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Tyrosine kinase inhibitors (TKIs) are used post-allogeneic he-
matopoietic cell transplantation (HCT) to reduce relapse rates in
Philadelphia chromosome–positive acute lymphoblastic leuke-
mia (Ph1 ALL).1,2 However, because results from retrospective
studies are conflicting2-9 and there has been no definitive ran-
domized trial,10 the role and duration of maintenance therapy
with TKIs post-transplant remain uncertain. Herein, we present
updated outcomes of patients with Ph1 ALL who received HCT
followed by TKImaintenance at our institution11 and evaluate the
impact of TKIs (including newer generations) on survival out-
comes in light of available measurable residual disease (MRD), as
assessed by quantitative polymerase chain reaction for BCR-
ABL1 transcripts at the time of HCT. Furthermore, we attempt to
identify the optimal duration of TKI therapy after transplantation.

A total of 171 patients with Ph1 ALL consecutively underwent
first HCT at MD Anderson Cancer Center from January 2001
through December 2018. Six patients who were not in mor-
phological complete remission (CR) at the time of HCT were
excluded from the analysis. Completemolecular response (CMR)
was defined as the absence of a detectable BCR-ABL1
transcript with a sensitivity of #0.01%.12 Major molecular
response (MMR) was defined as a BCR-ABL1:ABL1 ratio
#0.1% on the International Scale for p210 BCR-ABL1 or a
3-log reduction in transcripts of p190 BCR-ABL1, but not
meeting criteria for CMR.12 Relapse was defined by re-
currence of $5% blasts in bone marrow or by the presence of
extramedullary disease.

Patient demographics, baseline disease, and treatment char-
acteristics of 165 patients are listed in Table 1. The median
follow-up of the cohort from the time of HCT was 67 months
(range, 7-180). At the time of the last follow-up, 88 (53%) patients
had progressed. The 2- and 5-year progression-free survival
(PFS) rates for the whole cohort were 54% and 46%, respectively
(Figure 1A). A total of 84 (51%) patients had died at the time
of the last follow-up. The 2- and 5-year overall survival (OS)
rates for the cohort were 59% and 49%, respectively
(Figure 1A). For patients undergoing transplantation while in
CR1, PFS and OS rates were 69% and 73%, respectively, at
2 years, and 53% and 57%, respectively, at 5 years
(Figure 1B). Univariate analysis showed that age .40 years
(hazard ratio [HR], 1.8; 95% confidence interval [CI], 1.2-2.8;
P5 .006); Karnofsky performance score#80 (HR, 1.9; 95% CI,
1.2-3.1; P 5 .007), HCT-CI score 0 vs$1 (HR, 2.3; 95% CI, 1.2
24.4; P 5 .009), and disease status at HCT advanced re-
mission vs CR1 (HR, 1.7; 95% CI, 1.1-2.6; P 5 .014) were
significantly associated with worse PFS. Multivariate analysis
showed that age (HR, 2.56; 95% CI, 1.3-4.9; P 5 .004), disease

status (HR, 1.927; 95% CI, 1.9-6.2; P5 .0001), and Karnofsky score
(HR, 1.3; 95% CI, 1.3-4.4; P 5 .005) retained significance. In a
competing risk-regression model, the depth of MRD, as assessed
by the BCR-ABL1:ABL1 transcript ratio, was a significant predictor
of cumulative incidence of relapse (CMR vs others; P 5 .03; HR,
2.5; 95% CI, 1.09-5.71) but not for PFS (CMR vs others, P 5 .15;
HR, 1.63; 95% CI, 0.82-3.2) in our cohort. On multivariate
analysis, disease status at transplant (CR$2 vs CR1; P5 .002; HR,
3.36; 95% CI, 1.54-7.32), depth of MRD (others vs CMR, P5 .03;
HR, 2.5; 95% CI, 1.09-5.71) and cytogenetic status (Ph1 alone vs
Ph1 other cytogenetic abnormality; P 5 .006; HR, 0.3; 95% CI,
0.133-0.7) were significant predictors of cumulative incidence of
relapse (supplemental Table 1, available on the BloodWeb site).

