidence of relapse or progression defined LFS. Overall survival
was defined as the time from allo-HSCT to death, regardless of the cause.
Refined GRFS was defined according to Ruggeri et al,, i.e. being alive with
neither grade IlI-IV aGVHD nor severe cGVHD, nor disease relapse at any
time point [16]. Relapse was defined as the presence of at least 5% of bone
marrow blasts and/or reappearance of the underlying disease. Death
without evidence of relapse or progression defined NRM.

Statistical analysis

Patient-, disease- and transplant-related characteristics were compared using
the Chi-squared test or Fisher exact test for categorical variables, and the
Mann-Whitney test for continuous variables. Probabilities of OS, LFS and
GRFS were calculated using the Kaplan-Meier method [17]. Cumulative
incidence functions (CIF) were used to estimate Rl and NRM in a competing
risk setting. To study GVHD, death and relapse were considered as
competing events. The follow-up time was calculated using the reverse
Kaplan-Meier method. Endpoints were censored at 2 years for all
comparisons in order to take into account the difference of follow-up
between the 2 groups. Univariate analyses were performed using the log
rank test for OS, LFS and GRFS, while the Gray's test was used for CIF [18].
Multivariate analysis was performed using a Cox proportional-hazards model
which included variables differing significantly between the groups, factors
known to be associated with outcomes, plus a center frailty effect to take
into account the heterogeneity across centers. Propensity score matching
was performed to reduce or eliminate confounding effects. Matching was
done without replacement. For each patient receiving PTCy+CNI+MMF, one
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matched control receiving PTCy+CNI was identified using exact and
propensity-score matched criteria. Exact matching was used for donor type
while the nearest neighbor was used for age, adverse cytogenetics,
performance status, patient and donor CMV serology status and intensity
of the conditioning regimen. Matching was done using calipers of width
equal to 0.2 of the standard deviation. After matching, we checked that
standardized mean difference were less than 0.10 for all covariates included
in the propensity. Comparisons between matched groups were performed
using Cox model and cluster-robust standard errors was used to account for
dependence between observations within matched pairs. All tests were two-
sided and P values <0.05 were considered as statistically significant. Analyses
were performed using the R statistical software version 3.2.3 (available online
at http://www.R-project.org), and propensity score matching was performed
using the ‘Matchlt’ package.

RESULTS

Overall, 484 patients fulfilling the inclusion criteria were identified,
comprising 234 in the PTCy+CNI and 250 in the PTCy+CNI+MMF
group. The associated CNI was cyclosporine in 59% and 41% in the
PTCy+CNI and PTCy+CNI+MMF groups, respectively. The baseline
characteristics, results of uni- and multivariate analysis of the
whole population are outlined in Supplementary Tables 1-3. After
pair-matching, each group comprised 146 patients, with a longer
median follow-up of 36 (IQR 31-38) compared to 25 (IQR 19-30)
months in PTCy+CNI and PTCy+CNI+MMF, respectively (p < 0.01).
Demographics and transplant characteristics of the matched pair
population are summarized in Table 1. HLA unrelated donors were
represented by 63% of cases in both groups. Conditioning
regimen distribution was represented by MAC in 57% and 53%
in the PTCy+CNI and PTCy+CNI+MMF, respectively. Busulfan-
fludarabine based regimens were frequently used in the PTCy+CNI
group (41%) while both busulfan-fludarabine (53%) and TBI-based
conditioning (52%) were the most represented regimens in the
PTCy+CNI+MMF group. A poor performance status at transplant
was present in 34% in PTCy+CNI and 31% in PTCy+CNI+MMF
groups. While no differences were observed in the cumulative
incidences of 180-days grade II-IV (28% [95% ClI 21-36] for PTCy
+CNI versus 20% [95% ClI 14-27] for PTCy+CNI+MMF, p = 0.07)
and grade llI-IV aGVHD (6% [95% Cl 3-11] for PTCy+CNI versus 9%
[95% Cl 5-15] for PTCy+CNI+MMF, p =0.36), addition of MMF
resulted in a significantly lower incidence of extensive cGVHD at 2
years in the PTCy+CNI+MMF group, this being 6% (95% Cl 3-12)
compared to 16% (95% Cl 10-22) in PTCy+CNI group (p < 0.03). No
differences were observed for cGVHD of all grades at 2 years in the
two groups (28% [95% Cl 21-36] for PTCy+CNI versus 35% [95% Cl
26-44] for PTCy+CNI+MMF, p=0.14) (Table 2). No significant
differences in post-transplant survival were observed with NRM
being 8% (95% Cl 4-13) compared to 13% (95% Cl 8-20) in PTCy
+CNI versus PTCy+CNI+MMF, respectively (p=0.14, Fig. 1a).
Similarly, RI did not differ being 30% (95% Cl 23-38) versus 27%
(95% Cl 19-35) in PTCy+CNI and PTCy+CNI+MMF, respectively
(p = 0.86, Fig. 1b). Death was mainly attributable to AML (69% and
57% of deaths in PTCy+CNI and PTCy+CNI+MMF, respectively)
followed by GVHD and infections (Supplementary Table 1).
Leukemia-free survival and OS at 2 years were 62% (95% Cl
53-69) and 67% (95% ClI 59-75) in the PTCy+CNI and 60% (95% Cl
51-68) and 64% (95% Cl 54-72) in the PTCy+CNI+MMF groups,
respectively (p=0.53 for LFS and p=0.48 for OS, Fig. 2a, b).
Furthermore, 2-years GRFS was 49% (95% Cl 40-57) and 52% (95%
Cl 42-60) for PTCy+CNI and PTCy+CNIH+-MMF, respectively
(p = 0.98, Fig. 20).

