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Graphical Abstract

How much have post-transplant outcomes improved since 2000 for patients with
Philadelphia-positive acute lymphoblastic leukemia in first remission?

A study from the EBMT acute leukemia working party
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Years after transplant

In patients with Ph+ ALL, we observed a significant improvement over time in post-transplant outcomes with

decreased RI'and NRM and improved LFS and OS
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Abstract

Allogeneic hematopoietic cell transplantation (allo-HCT) remains a curative treatment for patients with Philadelphia chromosome-
positive acute lymphoblastic leukemia (Ph+ ALL) in their first complete remission (CR1). Recent results using the combination of
blinatumomab and second- or third-generation tyrosine kinase inhibitors have challenged the necessity of allo-HCT in CR1. Here we
assessed real-world changes over time in transplant characteristics and outcomes in adult patients with Ph+ ALL in CR1, using a large
dataset from the European Society for Blood and Marrow Transplantation registry. A total of 3292 patients (45% female; median age 45
years) who underwent allo-HCT from 2001 to 2020 were included. Over four periods (2001-2005, 2006-2010, 2011-2015, and
2016-2020), the 3-year cumulative incidence of relapse decreased from 41% to 19%, and non-relapse mortality decreased from 25% to
17% (p < 0.001 for both). Correspondingly, 3-year leukemia-free survival (LFS) improved from 34% to 64%, and overall survival (OS) from
47% to 75% (p < 0.001 for both). Graft versus host disease-free and relapse-free survival also improved from 26% to 49% (p < 0.001).
Factors negatively affecting LFS included older age, male gender, male donor and measurable residual disease (MRD) positivity pre-
transplant, while total body conditioning (TBI) positively affected LFS. OS was positively influenced by younger age, female gender,
matched sibling donor, TBI, and T cell depletion. Importantly, improvement in post-transplant outcomes over time was observed
regardless of pre-transplant MRD status. In conclusion, we observed an impressive improvement over time in post-transplant outcomes
of Ph+ ALL. These large-scale data can serve as a benchmark for future studies.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is a genetically heterogenous
disease. The Philadelphia (Ph) chromosome represents a distinct cy-
togenetic category in ALL characterized by increased incidence with
age (50% of affected patients aged above 60 years) and historically
associated with poor prognosis. Tyrosine kinase inhibitors (TKIs) have
revolutionized its treatment. Nevertheless, allogeneic hematopoietic
cell transplantation (allo-HCT) remains an important curative treat-
ment modality for patients with Ph+ ALL, particularly for genetically
high-risk patients in first complete remission (CR1), those who have
persistent measurable residual disease (MRD), as well as those be-
yond CR1.} In recent years, the use of newer generation TKIs, bis-
pecific antibodies, cellular therapies, improved transplant techniques,
and post-transplant pharmacological interventions aimed at reducing
the risk of relapse in Ph+ ALL has become widespread. These stra-
tegies include either a prophylactic approach with TKI-based main-
tenance therapy or a preemptive approach based on regular MRD
monitoring.2"¢ Moreover, recent findings using a chemotherapy-free
approach such as the combination of blinatumomab with second- or
third-generation TKIs have questioned the necessity of allo-HCT in
CR1 for Ph+ ALL”®

Little information is available about the global impact of the
current standard of care for Ph+ ALL after allo-HCT and the pre-
dictive factors for outcomes. To address these challenges, we as-
sessed real-world changes over time in transplant characteristics and
post-transplant outcomes in adult patients with Ph+ ALL in CR1,
using a large dataset from the European Society for Blood and
Marrow Transplantation (EBMT) registry.

METHODS
Study design and data collection

This was a retrospective, registry-based, multicenter analysis. Data
were provided and approved by the Acute Leukemia Working Party
(ALWP) of the EBMT. The EBMT is a voluntary working group of
more than 600 transplant centers, which are required to report all
consecutive HCTs and follow-ups once a year. Audits are routinely
performed to determine the accuracy of the data. Since January
2003, all transplant centers have been required to obtain written
informed consent before data registration with the EBMT, following
the guidelines of the Declaration of Helsinki, 1975.

