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Total body irradiation (TBI) at a dose of 12 Gy combined with cyclophosphamide

myeloid leukemia (AML) treated with allogeneic hematopoietic cell transplantation

(FIUTBI12Gy) to reduce toxicity. We retrospectively compared outcomes of
CyTBI12Gy with FIuTBI12Gy for patients with AML treated in complete remission
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(CR) with allo-HCT from either a matched sibling or unrelated donor. Of 1684 adults
who met inclusion criteria, 109 patients in each group were included in a matched-pair
analysis. The cumulative incidence of relapse at 2 years was 25% in the FIuTBI12Gy
compared to 28% in the CyTBI12Gy group (p = .44) while non-relapse mortality (NRM)
was 17% versus 19%, (p = .89) respectively. The rates of leukemia-free survival and
overall survival were 65% versus 54% (p = .28) and 70% versus 60.5% (p = .17). Cumu-
lative incidence of grade 2-4 acute graft-versus-host disease (GVHD) was significantly
lower for FIUTBI12Gy than CyTBI12Gy (16% vs. 34%, p = .005), while the incidences
of grade 3-4 acute GVHD and chronic GVHD did not differ significantly. The probabil-
ity of GVHD and relapse-free survival was 49% in the FIuTBI12Gy and 41% in the
CyTBI12Gy group (p = .17). We conclude that for patients with AML treated with allo-
HCT in CR, cyclophosphamide may be substituted with fludarabine in a regimen based
on TBI at a dose of 12 Gy without negative impact on the efficacy. FIuTBI12Gy is asso-

1 | INTRODUCTION

Acute myeloid leukemia (AML) is the most frequent indication for
allogeneic  hematopoietic  cell transplantation (allo-HCT).!  The
anti-leukemic effect of the procedure relies on pre-transplant conditioning
and post-transplant graft-versus-leukemia reaction conferred by donor-
derived lymphocytes. For younger patients myeloablative conditioning is
preferred as it is associated with reduced risk of relapse compared to
reduced intensity or non-myeloablative regimens.?® It may either be
based on chemotherapy alone or total body irradiation (TBI). Prospective,
randomized trials showed comparable results for both options.* Retro-
spective comparisons have suggested higher efficacy of TBI at the cost of
increased toxicity.>® Potential advantages of TBI include high-dose homo-
geneity to the whole body regardless of blood supply, no sparing of
“sanctuary” sites such as the central nervous system, and less possibility
of cross-resistance with other antineoplastic agents.

The classical irradiation-based myeloablative regimen consists of
fractionated TBI at a dose of 12 Gy combined with cyclophosphamide
(Cy) at a total dose of 120 mg/kg (CyTBI12Gy).” Although CyTBI12Gy
is highly effective, it is also associated with significant risk of early and
late toxicities.® Early organ complications include severe mucositis,
diarrhea, cardiac and pulmonary toxicity, hemorrhagic cystitis and
sinusoidal obstruction syndrome.” Late events, including deterioration
of endocrine and renal function, pneumonitis, and second malignan-
cies may lead to increased mortality and impaired quality of life.X° In
order to improve tolerance, Cy may be substituted with fludarabine
(Flu). Results of a prospective, randomized trial demonstrated that the
combination of TBI at a reduced dose (8 Gy) with Flu was associated
with survival comparable to CyTBI12Gy.? In clinical practice, Flu may
also be combined with TBI at a dose of 12Gy (FIuTBI12Gy) in order to
increase regimen efficacy. However, safety and efficacy of FIuTB-
112Gy has not been evaluated so far.

The goal of this study was to retrospectively compare out-
comes of CyTBI12Gy with FIuTBI12Gy for patients with AML
in first or second complete remission (CR1 or CR2) treated with

ciated with reduced risk of grade 2-4 acute GVHD and encouraging survival rates.

allo-HCT from either a matched sibling (MSD) or unrelated
donor (URD).

2 | METHODS
21 | Study design and data collection

This was a retrospective, multicenter analysis. Data were provided by
the registry of the Acute Leukemia Working Party (ALWP) of the
European Society for Blood and Marrow Transplantation (EBMT). The
EBMT is a non-profit, scientific society representing more than
600 transplant centers, mainly located in Europe, which are required to
report all consecutive stem cell transplantations and follow-ups once a
year. Data are entered, managed, and maintained in a central database.
Since 1990, all patients have provided informed consent authorizing the
use of their personal information for research purposes. The validation
and quality control program includes verification of the computer print-
out of the entered data, cross-checking with the national registries, and
on-site visits to selected teams. The study was approved by the ALWP
of the EBMT institutional review board and conducted in accordance

with the Declaration of Helsinki and Good Clinical Practice guidelines.

