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Key Points

• In Ph1 ALL in CR1,
alloBMT with PTCy
yielded favorable out-
comes with nonmye-
loablative conditioning
after initial induction
with dasatinib.

• Patients with MRD by
multicolor flow cytome-
try but not BCR-ABL
polymerase chain reac-
tion on pretransplant
evaluation had poorer
RFS and OS.

Allogeneic blood or marrow transplantation (alloBMT) is standard of care for adults with

Philadelphia chromosome–positive acute lymphoblastic leukemia (Ph1 ALL) in first

complete remission (CR1). The routine pretransplant and posttransplant use of tyrosine

kinase inhibitors (TKIs) has dramatically improved outcomes, but the optimal conditioning

regimen, donor type, and TKI remain undefined. The bone marrow transplant database at

Johns Hopkins was queried for adult patients with de novo Ph1 ALL who received alloBMT

using posttransplantation cyclophosphamide (PTCy) as a component of graft-versus-host

disease (GVHD) prophylaxis from 2008 to 2018. Among transplants for Ph1 ALL, 69 (85%)

were performed in CR1, and 12 (15%) were performed in second or greater remission

(CR21). The majority of transplants (58%) were HLA haploidentical. Nearly all patients

(91.4%) initiated TKI posttransplant. For patients in CR1, the 5-year relapse-free survival

(RFS) was 66%. The use of nonmyeloablative conditioning, absence of measurable residual

disease (MRD) according to flow cytometry at transplant, and the use of dasatinib vs

imatinib at diagnosis were associated with improved overall survival (OS) and RFS. Neither

donor type nor recipient age $60 years affected RFS. When analyzing all transplants,

alloBMT in CR1 (vs CR21) and the absence of pretransplant MRD were associated with

improved RFS. Most relapses were associated with the emergence of kinase domain

mutations. The cumulative incidence of grade 3 to 4 acute GVHD at 1 year was 9%, and

moderate to severe chronic GVHD at 2 years was 8%. Nonmyeloablative alloBMT with PTCy

for Ph1 ALL in an MRD-negative CR1 after initial treatment with dasatinib yields favorable

outcomes.

Introduction

Before the introduction of imatinib, 5-year overall survival (OS) with Philadelphia chromosome–positive
acute lymphoblastic leukemia (Ph1 ALL) was ,20% with chemotherapy alone but improved to ;40%
with allogeneic blood or marrow transplantation (alloBMT) in first complete remission (CR1).1,2 These
outcomes improved dramatically with tyrosine kinase inhibitors (TKIs), and studies incorporating TKIs
with chemotherapy followed by alloBMT in CR1 continue to suggest this approach yields the best
outcomes for transplant-eligible patients.3-5 These reports have largely relied on myeloablative
conditioning (MAC) with nonrelapse mortality (NRM) of at least 25% and required an HLA-matched
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donor.3,6 Unfortunately, most patients do not have an HLA-matched
sibling, and ,30% of US ethnic minorities have a matched unrelated
donor (MUD) option.7

Early transplants were restricted to matched sibling donors (MSDs).
However, alternative donor options are expanding with excellent
outcomes. For example, in Ph1 ALL, the European Group for Blood
and Marrow Transplantation (EBMT) reported improved leukemia-
free survival due to decreased relapse among MUD transplants
compared with MSD transplants.8 AlloBMT using haploidentical
related (haplo) donors is available to most patients with outcomes
similar to matched donor alloBMT when high-dose posttransplan-
tation cyclophosphamide (PTCy) is used as a component of graft-
versus-host disease (GVHD) prophylaxis.9-13 Previous analyses of
haplo alloBMT have pooled Ph1 ALL with other hematologic
malignancies, and thus more data are needed on its efficacy in
Ph1 ALL.

MAC leads to high rates of NRM,6 and it is unsuitable for older
patients, in whom Ph1 ALL is common.14 Nonmyeloablative
conditioning (NMAC) reduces NRM and can be used in older
and less fit patients. Center for International Bone Marrow
Transplant Research data show reduced NRM but increased
relapse incidence, yielding comparable OS for patients receiving
reduced-intensity conditioning transplants compared with MAC
for Ph1 ALL.6 The transplants in this dataset were performed
before second-generation TKIs were routinely used in Ph1 ALL,
and most patients did not receive posttransplant TKI mainte-
nance. Although the prophylactic use of TKIs posttransplant
remains controversial, an EBMT registry study suggested it was
associated with improved leukemia-free survival and OS, as have
prospective studies.8,15,16 Thus, when combined with NMAC,
posttransplant TKI maintenance may overcome the advantage of
leukemia control associated with MAC.