DISCUSSION

Graft-versus-host disease incidence is influenced by several
factors, the first being the prophylaxis schedule used, but also
the type of conditioning regimen, patients and disease-related
factors [19]. It has been also widely reported that the stem cell
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Table 1. Patient, disease and transplant characteristics in the pair-
matched population.
Characteristic (%) PTCy-+CNI PTCy-+CNI+MMF p-value
(n = 146) (n=146)
Median age at allo- 53 (18-76) 55 (20-74) 0.68
HSCT, years (range)
F/M gender ratio 84 (58) / 62 (43) 88 (60) / 58 (40) 0.63
Secondary AML 20 (14) 23 (16) 0.62
Cytogenetic risk
Not adverse 112 (77) 114 (78) 0.78
Adverse 34 (23) 32 (22)
Karnofsky 49 (34) 45 (31) 0.62
performance status
<90
Donor type
HLA-identical 54 (37) 54 (37) 1
sibling
HLA-matched 92 (63) 92 (63)
unrelated donor
Associated CNI 0.16
Cyclosporine 85 (58) 73 (50)
Tacrolimus 61 (42) 73 (50)
Female donor into 25 (17) 29 (20) 0.55
male recipient
Patient CMV serology
Negative 38 (26) 36 (25) 0.79
Positive 108 (74) 110 (75)
Donor CMV serology
Negative 66 (45) 64 (44) 0.81
Positive 80 (55) 82 (56)
Median year of 2018 (2011-2020) 2019 (2013-2020) 0.047
transplant (range)
Conditioning regimen
MAC 83 (57) 77 (53) 0.48
RIC 63 (43) 69 (47)
Median follow up, 36 (31-38) 25 (19-30) 0.002

months (IQR)

PTCy post-transplant cyclophosphamide, CNI calcineurin inhibitor, MMF
mycophenolate mofetil, allo-HSCT allogeneic hematopoietic stem cell
transplantation, M male, F female, AML acute myeloid leukemia, CMV
cytomegalovirus, MAC myeloablative conditioning, RIC reduced-intensity
conditioning, /QR interquartile range.

source significantly impacts GVHD development, with PBSC being
related to a higher risk especially of cGVHD [20]. Early immune
modulation with the combination of several drugs for GVHD
prophylaxis can impact its onset, even when occurring later as
c¢GVHD, and can potentially affect long-term immune reconstitu-
tion and tolerance patterns.