Eligibility criteria for this analysis included adults older than 18
years and first allo-HCT for Ph+ ALL in CR1 between 2001 and 2020
with available pre-transplant MRD data. Donor types included mat-
ched sibling donor (MSD), unrelated donor (UD) regardless of whe-
ther 10/10 or 9/10, and haploidentical donor (Haplo). The stem cell
source was bone marrow (BM) or granulocyte colony-stimulating
factor (G-CSF)-mobilized peripheral blood (PB). Patients who received
in vitro T cell depletion (TCD) were excluded.

Definitions

Conditioning intensity was measured using the transplant condition-
ing regimen intensity myeloablative conditioning (MAC)/reduced in-
tensity conditioning (RIC) classification? and transplant conditioning
intensity score.’® MAC was defined as a regimen containing either
total body irradiation (TBI) with a dose greater than 6 Gy, a total dose
of oral busulfan (Bu) greater than 8 mg/kg, or a total dose of in-
travenous Bu greater than 6.4 mg/kg. All other regimens were de-
fined as RIC. The diagnosis and grading of acute and chronic graft

versus host disease (GVHD) were performed by transplant centers
using standard criteria.'!

Statistical analysis

Endpoints included leukemia-free survival (LFS), overall survival (OS),
non-relapse mortality (NRM), relapse incidence (RI), acute and chronic
GVHD, and GVHD-free and relapse-free survival (GRFS). All out-
comes were measured from the time of allo-HCT. LFS was defined as
survival without leukemia relapse or progression; patients alive
without leukemia relapse or progression were censored at the time of
last contact. OS was defined as death from any cause. NRM was
defined as death without previous leukemia relapse. GRFS was de-
fined as survival without grades 3 and 4 acute GVHD, extensive
chronic GVHD, relapse, or death. Follow-up was calculated using the
reverse Kaplan-Meier method. All events were censored at 3 years
post allo-HCT to allow for the difference in length of follow-up. The
probabilities of OS, LFS, and GRFS were calculated using the
Kaplan-Meier method. Cumulative incidence functions were used to
estimate Rl and NRM in a competing risk setting. Death and relapse
were considered as competing events for acute and chronic GVHD.
As planned in the study synopsis, univariate comparisons were stra-
tified on pre-transplant MRD status. Univariate comparisons were
performed using the log-rank test for LFS, OS, and GRFS, and Gray's
test for cumulative incidences. A Cox proportional-hazards model
was used for multivariate regression and included variables differing
significantly between the time periods, and factors known to influ-
ence outcomes, including a frailty term to allow for center differ-
ences. We included donor type as MSD versus all other donors
because of insufficient numbers of Haplo before 2010. The type-1
error rate was fixed at 0.05 for determination of factors associated
with time-to-event outcomes. All analyses were performed using
SPSS 27.0 (SPSS Inc., Chicago, IL, USA) and R 4.1.1 (R Development
Core Team, Vienna, Austria, https://www.R-project.org/).

Data sharing statement

The data analyzed in this study were provided and approved by the
ALWP of the EBMT. All relevant data are provided within the ar-
ticle and the Supporting Information. The relevant working party of
the EBMT will review requests from qualified external researchers
for data from the EBMT studies in a responsible manner that in-
cludes protecting patient privacy, assurance of data security and
integrity, and furthering scientific and medical innovation. Addi-
tional details on data sharing criteria and process for requesting
access should be sent to ebmt.do-paris@ebmt.org. Individual
patient data will not be shared.