In addition to the need for data on outcomes using alternative
donors and NMAC for Ph1 ALL, a better understanding of the role
of TKIs in Ph1 ALL is needed, including the optimal agent, dosing,
and duration of posttransplant maintenance. Some studies have
limited posttransplant maintenance to 1 year, whereas others have
extended maintenance up to 5 years.4,8 One prospective study
randomized patients to receive prophylactic posttransplant imatinib
vs initiating imatinib upon detection of measurable residual
disease (MRD) and found similar survival outcomes; however,
the patients were enrolled after transplantation, leading to the
potential for selection bias.17

The current article presents results for Ph1 ALL patients who
underwent transplant with MAC or NMAC and universally
received PTCy. By including all Ph1 ALL patients undergoing
transplant at our institution over a decade, we describe a comprehen-
sive experience with the initiation, dosing, and duration of posttrans-
plant TKI prophylaxis, including patterns of relapse.

Patients and methods

Patients

The BMT database at the Sidney Kimmel Comprehensive Cancer
Center at Johns Hopkins was screened for adults (age $18 years)
with de novo Ph1 ALL who received alloBMT using PTCy between
January 2008 and August 2018. Patient demographic character-
istics, disease characteristics, and pretransplantation treatment

were obtained. This study was conducted with a waiver of informed
consent following approval by the Johns Hopkins Institutional Review
Board.

Preparative regimen, donor typing, and

GVHD prophylaxis

Before 2015, the choice of preparative regimen (MAC vs NMAC)
was at the discretion of the treating physician based on patient
characteristics and available clinical trials. Beginning in 2015,
patients received NMAC exclusively. Additional information re-
garding the definition of donor types, preparative regimens, and
GVHD prophylaxis have been reported previously and can be found
in the supplemental Methods.10,18-20

MRD assessment

Bone marrow biopsies were performed within 30 days before
alloBMT and again 50 to 75 days’ posttransplant according to
institutional standards. Multicolor flow cytometry (MFC) was
performed on bone marrow aspirate samples, and MRD was
defined with a level of sensitivity of 1/10 000 (0.01%) cells. Most
patients also had BCR-ABL polymerase chain reaction (PCR)
testing from the bone marrow or peripheral blood that was
normalized to a control gene (ABL1). A quantitative value was
reported for patients with a major transcript (p210) with a limit of
detection of 0.002% BCR-ABL1 to ABL1 ratio after March 29,
2018, and 0.01% before that date.21-23 A qualitative value (ie,
negative or positive) was reported for patients with a minor
transcript (p190) with a limit of detection similar to that for the
p210 transcript. This assay was performed at the time of standard
bone marrow biopsies and intermittently after transplantation.

TKI usage

TKI use was determined from patient charts, including dates of
initiation, discontinuation, and dosing. The goal for all patients
was to initiate a TKI after transplantation, although the timing of
initiation and the choice of TKI were at the discretion of the
treating physicians. We evaluated the percentage of evaluable,
posttransplant days over 12 months starting from day 31 that
patients used TKIs. TKI use on $85% of days in the first
posttransplant year has previously been defined as successful
maintenance.16 For patients who relapsed, died, or were lost to
follow-up before day 395, the number of evaluable days was
calculated from day 31 until the first event. For relapsed patients,
the results of kinase domain (KD) mutation testing were recorded
when available.

Statistical analysis

The primary outcomes were OS, defined as the time from alloBMT
to death or last follow-up, and relapse free survival (RFS), defined as
the time from alloBMT to death, relapse, or last follow-up, whichever
occurred first. Patients undergoing a second transplant were
censored for OS at the time of their second transplant. Relapse was
defined as the reappearance of blasts in the blood or bone marrow
(.5%) or in any extramedullary site after CR.24 Characteristics of
patients were summarized and compared according to conditioning
regimen intensity by using the Student t test for continuous
variables and Fisher’s exact test for categorical variables. Estima-
tors of OS and RFS were reported by using the Kaplan-Meier
method. Differences in time-to-event outcomes were estimated by
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using Cox proportional hazards models for RFS andOS, or Fine and
Gray’s model for cumulative incidence of relapse/NRM considering
competing events.25 Additional details of the statistical analysis are
reported in the supplemental Methods.