A total of 97 (59%) patients received post-transplant TKI
maintenance therapy as prophylaxis (n5 71) or, at the first MRD
positivity post-HCT (MRD-triggered; n 5 26): imatinib (n 5 38),
dasatinib (n5 31), ponatinib (n5 11), bosutinib (n5 1), nilotinib
(n 5 1), or a combination of any 2 of those (n 5 15; Figure 1C).
The median time to TKI initiation after HCT was 2.4 months
(range, 19 days to 35 months). The median time to TKI com-
mencement in the prophylactic and MRD-triggered groups was
2.3months (range, 18 days to 11months) and 3.2months (range,
38 days to 30 months), respectively. In an attempt to assess the
impact of TKI maintenance and, within the limitations of a ret-
rospective analysis, we performed a landmark analysis at
3 months in patients who were in CMR status before HCT and
remained alive and in CMR at 3 months post-HCT (n 5 42).
Among these 42 patients, 18 had begun receiving prophylactic
TKIs within the 3 months after transplantation (group A). The
remaining 24 patients either did not receive TKI therapy (n5 16)
or received therapy (either MRD-triggered or prophylactic;
n5 8) at 3 months after transplantation (group B). The 2-year PFS
for patients in group A was 94.5% (95% CI, 74.3%-99.0%; me-
dian PFS, 144 months) compared with 75% in group B (95% CI,
46.8%-82.0%; median PFS, 96 months; P5 .041; Figure 1D).

In an effort to compare the efficacy of newer generation TKIs vs
imatinib, we analyzed the relapse rates in the prophylactic and
MRD-triggered groups separately. Patient whoalysis. In the TKI
prophylactic group, 28 patients received imatinib, and 33 pa-
tients received newer generation TKIs. The relapse rate was
similar, with 3 patients experiencing relapse in each arm.
However, in theMRD-triggered group, 6 (75%) of 8 patients who
received imatinib had a relapse compared with 6 (45%) of
11 patients who received newer generation TKI. Several studies
have shown that the BCR-ABL1 kinase mutation is the major
cause of relapse in Ph1 ALL.13,14 Newer generation TKIs overcome
some of these mutations and may lead to lower relapse rates
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in patients with more resistant disease, as we observed in our
MRD-triggered group. However, lack of mutational status and the
number of patients preclude definitive conclusions from this study.

The optimal duration for continuing maintenance of TKI post-
transplantation is unclear. At our center, our practice has been to
continue TKImaintenance for aminimumof 2 years up to 5 years;
then, treatment can be stopped at the individual physician’s
discretion or if a patient develops adverse effects. To evaluate
the impact of the duration of TKI and limit biases, we included
patients who were alive in CMR at 3 months post-allo-HCT and
continuing to take TKIs (n 5 84). The median duration of TKI
maintenance was 13 months (range, 0.23-74), with the median
duration between stopping the TKI and last follow-up at 20months
(range, 7 days to 161 months). Of these 84, 29 continued receiving
TKI for more than 24 months. On a competing risk-regression
model, patients who continued TKI maintenance for more than
24 months had a significantly low risk of relapse (HR, 0.12;
P5 .045) compared with patients who stopped before 24 months

Table 1. Patient and treatment characteristics

Patient characteristics n (%)*

Total patients, N 165

TKI maintenance post-HCT
Yes 97 (59)
No 68 (41)

Type of transcript
e1a2 88 (53)
b2a2 22 (13)
b3a2 11 (7)
b3a2 / b2a2 20 (12)
Other combination 24 (15)

Decade of HCT
2001-2009 73 (44)
2010-2018 92 (56)

Induction chemotherapy pre-HCT

HCVAD1TKI 143 (88)
Imatinib, n 70
Dasatinib, n 49
Investigational TKI, n 7
Ponatinib, n 16
Nilotinib, n 1

Others 18 (10)

Not available 4 (2)

Median age (range), y 41 (3-70)
#40 82 (49)
.40 83 (51)

Sex
Male 100 (61)
Female 65 (39)

Cytogenetics at diagnosis
Ph alone 90 (54)
Ph plus other cytogenetic abnormalities 69 (42)
Unknown† 6 (4)

HCT-CI score
0 90 (55)
1 13 (7)
2 24 (15)
3 14 (8)
.3 19 (12)
Unknown 5 (3)

Karnofsky score
100 52 (32)
90 46 (28)
80 38 (23)
70 4 (2)
Unknown 25 (15)

Table 1. (continued)

Patient characteristics n (%)*

WBC count at presentation
#30 000 72 (44)
.30 000 91 (55)
Unknown 2 (1)

Disease status at allo-HCT
CR1 116 (70)
CR2 43 (26)
CR31 6 (4)

Presence of MSD at HCT
CMR 81 (49)
MMR 22 (13)
No CMR/MMR 45 (28)
Unknown 17 (10)

Transplantation conditioning
Myeloablative 156 (96)
Reduced intensity 9 (4)