2.2 | Criteria for selection

The inclusion criteria were as follows: (1) patients with AML who
underwent their first allo-HCT in CR1 or CR2 between January 2009
and June 2020; (2) age > 18 years; (3) transplantation from either an
HLA-MSD or URD; (4) the use of peripheral blood or bone marrow as
a source of stem cells; (5) the use of one of the following conditioning
regimes: CyTBI12Gy or FIuTBI12Gy. The use of anti-thymocyte glob-
ulin as part of conditioning was allowed while transplantations with
ex vivo T-cell depletion or use of cord blood as a source of stem cells
were excluded from the analysis.
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TABLE 1 Patient, donor, and transplant-related characteristics
FluTBI12 CyTBI12 p

N 109 109

Median patient age, years (range) 38 (18-69) 40 (18-60) .87

Cytogenetic risk group, n (%)
Standard 9 (8%) 9 (8%) 1.00
Intermediate 38 (35%) 38 (35%)
High 14 (13%) 14 (13%)
Unknown 48 (44%) 48 (44%)

Disease status
CR1 85 (78%) 85 (78%) 1.00
CR2 24 (22%) 24 (22%)

Median year of transplantation (range) 2016 (2009-2020) 2012 (2009-2020) <.0001
Karnofsky performance status score
290% 83 (76%) 78 (72%) 44
<90% 26 (24%) 31(28%)

Donor type
HLA-identical sibling 26 (37%) 26 (32.5%) 81
10/10 HLA matched unrelated 36 (51%) 43 (54%)
9/10 HLA mismatched unrelated 8 (11%) 11 (14%)
Unrelated, HLA compatibility unknown 39 29

Patient sex
Male 67 (61.5%) 66 (61%) .89
Female 42 (38.5%) 43 (39%)

Donor sex
Male 69 (63%) 71 (65%) .78
Female 40 (37%) 38 (35%)

Donor/patient sex
Female/male 20 (18%) 20 (18%) 1.00
Other combinations 89 (82%) 89 (82%)

Patient CMV serological status
Positive 61 (57%) 73 (68%) A1
Negative 46 (43%) 35 (32%)
Missing 2 1

Donor CMV serological status
Positive 49 (45%) 49 (45%) 1.00
Negative 59 (55%) 59 (55%)
Missing 1 1

Source of stem cells
Peripheral blood 105 (96%) 105 (96%) 1.00
Bone marrow 4 (4%) 4 (4%)

In vivo T-cell depletion
Yes 64 (59%) 57 (52%) .34
No 45 (41%) 52 (48%)

Post-transplant cyclophosphamide as part of
immunosuppression
Yes 7 (6%) 3(3%) 22
No 102 (94%) 106 (97%)

Abbreviations: CMV, cytomegalovirus; CR, complete remission; Cy, cyclophosphamide; Flu, fludarabine; HLA, human leukocyte antigen; TBI, total body

irradiation.
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TABLE 2 Matched-pair analysis:

X FluTBI12 CyTBI12 HR (95%Cl) p
Results of allo-HCT according to the type
of conditioning. 109 109
Relapse incidence 20% (12-28) 27% (19-36) 1.58 (0.77-3.23) 21
Non-relapse mortality 15% (9-23) 19% (12-27) 1.07 (0.46-2.49) .88
Leukemia-free survival 65% (55-74) 54% (44-63) 1.34 (0.79-2.26) 28
Overall survival 70% (59-79) 60.5% (50-69) 1.52 (0.83-2.78) 17
GVHD-free, relapse-free survival 49% (38.5-59) 41% (32-51) 1.38 (0.87-2.2) 17
Acute GVHD grade 2-4 16% (10-23.5) 34% (25-43) 2.35(1.3-4.25) .005
Acute GVHD grade 3-4 7% (3-12) 10% (5-17) 1.87 (0.61-5.71) 27
Chronic GVHD 39% (29-49) 43% (33-53) 1.4 (0.81-2.43) .23
Extensive chronic GVHD 16% (9-25) 18% (11-26) 1.7 (0.65-4.43) .28

Note: Results are reported as probabilities at 2 years (95% confidence interval, Cl) and hazard ratios
(95%Cl).