RESULTS
Patient and transplant characteristics

We identified 3292 adult patients (45% female; median age 45 years,
range 18-76) with Ph+ ALL allografted between 2001 and 2020 in
CR1 from an MSD (38%), UD (54%), or Haplo (8%). At transplant, 41%
of patients were MRD-positive. The HCT-specific comorbidity index
(HCT-CI) was zero in 63% of patients with available data. Con-
ditioning was MAC in 77% of patients, and TBI in 64% of patients.
In vivo TCD and PB stem cells (PBSC) were given to 52% and 83% of
patients, respectively. Most patients (66%) and donors (55%) were
cytomegalovirus (CMV) seropositive. Overall, 1229 patients (37%)
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were reported to have received a TKI pre-transplant (no TKI or
missing data for 2063 patients [63%]) (Table 1). The pre-transplant
TKI was predominantly imatinib (62%) followed by nilotinib (12%) and
dasatinib (11%) (Table 1). Conversely, 877 patients (27%) were re-
ported to have received a TKI post-transplant (598 before relapse and
279 after relapse) (no TKI or missing data for 2415 patients [73%))
(Table 2). Post-transplant TKIs consisted of imatinib (35%)
followed by dasatinib (27%) and ponatinib (11%) (Table 2). Median
follow-up was 56 months (interquartile range [IQR] 53-59 months).
Patient, donor, and transplant characteristics are summarized in
Tables 1 and 2.

We compared changes in patient and transplant characteristics
over time in 245 patients transplanted in 2001-2005, 679 patients
transplanted in 2006-2010, 1035 patients transplanted in
2011-2015, and 1333 patients transplanted in 2016-2020. Patients
transplanted in recent years were older, less likely to be MRD-
positive, and more likely to receive PBSC and TCD (Tables 1 and 2).
Patients transplanted in recent years were more likely to receive a TKI
pre- and post-transplant (Tables 1 and 2) with a progressive shift from
imatinib toward nilotinib and dasatinib pre-transplant (Table 1) and
toward dasatinib and ponatinib post-transplant (Table 2).

Changes over time in post-transplant outcomes

The 3-year Rl gradually and significantly decreased from 41% to 32%,
27%, and 19% over the four time periods (p < 0.001) (Table 3 and
Figure 1A), and NRM significantly decreased from 25% to 24%, 23%,
and 17% (p < 0.001) (Table 2 and Figure 1B). The 3-year LFS and OS
gradually and significantly improved over time from 34% to 64%
(p <0.001) (Table 2 and Figure 1C) and from 47% to 75% (p < 0.001)
(Table 2, Figure 1d), respectively. Chronic GVHD and extensive
chronic GVHD gradually and significantly decreased over time (Ta-
ble 2 and Figure 1E). GRFS improved from 26% to 34%, 37%, and
49% (p <0.001) (Table 2 and Figure 1F). In univariate analysis, LFS
was negatively affected by older age, male donor, positive MRD at
HCT, RIC, or non-TBI conditioning, whereas OS was negatively af-
fected by older age and non-TBI conditioning (Table S1).

In the multivariate analysis, a progressive and significant im-
provement in all transplant outcomes over time was observed. Older
age negatively affected most post-transplant outcomes. Male gender
of both patients and donors and pre-transplant MRD positivity ne-
gatively affected LFS, while the use of TBI positively influenced it.
Being a female recipient, MSD, TBI, and TCD positively affected OS
(Table 4).

Changes over time according to MRD status at
transplant

When analyzing the data according to MRD status at transplant,
improvement in post-transplant outcomes over time was observed
both in MRD-positive and in MRD-negative patients.

In MRD-negative patients (Table 5), 3-year CIR gradually and
significantly decreased from 34% to 30%, 24%, and 17% (p < 0.001)
over the four time periods. Three-year NRM decreased from 25% to
24%, 23%, and 17% (p = 0.013), and LFS improved from 41% to 46%,
52%, and 66% (p < 0.001) and OS improved from 52% to 58%, 64%,
and 77% (p < 0.001). In these patients, chronic and extensive chronic
GVHD gradually and significantly decreased over time. GRFS im-
proved over time from 34% to 36%, 40%, and 53% (p = 0.001).