Results

Patient characteristics

Between January 2008 and August 2018, a total of 81 alloBMTs
involving 76 unique patients were performed for Ph1 ALL at Johns
Hopkins using PTCy. All patients were in morphologic remission at
transplant. Sixty-nine transplants (85%) were performed in CR1,
and 12 transplants (15%) were performed in second or greater
remission (CR21). Demographic characteristics are presented in
Table 1, including the hematopoietic cell transplantation–specific
comorbidity index and Karnofsky performance status.26,27 Based on
the reversed Kaplan-Meier method, the median follow-up was
4.7 years (range, 0.04-9.4 years). The median age at transplant was
49.2 years (range, 21-71.9 years) for transplants in CR1. The
majority of patients undergoing transplant in CR1 had received the
hyperfractionated cyclophosphamide, vincristine, doxorubicin, and
dexamethasone (Hyper-CVAD) regimen (76.8%), whereas the re-
mainder received therapy based on the E2993 protocol (11.6%) or
other chemotherapy regimens (11.6%).1,28 Among patients un-
dergoing transplant in CR1, baseline characteristics were equalized
between patients who received MAC vs NMAC, except for
a significantly higher burden of comorbidities as assessed by using the
hematopoietic cell transplantation–specific comorbidity index among
those undergoing transplant with NMAC. Among 12 patients trans-
planted in CR21, the median duration of CR1 was 16 months, and 6
had undergone previous alloBMT.

AlloBMT characteristics are summarized in supplemental Table 1.
The majority (62.3%) of patients undergoing transplant in CR1
received NMAC, and most grafts were from haploidentical donors
(55.1%); other donor types were MSDs (23.2%), MUDs (18.8%),
and mismatched unrelated donors (mMUDs; 2.9%). Patients
undergoing transplant with NMAC in CR1 were more likely to
receive haplo grafts than those transplanted with MAC (76.7% vs
19.2%; P , .001). The majority of CR1 patients receiving MAC
underwent transplant from 2008 to 2013 (92.3% vs 30.2% of
NMAC transplants; P5 .0001), with most receiving a chemotherapy-
based preparative regimen. All patients continued their pretransplant
TKI until the start of conditioning, with patients transplanted in
CR1 taking dasatinib (46.4%), imatinib (34.8%), nilotinib (14.5%),
ponatinib (2.9%), or bosutinib (1.4%). Among the transplants in
CR21, patients were taking ponatinib (n 5 6), dasatinib (n 5 3),
or imatinib (n 5 3) at transplant.

Pretransplant MRD assessment

Pretransplant MRD was assessed by MFC and/or BCR-ABL PCR
(supplemental Table 2). Most patients transplanted in CR1 had no
detectable MRD according to MFC. Patients transplanted in CR1
using MAC were more likely to be MRD1 than those undergoing
transplant with NMAC (23.1% vs 0%; P 5 .002). The presence of
MRD according to MFC before transplantation in CR1 based on the
TKI used at treatment initiation was 7.8% for imatinib, 6.1% for
dasatinib, and 28.6% for nilotinib (P 5 .22). According to donor
type, there was a trend toward more MRD according to MFC with
MSD (25%) and MUD (14.3%) than haploidentical (6.4%) or

mMUD (0%) (P 5 .18) (supplemental Table 3). When assessed by
using PCR, 10.1% of patients transplanted in CR1 were MRD1,
62.3% were MRD–, and 27.5% were unknown. Among those who
had pretransplant PCR testing, the frequency of MRD based on TKI
used at treatment initiation was 13.6% for imatinib, 10% for
dasatinib, and 33% for nilotinib (P 5 .31). Among patients with
pretransplant MRD assessment according to MFC and PCR, the
observed agreement was 78%, with a skewness distribution
that most patients (74%) were negative by both (supplemental
Table 4).