Abbreviations: Cl, confidence interval; Cy, cyclophosphamide; Flu, fludarabine; GRFS, GVHD-free,
relapse-free survival; GVHD, graft-versus-host disease; HR, hazard ratio; TBI, total body irradiation.
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FIGURE 1 Theincidence of graft-versus-host disease according to the type of conditioning regimen. Solid lines: FIuTBI12, dashed lines:
CyTBI12. GVHD, graft-versus-host disease; GRFS, graft-versus-host- and relapse-free survival.

2.3 | Statistical analysis cohorts were selected using exact matching for cytogenetic risk

groups, disease status at allo-HCT (CR1/CR2), donor type
The groups were compared in a matched-pair analysis. From a (MSD/URD) as well as stem cell source (peripheral blood/bone
total population of patients meeting the inclusion criteria, final marrow), and nearest neighbor for recipient age, donor and
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FIGURE 2 Results of allo-HCT for patients with acute myeloid leukemia according to the type of conditioning regimen. Solid lines: FIuTBI12,
dashed lines: CyTBI12. NRM, non-relapse mortality; RI, relapse incidence; LFS, leukemia-free survival; OS, overall survival.

recipient sex, Karnofsky performance score and the use of in vivo
T-cell depletion.

Leukemia-free survival (LFS) was the primary endpoint. Secondary
endpoints were: (1) overall survival (OS), (2) relapse incidence (RI),
(3) non-relapse mortality (NRM), (4) incidence of grade 2-4 and grade
3-4 acute graft-versus-host disease (GVHD), (5) incidence of chronic
GVHD and extensive chronic GVHD, and (6) survival free from grade
3-4 acute GVHD, chronic GVHD, and relapse (GRFS).*? All outcomes
were censored at 2 years.

Patients' characteristics were compared using the Mann-
Whitney U test for continuous variables, and the chi-squared or
Fisher's exact test for categorical variables. Probabilities of LFS,
OS, and GRFS were calculated using the Kaplan-Meier estimator.
Cumulative incidence curves were used to estimate the probabili-
ties of RI, NRM, acute and chronic GVHD in a competing-risks
setting.!® Univariate analyses were performed using the log-rank
test for LFS, OS, and GRFS, and Gray's test was used to compare
cumulative incidence estimates.'*

All tests were two-sided with the type 1 error rate fixed at 0.05.
Statistical analyses were performed with SPSS 24.0 (IBM Corp.,

Armonk, NY) and R 3.5.3 (R Core Team (2017). R: A language and
environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/).

3 | RESULTS

3.1 | Patients, donors, and allo-HCT procedure
Overall, 1684 patients met the inclusion criteria, out of whom 1463
were treated with CyTBI12Gy and 121 received a FluTBI12Gy condi-
tioning regimen. The decision to choose FIuTBI12Gy was based on
center strategy in 52 (43%) patients while it was individual physician's
decision in 45 (37%) patients. In remaining 24 (20%) cases the reason
remained unknown. The matched-pair analysis included 109 patients
in each group.

Details on patient, donor, and transplant-related characteristics
did not differ significantly between the study groups except for year
of transplantation (Table 1). Patients in the FIUTBI12Gy group were
transplanted more recently than those in the CyTBI12Gy group
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(median year: 2016 vs. 2012, p <.0001). In both groups, 78% of
patients were in CR1 at allo-HCT while the remainder were in CR2.
Most patients received an allo-HCT from a URD, using peripheral
blood as a source of stem cells. In both cohorts, more than half of the
patients were treated with in vivo T-cell depletion, while cyclosporin
A combined with short-course methotrexate was the most common
immunosuppressive protocol.

In the FIUTBI12Gy group, among 65 patients with available data,
TBI was administered most frequently in 3 (n = 35, 54%), 6 (n = 20,
31%), or 4 (n = 9, 14%) fractions. In the CyTBI12Gy cohort, among
51 individuals with available data, the most frequent number of TBI
fractions was 6 (n = 28, 55%), 4 (n = 12, 24%), and 2 (n = 7, 14%).
The median total dose of fludarabine was 150 mg/m? (interquartile
range, IQR: 120-150) while the median total dose of cyclophospha-
mide was 120 mg/kg (IQR: 120-120).