Similarly, in MRD-positive patients (Table 5), 3-year CIR gradually
decreased from 48% to 34%, 32%, and 23% (p =0.001) over the 4
time periods, 3-year NRM decreased from 25% to 24%, 21% and 17%

(p=0.047). LFS improved from 27% to 42%, 47%, and 60%
(p<0.001), and OS improved from 41% to 53%, 66%, and 73%
(p < 0.001). In these patients, chronic and extensive chronic GVHD
gradually and significantly decreased over time and GRFS improved
from 18% to 31%, 35%, and 44% (p < 0.001).

Changes over time in post-transplant outcomes
for patients who received pre-transplant TKI

For the 1229 patients reported to have received a TKI pre-transplant,
the 3-year CIR remained stable at 31% to 34% from 2001 to 2015 but
significantly decreased to 18% in the latest time period (p=0.001)
(Table S2), whereas NRM gradually and significantly decreased from
24% to 15% (p = 0.05). The 3-year LFS remained relatively stable at 43%
to 47% from 2001 to 2015 but significantly and sharply improved to
67% in the latest period (p =0.001). The 3-year OS gradually and sig-
nificantly improved over time from 50% to 77% (p =0.001). Chronic
GVHD and extensive chronic GVHD gradually and significantly de-
creased over time. GRFS gradually and significantly improved over time
from 21% to 43% (p =0.001) (Table S2). For these patients, improve-
ment over time in CIR, LFS, OS, and GRFS was noted regardless of pre-
transplant MRD status, nevertheless with a more drastic improvement
for MRD-positive patients (Table S2).

DISCUSSION

This registry study of a very large cohort of 3292 patients with Ph+
ALL allografted in CR1 analyzed trends in patients' characteristics and
outcomes over the last two decades. Numbers of reported cases in-
creased over the years, reflecting the general increase in numbers of
allo-HCT and of reporting centers.

Over time, we observed a remarkable improvement of all post-
transplant outcomes with decreased RI, NRM, and chronic GVHD and
improved LFS, OS, and GRFS, all confirmed in the multivariate ana-
lysis. In the most recent period, 3-year LFS, OS, and GRFS were 64%,
75%, and 49%, respectively. We have shown a similar improvement in
2-year OS over time for patients with Ph+ ALL relapsing post allo-
HCT from 28% to 55%."2

This improvement over time in post-transplant outcomes can be
explained by the combined effect of decreased RI (from 41% to 19%)
and NRM (from 25% to 17%). Advances in transplant techniques,
including better donor matching and availability, conditioning regi-
mens, and supportive care, likely explain the decreased NRM.1® The
decreased RI may be due to the introduction and widespread use
of newer generation TKIs particularly as post-transplant main-
tenance.2*!> The development of bispecific antibodies, such as bli-
natumomab, has also provided a powerful tool for targeting residual
leukemia cells, leading to better control of the disease and higher
rates of MRD negativity in recent years.*® Over time, in our study, the
reported use of prophylactic TKls post-transplant increased from 5%
in 2001-2005 to 27% in 2016-2020 with a more frequent use of the
second- and third-generation TKIs in the most recent periods
(Table 2). We also assume that a significant percentage of patients
with missing data on TKI post-transplant received it with the same
trend of increased use over time. This likely explains the reduction in
CIR particularly in MRD-positive patients.

Limitations of our retrospective registry-based study are the high
frequency of missing data regarding the pre-transplant therapies such
as TKls, immunotherapy, and CAR-T cells as well as prophylactic post-
transplant maintenance therapy. Moreover, MRD positivity was re-
corded as reported by the centers regardless of the technique used
and its sensitivity threshold, and post-transplant MRD status was
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Transplant outcomes of Ph+ ALL over time

TABLE 3 Univariate analysis of changes over time in post-transplant outcomes.
3 years
Relapse NRM LFS oS Chronic GVHD Ext. chronic GVHD GRFS

