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Different doses of treosulfan plus fludarabine have shown advantage over reduced intensity regimens. However, data comparing
higher doses of treosulfan to myeloablative busulfan are limited. Thus, we compared outcomes between FT14 (fludarabine 150/
160 mg/m? and treosulfan 42 g/m?, or FT14) over FB4 (fludarabine 150/160 mg/m? and busulfan 12.8 mg/kg). We retrospectively
studied patients from European Society for Blood and Marrow Transplantation registry: a) adults diagnosed with acute myeloid

leukemia (AML), b) recipients of first allogeneic hematopoietic stem cell transplantation (HSCT) from unrelated or sibling donor

(2010-2020), c) HSCT at first or second complete remission, d) conditioning with FT14 or FB4. FT14 recipients (n = 678) were older,
with higher rates of secondary AML, unrelated donors, peripheral blood grafts, and adverse cytogenetics, but lower percentage of
female donor to male recipient compared to FB4 (n = 2025). Analysis was stratified on age. In patients aged < 55 years, FT14 was
associated with higher relapse incidence (RI) and lower Leukemia-Free Survival (LFS). In patients aged=>55 years, acute GVHD C| was
higher in FB4, without significant differences in other outcomes. Although FT14 has been used for higher-risk HSCT patients, our
large real-world multicenter study suggests that FB4 is associated with better outcomes compared to FT14 in younger patients.

Bone Marrow Transplantation (2022) 57:1803-1809; https://doi.org/10.1038/541409-022-01830-3

INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT) remains
the only curative option for patients with acute myeloid leukemia

prior malignancy and/or previous treatments [2, 3]. Thus, eligibility for
HSCT largely depends on the choice of an appropriate conditioning
regimen other than the standard myeloablative ones [4]. For this

(AML) in first or second complete remission (CR). Indeed, 60% of
newly diagnosed AML patients are elderly, with poor survival rates
those ineligible to HSCT [11. In addition, a proportion of AML patients
are characterized by secondary disease, adverse cytogenetics and/or
molecular features, older age with comorbidities and frailty due to

reason, reduced intensity regimens (RIC) have been utilized in
patients ineligible for standard myeloablative HSCT, and also as an
alternative approach in older patients who could otherwise be
eligible for transplant [5]. However, available RIC regimens are
significantly limited with increased relapse and TRM rates [6-10].
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Over the last decade, treosulfan as a structural analog of
busulfan has been incorporated in conditioning regimens, initially
in pediatric protocols [11-14]. Treosulfan is a bifunctional
alkylating prodrug with strong activity against hematopoietic
stem cells [15]. Given its reduced toxicity, its use has expanded to
multiple doses, even in the non-malignant setting [11]. Due to its
strong myeloablative action and lower organ toxicity compared to
busulfan [16, 17], it has been increasingly used in adult patients,
not only as an alternative to RIC regimens but also as a reduced
toxicity alternative to standard myeloablative regimens [18-22]. In
a dose escalation study, treosulfan 42g/m? plus fludarabine
150 mg/m? (FT14) was safe, effective, and myeloablative [23]. A
recent meta-analysis has confirmed the survival advantage along
with reduced acute graft-versus-host-disease (GVHD), by treosul-
fan plus fludarabine over busulfan-based RIC regimens, including
six comparative studies [24-26]. Non-inferiority evidence has been
also documented in a phase 3 randomized trial comparing
treosulfan 10 g/m? for 3 days plus fludarabine or FT10 with a RIC
regimen of busulfan plus fludarabine [25] in older or comorbid
AML patients.

However, data comparing higher doses of treosulfan with
other myeloablative regimens of reduced toxicity are scarce
[27]. Considering the open questions in this field, we designed
this retrospective multicenter study to compare outcomes
between treatment alternatives of similar conditioning inten-
sit%/: FT14 (fludarabine 150 or 160 mg/m? and treosulfan 42 g/
m?, or FT14) over FB4 (fludarabine 150 or 160 mg/m? and
busulfan 12.8 mg/kg).

METHODS

Study design

This study was designed by the European Society for Blood and Marrow
Transplantation (EBMT) Acute Leukemia Working Party (ALWP). The group
consists of more than 600 primarily European transplant centers, collecting
data from consecutive HSCTs in a central database. Independent systems
are used for quality control purposes. Patients provide written informed
consent for recording personal information for research purposes and for
transplant according to the guidelines of the Declaration of Helsinki. The
study was approved by the Institutional Review Board of the ALWP of
the EBMT.