Incidence of GVHD and graft failure

The incidence of graft failure for all 81 transplants was 2.5%.
Among transplants in CR1, the incidence of graft failure was 0%
with MAC vs 4.7% with NMAC (P 5 .52). For all patients, the
cumulative incidence of grade 2 to 4 acute GVHD (aGVHD) at
1 year was 33% (95% CI, 23-44), and cumulative incidence of
grade 3 to 4 aGVHD at 1 year was 9% (95% CI, 3-15). The
incidence of moderate or severe cGVHD at 2 years was 8% (95%
CI, 2-13) (Figure 1).

TKI use after alloBMT

Posttransplant TKI maintenance was initiated after 91.4% of
transplants. Seven patients failed to start TKI maintenance due to
death within 100 days (n5 2), cytopenias (n5 4), and aGVHD (n5 1).
Posttransplant TKI maintenance use is summarized in Table 2 and
supplemental Figure 1. The median time to prophylactic posttrans-
plant TKI initiation was 56 days (range, 31-389 days) and was
similar regardless of conditioning regimen (MAC 59 days vs
NMAC 55 days; P 5 .7). The median duration of continuous TKI
use from posttransplant initiation until discontinuation or TKI
change due to side effects, relapse, or death exhibited a signifi-
cantly longer duration of continuous use for imatinib (median, 183
days) and nilotinib (median, 368 days) than dasatinib (median,
75 days; P 5 .02 for imatinib vs dasatinib and P 5 .007 for
dasatinib vs nilotinib). The distribution of posttransplant TKI mainte-
nance over 12 months starting on day 31 is shown in supplemental
Figure 2. Overall, 44% of patients were on TKI for $85% of
nonrelapse evaluable days during that time. Patients who developed
grade 3 to 4 aGVHD were less likely to achieve this milestone than
those who did not (0% vs 48.6%; P 5 .02).

Overall outcomes

At 5 years, RFS for all 81 transplants was 56% (95%CI, 43.5-66.7).
In univariate analysis, transplant in CR1 vs CR21 and the presence
of MRD according to MFC before transplant affected 5-year RFS,
as shown in Table 3 and Figure 2. There was no difference in 5-year
RFS when MRD was assessed according to PCR. Factors that did
not lead to a statistically significant difference in RFS included
whether the transplant was performed from 2008 to 2013 vs 2014
to 2018, conditioning intensity (NMAC vs MAC), age .60 years,
and donor type.

Among patients transplanted in CR1, the 5-year OS was 77.6%
(95% CI, 64.8-86.2), and RFS was 66% (95% CI, 52.4-76.5). The
5-year NRM was 9.9% (95% CI, 4.6-20.9), and cumulative
incidence of relapse was 26.7% (95% CI, 16.8-40.8). As shown
in Table 3 and Figure 3, in univariate analysis, the absence of
pretransplant MRD according to MFC, NMAC, more recent
transplant (2014-2018 vs 2008-2013), and the use of dasatinib
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at leukemia diagnosis were all associated with improved RFS.
When considering the TKI used at diagnosis, 5-year RFS was
83.0% for those treated with dasatinib, 49.9% with imatinib,
and 62.5% with nilotinib. Donor type and age .60 years did
not lead to a difference in RFS. As shown in supplemental
Figure 3, patients transplanted in CR1 with a haploidentical
donor had a significantly better RFS following NMAC than
MAC (hazard ratio, 0.13; P 5 .002), whereas this difference
was not significant for those transplanted with a matched

donor (hazard ratio, 0.32; P 5 .27). The small patient numbers
preclude a multivariable analysis.

Posttransplant TKI maintenance, relapse, KD

mutations, and MRD

Among patients initiating TKI prophylaxis, the median duration of
treatment was 1.7 years (range, 0.03-8.4 years). Maintenance
therapy was discontinued in 20 cases (27.0%) before relapse.