2001-2005 41% [35-47] 25% [20-31] 34% [28-40] 47% [40-53] 50% [44-57] 27% [22-33] 26% [21-32]
2006-2010 32% [28-35] 24% [21-28] 44% [40-48] 56% [52-60] 45% [41-49] 22% [19-26] 34% [30-38]
2011-2015 27% [25-30] 23% [20-25] 50% [47-53] 65% [62-68] 47% [43-50] 22% [20-25] 37% [34-40]
2016-2020 19% [17-22] 17% [15-19] 64% [61-67] 75% [73-78] 39% [36-42] 18% [16-21] 49% [46-52]
p value <0.001 <0.001 <0.001 <0.001 <0.001 0.004 <0.001

Abbreviations: ext., extensive; GRFS, GVHD-free and relapse-free survival; GVHD, graft versus host disease; LFS, leukemia-free survival; NRM, non-relapse mortality; OS, overall survival.
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Transplant outcomes of Ph+ ALL over time

TABLE 5 Univariate analysis according to pre-transplant MRD status.
3 years
Relapse NRM LFS oS chronic GVHD Ext. chronic GVHD GRFS

MRD-negative 2001-2005 34% [26-43] 25% [18-33] 41% [32-49] 52% [43-60] 47% [37-55] 26% [18-34] 34% [26-43]
2006-2010 30% [25-35] 24% [20-29] 46% [41-51] 57.5% [52-62] 47% [41-52] 25% [21-30] 36% [31-41]
2011-2015 24% [21-28] 23% [20-27] 52% [48-56.5] 64% [60-68] 47% [43-51] 23% [19-27] 40% [35-43]
2016-2020 17% [14-20] 17% [14.5-20] 66% [62-70] 77% [73.5-80] 39% [35-42] 16% [13-19] 53% [49-57]
p value <0.001 0.013 <0.001 <0.001 0.006 0.001 0.001

MRD-positive 2001-2005 48% [39-57] 25% [17-33] 27% [19-35] 41% [32-49] 55% [45-64] 29% [20.5-38] 18% [11-25]
2006-2010 34% [28.5-40] 24% [19.5-29.5] 42% [36-47] 53% [47-59.] 43% [37-49] 18% [14-23] 31% [26-37]
2011-2015 32% [27-37] 21% [17-26] 47% [42-52] 66% [61-70] 46% [41-51] 21% [17-26] 35% [30-40]
2016-2020 23% [19-27] 17% [14-21] 60% [55-65] 73% [68-77] 40% [35-44] 22% [18-25.5] 44% [39-48]
p value 0.001 0.047 <0.001 <0.001 0.036 0.12 <0.001

Abbreviations: Ext., extensive; GRFS, GVHD-free and relapse free survival; GVHD, graft-versus-host disease; LFS, leukemia-free survival; MRD, measurable residual disease; NRM,

non-relapse mortality; OS, overall survival.

missing for many patients. This unfortunately precluded the precise
definition of the role of different innovations in the observed im-
provement in clinical outcomes. Nevertheless, this study reports the
landscape of activity and outcomes over time using a large dataset of
transplantations of more than 600 EBMT centers.

Regular monitoring of MRD allows for the early detection of
relapse, enabling timely interventions and referral for allo-HCT. Pre-
emptive treatments based on MRD status, whether pre- or post-
transplant, have certainly improved long-term outcomes.!” Im-
portantly, the improvement of post-transplant outcomes in our
study was also observed in patients with pre-transplant MRD ne-
gativity. In the group of patients with positive MRD, the 3-year LFS
impressively increased from 27% to 60% and the 3-year OS in-
creased from 41% to 73%. Conversely, for patients with pre-
transplant MRD negativity, the 3-year LFS increased from 41% to
66% and the 3-year OS increased from 52% to 77%. Hence, in the
most recent period, post-transplant outcomes for patients who were
MRD-positive pre-transplant are only slightly inferior to those who
were MRD-negative, likely indicating that the combined effects of
allo-HCT and possibly post-transplant TKI maintenance attenuate/
eliminate the poor prognostic value associated with pre-transplant
MRD positivity. As previously mentioned, over time, we observed a
significant increase in use of a prophylactic TKI post-transplant with
more frequent use in second and third generation TKIls in the most
recent periods (Table 2).