Eligibility criteria

We retrospectively studied consecutive patients from the EBMT registry,
meeting the following inclusion criteria: a) adults diagnosed with AML, b)
recipients of first allogeneic HSCT from an unrelated or sibling donor
between 2010 and 2020, c¢) HSCT at first or second CR, d) conditioning
regimen with either FT14 (fludarabine 150 or 160 mg/m? and treosulfan
42 g/m?) or FB4 (fludarabine 150 or 160 mg/m? and busulfan 12.8 mg/kg).
Patients with ex vivo manipulated grafts were excluded. A pre-planned
sub-group analysis was performed according to age (<55 years or >55
years).

Statistical analysis

Patient-, disease-, and transplant-related characteristics were compared
using the chi-square or Fisher’s exact test for categorical variables, and the
Mann-Whitney U test for continuous variables between the two
conditioning regimens. Probabilities of overall survival (OS), leukemia-
free survival (LFS), and GVHD free, relapse free survival (GRFS) were
calculated using the Kaplan-Meier method. Relapse incidence (RI) and non-
relapse mortality (NRM) rates were estimated using cumulative incidence
(Cl) functions and considered as competing risks [28]. For GVHD, death and
relapse were considered competing events. Univariate analyses were
performed using the log-rank test for OS, LFS, and GRFS, and Gray's test for
Rl and NRM. A Cox proportional hazards model was used for multivariate
regression. All variables differing significantly between the 2 groups and
variables conceptually important were included in the Cox model. To test
for a center effect, we introduced a random effect or frailty for each center
into the model. Results were expressed as the hazard ratio (HR) with the
95% confidence interval (95% Cl). Tests were two-sided, and p < 0.05 was
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considered statistically significant. Analyses were stratified by age at HSCT
(less or more than 55 years), considering previous literature showing
treosulfan advantage in older patients [25, 29]. Multivariate analysis
included conditioning, patient age, type of AML (de novo or secondary),
status at transplant (CR2 or CR1), cytogenetics (adverse versus other),
donor type (unrelated versus sibling donor), sex matching (female donor to
male recipient versus other), Karnofsky performance status (KPS) score >
=90, use of in vivo T cell depletion and cell source (peripheral blood stem
cell/PBSC versus bone marrow/BM). Statistical analyses were performed
with SPSS 25.0 (SPSS Inc, Chicago, IL, USA) and R 4.1.1 (R Core Team (2021).
R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.

RESULTS

Study population

In total, 2703 patients were included in the analysis from 184
centers: 2025 (75%) transplanted with FB4, and 678 (25%) with FT14.
Patient and transplant characteristics for both groups are shown in
Table 1. The busulfan dose reported by the center was fixed. 122
patients (less than 6%) received busulfan oral in the FB group. The
dose for busulfan per os was 16 mg/Kg and it was 12.8 mg/Kg for
busulfan intravenously. In summary, FT14 recipients differed
significantly from FB4 in terms of older age, higher rates of
secondary AML, unrelated donor, peripheral blood graft, in vivo
T-cell depletion, and adverse cytogenetics, but lower rates of female
donor to male recipient. Considering the multiple confounding
factors however, multivariate analyses showed significantly different
outcomes only for Cl of relapse (HR=0.82; 95% Cl: 0.68-0.98,
p=0.032), which was higher in FT14 compared to FB4. On the
contrary, FT14 recipients presented with significantly lower acute
GVHD (HR = 1.43; 95% Cl: 1.04-1.94, p = 0.025). Multivariate analyses
are presented in detail in Supplementary Table 1.

Patients aged < 55 years

In the sub-group of patients younger than 55 years (n= 1676),
FT14 recipients (n = 236) were older (p < 0.001), with higher rates
of secondary AML (p < 0.0001), unrelated donors (p < 0.0001), and
peripheral blood grafts (p=0.026), but a lower percentage of
female donor to male recipient (p=0.008), compared to FB4
recipients (n=1440). At 2 years, cumulative incidence (Cl) of
severe acute GVHD grade IlII-IV was higher in the FT14 group
versus FB4 (9.3% versus 5.8%), but rates of chronic GVHD were not
significantly different (7.9% versus 5.3%). With a median follow-up
of 24.4 months (range 23.4-25.6), 2-year Cl of relapse was higher
in FT14 (35.9% versus 27.5%, Fig. 1a), while NRM was not different
between groups (11.9% versus 7.7%, Fig. 1b). This led to lower
2-year LFS of 52.2% versus 62.4%, Fig. 1c). Following FT14 and FB4,
OS and GRFS were 63.2% versus 72.9%, Fig. 1d) and 41.3% versus
50%, respectively. In Cox-regression multivariate analysis, con-
ditioning regimen remained an independent predictor of Cl for
relapse (HR=0.71; 95% Cl: 0.55-0.93, p=0.011), and LFS (HR=
0.77; 95% Cl: 0.61-0.98; p = 0.03) (Table 2).