Use of a CNI in association with MTX or MMF has for years
represented a major cornerstone in GVHD prophylaxis and has
remained the standard even in recent times, especially in the US [3].
The same holds only partially true in the EU and Canada where the
addition of ATG to standard immunosuppressive agents in the HLA-
matched setting with the use of PBSC has shown to successfully
prevent GVHD, also allowing an earlier withdrawal of immunosup-
pressive agents [4, 5]. The recent expansion in the use of PTCy
outside the haploidentical setting, has shown promising results
[8-10]. While initial attempts at using PTCy alone in allo-HSCT from
HLA-matched donors with PBSC as the stem cell source was a
failure, resulting in a high incidence of GVHD with early closure of
clinical trials, subsequent studies have shown not only the feasibility
but also the superiority of this approach when added to standard
GVHD prophylaxis agents [11, 21, 22]. However, despite the clinical
utility of PTCy, its exact mechanism of action in allo-HSCT and the
best agent(s) it should be associated with, are not fully elucidated. In
the recently published HOVON-96 trial the addition of PTCy to
tacrolimus and MMF compared to tacrolimus and MTX without
PTCy resulted in a significantly higher GRFS and a lower severe
aGVHD or cGVHD, with a concomitant higher proportion of
immunosuppressive agents withdrawal at 1 year after a RIC-based
HLA-matched allo-HSCT with PBSC [21].

In a study by our group, use of PTCy alone was compared to PTCy
in association to one (CSA, MMF or MTX) or two agents (CSA+MMF
or CSA+MTX) in HLA-matched allo-HSCT, with a clear superiority of
the use of two agents [9]. However, several limitations of this study
are the inclusion of bone marrow and PBSC as stem cell sources and
inclusion of both AML and ALL patients, with varying disease status
at transplant. Furthermore, the addition of MTX or MMF to PTCy,
compared to the addition of CsA, may not provide the same power
for GVHD prophylaxis. Lastly, several patients who had concomi-
tantly received ATG were included.

Therefore, in the current study we aimed to explore in a more
homogeneous cohort, whether the addition of a CNI alone or a
CNI with MMF may impact transplant outcomes when used with
PTCy for HLA-matched allo-HSCT. Our analysis only focused on
AML in CR1 and only included PBSC as the stem cell source, with

2y-cGVHD, any grade [95% 2y-cGVHD, extensive [95%
cl] Cl]

28% [21-36] 16% [10-22]

35% [26-44] 6% [3-12]
1.41 (0.89-2.21) 0.38 (0.17-0.89)
0.14 0.026

GRFS [95% CI] RI [95% ClI] NRM [95% CI]

Table 2. Cumulative incidences of GVHD (a) and 2-year survival outcomes (b) in the pair-matched population.
a)
180-d grade II-IlV aGVHD 180-d grade IlI-IV aGVHD
[95% ClI] [95% CI]
PTCy+CNI 28% [21-36] 6% [3-11]
PTCy+CNI+MMF 20% [14-27] 9% [5-15]
HR (95% Cl) 0.65 (0.40-1.03) 1.48 (0.64-3.44)
p-value 0.07 0.36
b)
LFS [95% Cl] 0S [95% Cl]
PTCy+CNI 62% [53-69] 67% [59-75]

PTCy+CNI+MMF
HR (95% Cl)
p-value

60% [51-68]
1.14 (0.76-1.72)
0.53

64% [54-72]
1.18 (0.74-1.87)
0.48

49% [40-57]
52% [42-60]
1 (0.72-1.40)
0.98

30% [23-38]
27% [19-35]
0.96 (0.61-1.50)
0.86

8% [4-13]

13% [8-20]
1.81 (0.82-4.03)
0.14

d days, aGVHD acute graft-versus-host disease, C/ confidence interval, y years, cGVHD chronic graft-versus-host disease, PTCy post-transplant
cyclophosphamide, CNI calcineurin inhibitor, MMF mycophenolate mofetil, LFS leukemia-free survival, OS overall survival, GRFS graft-versus-host disease/

relapse-free survival, Rl relapse incidence, NRM non-relapse mortality.