Table 1. Demographic characteristics according to remission status (CR1 vs CR21) and conditioning regimen for patients in CR1

Characteristic All (N 5 81) CR1 MAC (n 5 26) CR1 NMAC (n 5 43) P CR21 (n 5 12)

Female sex, n (%) 46 (56.8) 19 (73.1) 21 (48.8) .07 6 (50)

Median age (range), y 49.2 (21.0-71.9) 46.1 (21-63.1) 50.4 (26.7-71.9) .1 51.3 (29.5-65.5)

Age .60 y, n (%) 17 (20.1) 2 (7.7) 12 (27.9) .06 3 (25)

Median WBC at diagnosis (range), 3103/mL 18 (1-386) 19 (2-300) 18 (1-386) .79

Prior CNS involvement, n (%) 7 (8.6) 0 (0) 2 (4.7) 5 (41.7)

Transcript at diagnosis, n (%)

p190 alone 49 (60.4) 16 (61.5) 25 (58.1) .47 8 (66.7)

p210 alone 12 (14.8) 2 (7.7) 8 (18.6) 2 (16.7)

Other 3 (3.7) 2 (7.7) 1 (2.3) 0

Unknown 17 (21.0) 6 (23.0) 9 (20.9) 2 (16.7)

TKI at diagnosis, n (%) .07

Imatinib 15 (57.7) 13 (30.2)

Dasatinib 8 (30.7) 25 (58.1)

Nilotinib 3 (11.5) 5 (11.6)

HCT-CI score, n (%)* .001

0 (low) 25 (31.6) 15 (57.5) 7 (17.1) 3 (25)

1-2 (intermediate) 30 (38.0) 8 (30.8) 16 (39.0) 6 (50)

31 (high) 24 (30.4) 3 (11.5) 18 (43.9) 3 (25)

Median KPS (range) 90 (80-100) 90 (90-100) 90 (80-100) .1 90 (80-100)

Prior allogeneic transplant, n (%) 6 (50)

Median duration of CR1 (range), mo 16 (5.9-50.5)

CR1 duration ,1 y, n (%) 5 (41.7)

CNS, central nervous system; HCT-CI, hematopoietic cell transplantation–specific comorbidity index; KPS, Karnofsky performance status.
*Pulmonary function test results were unavailable for 2 patients who were omitted from analysis for HCT-CI.
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Among those discontinuing therapy, 12 (60%) remain in
treatment-free remission with a median follow-up of 5.9 years
(range, 1.5-9.4 years). Four patients (20%) died of nonrelapse
causes, and 3 patients (15%) experienced a relapse at a median
of 1.9 years (range, 1.7-2.1 years) posttransplant. One patient
developed recurrent MRD according to BCR-ABL PCR, resumed
dasatinib, and is in an ongoing MRD– remission. The median
duration of posttransplant TKI prophylaxis before discontinuation
was 46.5 months in those who remain in treatment-free remission
vs 15.6 months in those who relapsed (P 5 .01). For those in
whom maintenance therapy is ongoing, 34 patients remain in
remission at a median of 3.9 years’ posttransplant (range, 0.6-8.4
years), and 2 patients died of nonrelapse causes. A total of 18
relapses occurred on maintenance at a median of 0.8 year
posttransplant (range, 0.15-5.5 years); 67% of relapses occurred
within 12 months of transplant. The median time to TKI initiation
was 70 days among those who relapsed and 55 days among
those who did not (P 5 .6). Results of KD mutation testing for
relapsed patients are shown in Table 4.

BCR-ABL PCR testing from the peripheral blood or bone marrow
was performed in the first 75 days’ posttransplant after 66 transplants,
showing 11 early molecular relapses (16.7%) without mor-
phologic relapse and 55 molecular remissions (83.3%). The
cumulative incidence of subsequent morphologic relapse was
significantly increased in those with early molecular relapse
compared with molecular remission (hazard ratio, 3.65; P5 .02)
as shown in supplemental Figure 4. All patients with early
molecular relapse initiated a second- or third-generation TKI,
and 5 patients achieved an MRD– remission that is ongoing at
a median of 4.7 years’ posttransplant (range, 3.8-5.9 years).
Among the 49 patients in continuous remission, 48 (98%) were
MRD– according to PCR at their most recent assessment, and
one was never assessed. Similarly, among the 10 cases of NRM,
9 (90%) were MRD– according to PCR at the last assessment
before death, while one was not assessed.