Patients aged = 55 years

Similar differences in patient characteristics were observed in
patients aged =55 years (n=1027). FT14 recipients (n=442)
were older (p<0.001), with higher rates of secondary AML
(p<0.001), unrelated donors (p <0.001), adverse cytogenetics
(p <0.001), peripheral blood grafts (p=0.026), but a lower
percentage of female donor to male recipient (p=0.008)
compared to FB4 (n = 585). Two-year Cl of acute GVHD grade II-
IV was higher in 26.5% in FB4 versus 17.6% in FT14), with no
significant difference for severe acute (grade IlI-IV, 9.6% versus
8.1%) and chronic GVHD (5.9% versus 4.3%). This higher rate of
acute GVHD was confirmed in multivariate analysis (HR = 1.60;
95% Cl: 1.06-2.41; p = 0.026). Nevertheless, with a median follow-
up of 29.6 months (range 23.9-34.1), 2-year Cl of relapse, NRM, as
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Table 1. Patient and transplant characteristics in FT14 compared to FB4.
FT14 (n = 678) FB4 (n = 2025) p-value

Status at transplant CR1, n (%) 565 (83.3%) 1704 (84.1%) 0.62
CR2, n (%) 113 (16.7%) 321 (15.9%)

Patient age (years) median (min-max) [IQR] 58.3 (18.2-75.7) [52-63.7] 48.7 (18.1-73.5) [38.9-56.3] <0.0001

Diagnosis de novo AML 526 (77.6%) 1812 (89.5%) <0.0001
secondary AML 152 (22.4%) 213 (10.5%)

Type of donor Matched sibling donor 155 (22.9%) 859 (42.4%) <0.0001
Unrelated donor 523 (77.1%) 1166 (57.6%)

Cell source Bone marrow, n (%) 47 (6.9%) 261 (12.9%) <0.0001
Peripheral blood, n (%) 631 (93.1%) 1764 (87.1%)

Cytogenetics Not adverse, n (%) 543 (80.1%) 1699 (83.9%) 0.022
Adverse, n (%) 135 (19.9%) 326 (16.1%)

Female donor to male recipient No, n (%) 600 (88.6%) 1644 (81.4%) <0.0001
Yes, n (%) 77 (11.4%) 376 (18.6%)

Karnofsky score <90%, n(%) 119 (18%) 339 (17.9%) 0.94
> =90%, n(%) 541 (82%) 1554 (82.1%)

Patient CMV Seronegative, n (%) 152 (22.6%) 515 (25.7%) 0.1
Seropositive, n (%) 522 (77.4%) 1488 (74.3%)

Donor CMV Seronegative, n (%) 293 (43.7%) 848 (42.3%) 0.5
Seropositive, n (%) 377 (56.3%) 1159 (57.7%)

MRD before HSCT Negative, n (%) 173 (65.8%) 646 (67.4%) 0.61
Positive, n (%) 90 (34.2%) 312 (32.6%)

In vivo T-cell depletion No, n (%) 184 (27.2%) 717 (35.5%) <0.0001
ATG, n (%) 481 (71%) 1220 (60.4%)
Alemtuzumab 12 (1.8%) 2 (4.1%)

FT14 Fludarabine plus treosulfan, FB4 Fludarabine plus busulfan, CR Complete remission, CMV Cytomegalovirus.

MRD Minimal residual disease, HSCT Hematopoietic stem cell transplantation, ATG Antithymocyte globulin.

well as LFS, OS (Fig. 2) and GFRS were not different between myelodysplastic syndrome (MDS) patients has compared

groups.

DISCUSSION

Our large real-world multicenter study suggests that FB4 is
associated with better outcomes compared to FT14 in younger
patients with AML transplanted in first or second CR. The same
was not true for older patients (=55 years). However, FT14 has
been selected by treating physicians for higher-risk HSCT,
including older patients, with secondary disease, adverse cytoge-
netics, and unrelated donors.

Our study is representative of the real-world setting, confirming
that conditioning regimens of reduced toxicity expand patient
eligibility for HSCT, reflected in the continual rise in number of HSCT
performed for AML over the last decade [30]. As indicated by
available studies so far in this setting, recruitment to prospective
randomized trials and comparison between different intensity
regimens continues to be challenging [31-34]. Utilization of the
novel transplant conditioning intensity (TCl) score could signifi-
cantly improve categorization of intensity and thus study design
and interpretation of results [35]. TCl might also help to overcome
another important limitation of current literature in treosulfan-
based regimens, that of different dosage (ie FT10, FT12, or FT14). To
overcome this limitation, we compared the myeloablative dosage of
FT14 with an alternative myeloablative reduced toxicity regimen
that has shown lower transplant-related mortality than busulfan
plus cyclophosphamide, with potent antileukemic activity [34].