The integration of various TKls, particularly newer generation
agents, along with novel treatment combinations in initial induction
regimens, has raised doubts about the necessity of allo-HCT for all
patients. This is especially true for those who attain deep molecular
responses early during induction. Consequently, many now consider
allo-HCT primarily for those who fail to achieve or maintain MRD
negativity.*®

Patients treated with hyper-CVAD (hyperfractionated cyclo-
phosphamide, vincristine, doxorubicin, and dexamethasone) and
ponatinib had excellent long-term outcomes with a reported 6-
year OS of 75%'%; only 23% of patients in the study underwent
allo-HCT in CR1 mainly because of detectable MRD, 60% of them
received post-transplant TKI maintenance. The 6-year OS was
70% for all transplanted patients (only one patient succumbed to
the disease, whereas the others died from transplant-related
complications).*?

In the context of newly diagnosed Ph+ ALL, promising results are
reported with chemotherapy-free regimens including blinatumomab

and dasatinib/ponatinib, potentially obviating the need for allo-HCT,
especially in patients achieving undetectable MRD.”"®2° The D-ALBA
trial that enrolled 63 patients treated with dasatinib and steroids as
induction followed by at least two cycles of blinatumumab, resulted in
an impressive 4-year OS of 89.4% for those who achieved a mole-
cular response. Twenty-four (38%) patients were allo-grafted, 54% of
them were non-molecular responders. At a median follow-up of 49
months, 83.3% of transplanted patients were alive without evidence
of disease.” The IKZF1 (plus) signature was associated with worse
outcomes.?°

In another study by the MD Anderson leukemia team, among
patients who received at least one complete cycle of ponatinib-
blinatumomab, with a median of five cycles administered, the majority
(97%) maintained an ongoing hematological response. Notably, only
one patient underwent allo-HCT during the first response, driven by
persistently detectable MRD. For the 37 patients who did not undergo
allo-HCT, the median duration of response was 15 months, with an
estimated 1-year OS of 95%.2 These findings suggest that the
blinatumomab-TKI regimens yield favorable outcomes, potentially
eliminating the necessity for allo-HCT in certain cases.

Despite the promising outcomes observed with chemotherapy-
free regimens, combinations pose challenges due to their high cost
and limited availability, particularly in resource-limited settings.?!
Moreover, the durability of responses with these therapies is still
being evaluated, and long-term outcomes are not yet fully estab-
lished. On the other hand, recent data from the GMALL trial 08/2013,
which included 138 patients with Ph+ ALL treated with imatinib and
dose-reduced induction followed by allo-HCT, showed a 3-year OS
of 81%.%2

Additionally, our data suggest that a chemotherapy regimen
combined with TKIs followed by allo-HCT in CR1 has demonstrated
excellent survival rates, nearing 75% at 3 years. This approach be-
comes a viable option, especially in scenarios where newer agents
such as blinatumomab and ponatinib are not available. Allo-HCT also
remains a crucial option for patients who do not achieve MRD ne-
gativity with novel agents or experience relapse post-treatment.

In summary, this study represents the largest analysis to date
assessing trends over time and predictive factors for outcomes of Ph+
ALL patients after allo-HCT in CR1. In this population, we observed
an impressive improvement over time in post-transplant outcomes
with decreased CIR and NRM and improved LFS, OS, and GRFS, both
in MRD-positive and MRD-negative patients. While newer generation
TKls and chemotherapy-free regimens offer promising alternatives,
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allo-HCT continues to play a vital role in the comprehensive man-
agement of Ph+ ALL, providing a curative option for eligible patients,
particularly in situations where access to novel therapies is limited or
when deep and sustained molecular responses are not achieved.?®
These large-scale, real-world data can serve as a benchmark for
future studies in this setting, including those testing the combination
of a TKI and blinatumomab as an alternative to transplant.
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