GVHD prophylaxis
Tacrolimus/methotrexate6pentostatin6ATG 137 (83)
Cyclophosphamide3/tacrolimus/MMF 12 (7)
Tacrolimus/MMF 16 (10)

Donor type
MSD 69 (43)
MUD 58 (35)
MMUD 4 (2)
Haploidentical 12 (7)
Cord 22 (13)

Stem cell source
Bone marrow 46 (28)
Peripheral blood 97 (59)
Cord blood 22 (13)

ATG, antithymocyte globulin; HCVAD, hyper-CVAD, course A: cyclophosphamide,
vincristine, doxorubicin, dexamethasone and course B: methotrexate and cytarabine; MMF,
mycophenolate mofetil; MMUD, mismatched unrelated donor; MSD, matched sibling
donor; MUD, matched unrelated donor, RT-PCR, reverse-transcription-polymerase chain
reaction.

*Unless otherwise indicated, the data are number of patients (percentage of total
group).

†Philadelphia chromosome cytogenetics testing was unavailable at the time of diagnosis,
but was detected at a later time in follow-up bone marrow biopsies.
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(Figure 1E). Among the patients who received TKI therapy for more
than 24 months, there was only 1 relapse.

The median and range of duration of administration for each TKI
is available in supplemental Table 3. The most common reason for
stopping TKI treatment was completion of the planned therapy in
the absence of disease (n 5 27), monitored at the molecular level
by polymerase chain reaction. At the time of last follow-up, another
16 patients were continuing maintenance therapy; 21 patients
stopped the therapy because of disease recurrence (supplemental
Table 4). The major adverse events for which TKIs had to be
stopped were decreased blood counts (n 5 15); fluid retention,
including edema and pleural or pericardial effusion (n 5 5); re-
current infections (n 5 2); gastrointestinal symptoms, including
persistent nausea and vomiting (n 5 7); rash (n 5 2); myalgias,
asthenia, and poor quality of life (n 5 3); liver toxicity (n 5 3); and
pulmonary hypertension/right heart failure (n 5 2). Another 8
patients ceased therapy because of insurance issues, non-
compliance, or loss to follow-up.

Several retrospective and prospective studies2-9 have been
conducted to address the question of TKI maintenance post-
allo-HCT. In the only randomized trial from the German
multicenter study group for adult ALL,10 55 patients with Ph1

ALL who underwent HCT were randomly assigned to re-
ceive imatinib as prophylaxis or based onMRD positivity. Although
prophylactic imatinib prevented molecular recurrence, event-free

survival and OS did not differ significantly between the 2
treatment arms: 5-year OS was 80% in the prophylactic group
vs 75% in the MRD-triggered group. In the European Blood
and Marrow Transplant registry, the Acute Leukemia Working
group8 analyzed the outcomes of 473 patients with Ph1 ALL who
underwent transplantationwhile in CR1 and received post-HCT TKI
maintenance (n 5 157). The post-HCT use of a TKI was as-
sociated with improved OS (HR, 0.44; P 5 .002), disease-free
survival (HR, 0.42; P 5 .004), and reduced rate of relapse (HR;
0.4, P 5 .01).

In summary, our data demonstrate that TKI maintenance results
in a lower rate of hematological relapse and improved PFS.
Furthermore, the optimal duration ofmaintenance should be at least
2 years post-HCT. Additional studies including BCR-ABL mutation
status are needed to assess the impact of newer generation TKIs.
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Figure 1. Study outcomes and practice patterns. (A) PFS and OS for the whole cohort of patients with Ph1 ALL. (B) PFS and OS for patients with Ph1 ALL who underwent allo-
HCT while in CR1. (C) Dot matrix chart showing percentage of patients receiving different types of TKI. (D) Landmark analysis of patients who were in CMR status before and at
3 months after allo-HCT, with a significantly higher PFS in patients who received prophylactic TKI therapy compared with those who did not. (E) Graph showing increased
incidence of relapse in patients who discontinued TKI therapy before 24 months vs those who continued for.24 months. (F) Decreasing percentage of patients who underwent
transplantation while in CR1 over time.
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b-Thalassemia is among the most common autosomal-recessive
conditions; it is caused by nucleotide variants and, less commonly,
deletions of the b-globin gene (HBB; 11p15.4) or gene cluster,1,2

disrupting synthesis of the b-globin polypeptide chains of the
hemoglobin tetramer HbA (a2b2). Heterozygotes usually show
reduced erythrocyte indices and elevated HbA2 levels, and
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