Relevant data comparing high doses of treosulfan with other
myeloablative regimens are limited. One recent study of

Bone Marrow Transplantation (2022) 57:1803 - 1809

treosulfan-based regimens with standard myeloablative regimens,
showing favorable results [36]. FT10 and FT12 have been compared
with 5 other conditioning regimens in a retrospective analysis of
875 patients, showing an association between severe pulmonary
disease and a pre-existing infection with NRM [37]. In the same
study, recipients of reduced toxicity fludarabine plus busulfan (FB4)
showed an association of cardiac disease with NRM. In 85 AML/MDS
patients ineligible for myeloablative conditioning, FT14 had
significantly lower relapse rates compared to FB2 or FB4, without
significant differences in other outcomes [27]. A recent real-world
study of 68 FT14 recipients, showed favorable LFS and OS for
patients aged > 50 years with an HCT-Cl < 2 that had received FT14
compared to standard myeloablative conditioning [29].

Additional limitations in most of the published studies of
treosulfan-based regimens include a relatively short follow-up,
while the present one exceeds 2 years. Furthermore, it remains
unclear which patient population would benefit the most from
such regimens. Although hematopoietic cell transplantation-
comorbidity index (HCT-CI) [38] and age are currently suggested
for selection of a reduced toxicity regimen [25], the present study
suggests that younger patients would benefit more from FB4 than
FT14. Our study raises a further question on secondary AML that is
traditionally associated with poor prognosis [39]. The EBMT-ALWP
group has previously shown that OS and LFS were 45% and 39%,
respectively, in secondary AML patients undergoing HSCT [40].
Although FB4 was superior in younger patients irrespective of
AML type (de novo or secondary), FT14 was used more frequently
in patients with poor prognosis, including secondary disease or
adverse cytogenetics.
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Table 2. Cox regression analysis for relapse incidence and leukemia-free survival (LFS).

RELAPSE LFS

HR (95% Cl) p-value HR (95% CI) p-value
FB4 versus FT14 0.71 (0.55-0.93) 0.011 0.77 (0.61-0.98) 0.03
Age (per 10 years) 1.01 (0.91-1.12) 0.88 1.09 (0.99-1.2) 0.072
Secondary AML 1.18 (0.86-1.62) 0.3 1.4 (1.08-1.82) 0.011
CR2 vs CR1 1.32 (1.02-1.7) 0.033 1.28 (1.02-1.61) 0.032
Adverse cytogenetics 1.79 (1.41-2.28) <0.0001 1.64 (1.33-2.04) <0.0001
Unrelated versus sibling donor 0.9 (0.71-1.13) 0.35 1.04 (0.84-1.27) 0.73
Female donor to male recipient 0.79 (0.58-1.06) 0.12 0.96 (0.75-1.23) 0.75
Karnofsky=90% 0.93 (0.73-1.19) 0.58 0.89 (0.72-1.11) 0.3
In vivo T-cell depletion 1.09 (0.85-1.4) 0.49 0.99 (0.8-1.23) 0.94
PBSCs versus BM graft 1.17 (0.85-1.61) 0.34 1.15 (0.87-1.52) 0.34
Centre (frailty) 0.28 0.33

AML Acute myeloid leukemia, CR Complete remission, FT14 Fludarabine plus treosulfan, FB4 Fludarabine plus busulfan, PBSC Peripheral blood stem cells, BM

Bone marrow.

Our study has several limitations. Firstly, the comparative
analysis was performed retrospectively and therefore, differ-
ences between patient populations in the two groups do not
allow safe conclusions to be drawn. These limitations include
lack of more granular disease-, patient- and transplant related

data, such as molecular prognostic markers, HCT-Cl, post-
transplant maintenance therapy, etc. Secondly, being a multi-
center study, transplant procedures varied, but all centers
comply with EBMT regulations and the transplant period
selected is a decade (2010-2020). Thirdly, a longer follow-up
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would allow further observations regarding long-term toxicity,
although our study has one of the longest follow-up periods
(more than 2 years) compared to previous ones in this setting.
Lastly, HCT-CI indices and patients with advanced disease at
transplant were not included in this analysis.

In conclusion, our retrospective analysis suggests that BF4
offers favorable outcomes in patients younger than 55 years
transplanted in CR1 or CR2, while this effect is not observed in
older patients (=55 years). Given that treosulfan is safe and
effective in a higher-risk HSCT population, it is important that
well-designed studies are conducted to determine the optimal
conditioning regimen based on a personalized approach.
Additional trials are needed to compare the two regimens
discussed here in a more uniform and comparable patient
population.
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