3.2 | Engraftment and GVHD

The engraftment rate was 98.2% and 100% in the FIuTBI12Gy and
CyTBI12Gy groups, respectively, (p = .5), results not shown. Median
time to neutrophil recovery (>0.5 x 10°/L) was 17 days (9-38) and
18 (11-44) respectively (p = .02).

The incidence of grade 2-4 acute GVHD was significantly higher
in the CyTBI12Gy than the FIuTBI12Gy group (34% vs. 16%; hazard
ratio = 2.35, 95% confidence interval, 1.35-4.25; p = .005). The inci-
dences of grade 3-4 acute GVHD as well as overall and extensive
chronic GVHD were comparable between the study groups (Table 2,

Figure 1).

3.3 | Relapse and NRM
The median follow-up was 27 months for the FIuUTBI12Gy group and
63 months for the CyTBI12Gy group.

The RI at 2 years was 20% for patients treated with FIuTBI12Gy
compared to 27% in the CyTBI12Gy group (p = .21), while NRM was
15% and 19% respectively (p = .88) (Table 2, Figure 1).

The most frequent causes of death in both groups were: original
disease (46.2% for TBI/Flu and 51.3% for TBI/Cy, p = .66), infections
(23.1% in both groups, p = 1.00), GVHD (3.8% and 15.4%, respec-
tively, p = .14). Multiorgan failure and cardiac toxicity were reported
as causes of death in two patients, both in the FIUTBI12Gy group,
results not shown.

3.4 | Survival

The probability of LFS was 65% for FIuTBI12Gy group compared to
54% in the CyTBI12Gy group (p = .28), while OS rates were 70% and
60.5% respectively (p = .17) (Table 2, Figure 2). The probability GRFS
was 49% in the FIuTBI12Gy group and 41% in the CyTBI12Gy
group (p = .17).

e WiLey- L

4 | DISCUSSION

In this registry-based study, we compared for the first time, outcomes
of allo-HCT using FIuTBI12Gy with those of the classical myeloabla-
tive conditioning with CyTBI12Gy in patients with AML in CR. All
survival outcomes including Rl were comparable between the two
groups while the incidence of grade II-IV acute GVHD was signifi-
cantly reduced in FIuTBI12Gy patients.

Cy is an alkylating agent with strong immunosuppressive proper-
ties, which was incorporated in conditioning regimens as early as in
the 1970s, initially in combination with TBI, and later-on with busulfan
(Bu).*>¢ It contributes to elimination of host lymphocytes thus facili-
tating engraftment. Cy also has direct anti-leukemic activity, however,
its contribution to overall efficacy of the allo-HCT procedure has not
been well-defined.?” High doses of Cy are associated with some spe-
cific toxicities, including hemorrhagic cystitis and cardiotoxicity.*®
They may also increase overall tissue damage when combined with
TBI or Bu, which, in turn, may facilitate activation of alloreactive
donor-derived T-cells and initiation of acute GVHD.*?

Flu, a purine analogue, is a potent immunosuppressive drug, but
its direct anti-leukemic activity in AML has never been documented.
The drug was found to potentiate metabolism of cytarabine by
increasing intracellular concentration of its active metabolite, ara-
cytosine triphosphate.?®?! For patients with acute leukemias, Flu has
been incorporated into several salvage regimens like FLAG-IDA,
always in combination with cytarabine, while never as a single
agent.?? The drug is generally well-tolerated. Its side effects are
restricted mainly to neurotoxicity, including leukoencephalopathy,

which is, however, a very rare event.?®

Therefore, it may be assumed
that the use of Flu in conditioning instead of Cy may ensure engraft-
ment, while reduce the risk of organ damage. On the other hand, its
effect on the risk of relapse is theoretically a matter of concern.