SPRINGER NATURE

Bone Marrow Transplantation (2025) 60:1146-1151



G. Battipaglia et al.

a 1.0 — NRM b o RI
S 8
§ 08 — PTCpCNI $ 0.8 -{ — PTCy+CNI
= °
2 g | — PTCy+CNI+MMF S 16 | — PTCy+CNLMME
2 ?
= >
g 04 £ 04
g =]
3 0.2 — g 0.0 -/_——I’k'
L o
00 =" 00~
| | I : [ | I 1
0 1 2 3 0 1 2 3
Time from transplant (years) Time from transplant (years)
No.at risk No.at risk
146 95 62 40 146 95 62 40
146 80 42 20 146 80 42 20
Fig. 1 Transplant outcomes according to graft-versus-host disease prophylaxis. Non-relapse mortality (a) and relapse incidence (b).
LF
a, . _ 5] b o 0s
0.8 — 0.8 —
§ 0.6 — , T 0.6
£ 2
@ 0.4 — @ 0.4 —
02 —— PTCy+CNI 02 — PTCy+CNI
=== PTCy+CNI+MMF === PTCy+CNI+MMF
0.0 ~ 0.0 -
| | 1 1 [ I | |
0 1 2 3 0 1 2 3
Time from transplant (years) Time from transplant (years)
No.at risk No.at risk
95 62 40 1 110 70 43
146 80 42 20 146 89 47 24
€ 10+ GRFS
0.8 —
< 0.6 —
2
2
a 0.4 =
02 - —— PTCy+CNI
= PTCy+CNI+MMF
0.0 ~
I I I 1
0 . 1 2 3
Time from transplant (years)
No.at risk
146 77 48 30
146 71 37 15

Fig. 2 Transplant outcomes according to graft-versus-host disease prophylaxis. Leukemia-free survival (a), overall survival (b) and graft-

versus-host disease/relapse-free survival (c).

the exclusion of patients concomitantly receiving ATG for GVHD
prophylaxis. In order to reduce or eliminate confounding effects, a
matched pair analysis was performed with exact matching for
donor type, this being MUD in most cases (63%).

Our results show that the addition of CNI alone or CNI+MMF
represent valid strategies, with no major differences in the main
transplant outcomes between the two groups. However, they
importantly highlight that the addition of MMF results in lower
incidence of severe cGVHD. This is a non negligeable result with
practical implications since cGVHD remains one of the major causes
of long-term morbidity and late mortality in allo-HSCT survivor,
especially in its extensive form [23]. Indeed, one study showed that
patients experiencing limited cGVHD had a 4 year survival rate of
83%, compared with 45% in patients with extensive cGVHD and this

Bone Marrow Transplantation (2025) 60:1146-1151

difference was primarily due to the lower Rl and mortality in the
cohort with limited cGVHD [24]. One should not forget that GVHD
prophylaxis regimens relying on the use of ATG, especially in EU
countries, have also been shown to effectively prevent cGVHD in
both matched related and unrelated donor transplantation, with
comparative studies with PTCy providing conflicting results on
which is the best strategy to use [6, 25, 26].

The negative implications of extensive cGVHD are also
explained by the prolonged use of immunosuppressive agents
needed for its treatment, which is often associated with several
adverse effects on long-term quality of life and functional abilities
with one study showing that among patients with cGVHD
initiating new systemic therapy, 62% will experience a clinical
impairment or decline in functionality associated with disability by
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18 months [27]. Despite new, effective, and well-tolerated
targeted therapies that have been developed, they continue to
be used empirically after lack of response to systemic corticoster-
oids and/or a CNI is established [28-30]. Furthermore, rate of
complete and or durable responses are unsatisfactory.

Our results should be taken with caution due to the limitations
of a retrospective registry-based analysis with lack of comprehen-
sive data such as timing of immunosuppressive agents with-
drawal, evaluation of quality of lilifethat is essential when talking
about ¢cGVHD) and details on GVHD organ distribution. However,
despite these, they highlight that potentiating GVHD prophylaxis
by addition of a CNI and MMF to PTCy, may result in a lower
incidence of extensive cGVHD without significant modification of
other transplant outcomes.

DATA AVAILABILITY
The final analysis dataset will be available upon specific request to the Working Party
Chair.
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