Substitution of Cy with Flu in AML was a subject of five random-
ized controlled trials.*?*-27 Four studies focused on combination
with myeloablative doses of Bu, showing conflicting results. One
study from Beijing was prematurely terminated due to increased inci-
dence of severe pneumonia in the BuFlu group.?* In another study,
the use of BuFlu was associated with reduced regimen-related toxicity
without significant impact on NRM, RI, and survival.?®> The Korean
study demonstrated an increased risk of relapse as well as decreased
LFS and OS for patients assigned to the BuFlu arm compared to
BuCy.2® Finally, in an ltalian study, restricted to patients aged
between 40 and 65 years, the use of BuFlu was associated with a sig-
nificantly reduced risk of NRM without significant impact on LFS and
05.27 A meta-analysis, including four randomized trials and 11 studies
which were either single-arm intervention trials compared with histor-
ical controls or retrospective studies, confirmed a reduced risk of
NRM at 100 days after BuFlu compared to BuCy.?®

The combination of TBI with Flu was compared with CyTBI12Gy
in a prospective, randomized study in Germany, restricted to patients
with AML aged 18-60 years.? The total dose of TBI in the Flu arm
was reduced to 8 Gy. The use of FIUTBI was associated with

decreased incidence of severe mucositis and reduced NRM, which
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was particularly prominent for patients aged between 41 and
60 years. No difference regarding Rl and probability of LFS was evi-
dent.™® The authors concluded that substitution of Cy with Flu, when
combined with TBI, is characterized by better tolerance while
maintaining anti-leukemic potential. In our study, we focused on the
combination of Flu with a fully myeloablative dose of TBI, that is,
12 Gy. The population of our FIUTBI12Gy group was similar to the
FIUTBI8Gy in the German trial, however, our study included patients in
both CR1 and CR2, while the prospective trial*! was restricted to
patients in CR1. The upper age limit was 69 and 60 years respectively.
Despite this, the incidences of both relapse and NRM appeared similar
(25% at 2 years vs. 28% at 3 years and 17% vs. 13% respectively). As in
the German study, we could not find any significant difference between
FIuTBI12Gy and CyTBI12Gy with respect to LFS or OS rates.

The ALWP of the EBMT proposed definitions of the intensity of
conditioning regimens taking into account prediction of all (early and
late) NRM as well as relapse.?’ Weight scores were assigned to all
components of most frequently used regimens. Their sum enabled clas-
sification of the regimens into three groups: low, intermediate, and high
transplant conditioning intensity (TCI). According to the proposed algo-
rithm, CyTBI12Gy has a TCl score of 4, which places it in the category
of high intensity regimens, associated with high risk of NRM, while the
TCl score for FIUTBI12Gy is 3, an intermediate intensity protocol,
described also as a “reduced toxicity regimen with myeloablative
potential”. In this registry-based study we were unable to analyze par-
ticular transplant-related complications and therefore precise evalua-
tion of the toxicity of the regimens was impossible. However, we found
significant differences regarding the risk of grade II-IV acute GVHD,
which was more than two times lower for FIUTBI12Gy compared to
CyTBI12Gy. In view of similar patient and transplant characteristics in
both study cohorts, this finding suggests decreased tissue damage
related to the conditioning with FIuTBI12Gy supporting its categoriza-
tion as a “reduced toxicity” regimen. On the other hand, it was shown
that Flu, when administered to patients with chronic lymphocytic
leukemia as part of their primary therapy before allo-HCT, may also
modulate the host immune system, thereby reducing the severity of
GVHD encountered in patients undergoing this treatment.%°

Our study has some additional limitations pertinent to its retro-
spective nature. As shown in a previously published European survey,
high heterogeneity of the TBI procedure may be expected between
centers with regard to dose fractionation, dose rates, beam energy,
treatment unit and technique as well as dosimetry and organ shield-
ing.” Such differences could not be controlled for in our analysis and
they might have affected both tolerance and efficacy of the treat-
ment. Another study limitation was lack of detailed molecular charac-
teristics of the disease. The status of NPM1, FLT3, and other gene
mutations with documented prognostic value was reported for only a
minority of patients and could not be included in the analysis. Finally,
results of the study might potentially have been biased by a center
effect as the choice of regimen was determined by center policy.

We conclude that for patients with AML treated with allo-HCT in
CR1 or CR2, Cy may be substituted with Flu in a regimen based on
TBlI at a dose of 12 Gy without negative impact on efficacy.

FIUTBI12Gy is associated with a reduced risk of grade 2-4 acute
GVHD and encouraging LFS and OS rates. In view of our findings, it is
justifiable to use FIuTBI12Gy instead of CyTBI12Gy although pro-

spective, randomized trials are needed to draw definitive conclusions.
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