Discussion

AlloBMT remains a standard of care for adults with Ph1 ALL who
achieve remission.5,29 However, the optimal timing, donor type,
conditioning regimen, and GVHD prophylaxis remain topics of
debate. Although the use of posttransplant TKI maintenance is
widely accepted,8 the choice of TKI as well as the optimal
timing and duration of posttransplant treatment have not been
established. This study shows the safety and efficacy of alloBMT
for Ph1 ALL using PTCy as GVHD prophylaxis, including the near-
universal initiation of posttransplant TKI maintenance. Using this
approach, NMAC yielded better outcomes than MAC for trans-
plants in CR1, especially among patients receiving haploidentical
grafts, and treatment with dasatinib at diagnosis led to better
outcomes than imatinib. Outcomes among patients transplanted in
CR21 and those with pretransplant MRD according to MFC
were poor.

Patients transplanted in CR1 had improved RFS and OS after
NMAC conditioning compared with MAC. Prior analyses have
suggested comparable RFS and OS following reduced-intensity
conditioning or MAC in Ph1 ALL due to increased NRM and
decreased relapse incidence with MAC.6,8 In the current study,
patients transplanted with NMAC had better outcomes despite an
objectively higher burden of comorbidities. Furthermore, NMACT
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allows fit, older patients to undergo alloBMT, with a 5-year RFS of
63.4% in those aged .60 years, which was comparable to
outcomes in younger patients. This replicates previous findings
for NMAC transplants with PTCy that suggest age does not
affect outcomes in selected patients.30 Although the Hyper-
CVAD program with ponatinib has shown excellent outcomes in
older patients without alloBMT,31 NRM with this regimen in older
patients is as high as 38.5%.32 In addition, ponatinib is associated
with vascular occlusive events, which are more frequent in older
patients.32,33 Thus, NMAC transplant for older Ph1 ALL patients in
CR1 represents a viable alternative to continuing chemotherapy.
Although those patients undergoing NMAC alloBMT tended to be
older with more comorbidities, patients transplanted with MAC
were more likely to be MRD1, which also biases this comparison of
outcomes between NMAC and MAC. In addition, chemotherapy-
based conditioning regimens were used for the majority of MAC
transplants, whereas recent evidence suggests better outcomes
with total body irradiation–based regimens in ALL.34 The near-
universal implementation of posttransplant TKI prophylaxis following
both MAC and NMAC differentiates our study from previous
studies, and it suggests that consistently excellent outcomes can be
achieved with NMAC transplant for Ph1 ALL patients in an MRD-
negative CR1 with posttransplant TKI maintenance, including older
patients and those with comorbidities.

In addition to age, donor type did not affect outcomes in this study,
similar to a previous study showing excellent survival with haploi-
dentical transplant in Ph1 ALL,35 and the low incidence of moderate
to severe cGVHD is consistent with previous reports after PTCy.9

Retrospective analyses have suggested similar outcomes after
MAC and reduced-intensity conditioning haploidentical trans-
plant,36 but the outcomes in this Ph1 ALL cohort were better
after NMAC than after MAC. In addition to the role of PTCy in
haploidentical transplant, randomized trials suggest the supe-
riority of PTCy over conventional immunosuppression for matched
transplants.37,38 RFS and OS for matched transplants with PTCy
in CR1 in our cohort compare favorably to previous studies in Ph1

ALL using conventional immunosuppression.3,39 Thus, transplant
with PTCy in Ph1 ALL facilitates matched and haploidentical
transplant with limited toxicity, ensuring nearly all patients will
have a donor.

For patients transplanted in CR1, the use of dasatinib at diagnosis
(5-year RFS, 83.0%) led to improved OS and RFS compared with
imatinib (5-year RFS, 49.9%). Previous studies in Ph1 ALL have
suggested no significant difference in outcomes between imatinib-
and dasatinib-treated patients in the absence of alloBMT.40

However, our results mirror those of a US intergroup study using
dasatinib showing a 3-year RFS of 76% with alloBMT.4,40 The

Table 3. Hazard ratios with 95% CIs for RFS, OS, CIR, and NRM according to pretransplant factors for all transplants and those in CR1

Variable RFS (95% CI) OS (95% CI) CIR (95% CI) NRM (95% CI)

All transplants

2008-2013 (N 5 45) vs 2014-2018 (N 5 36) 2.14 (0.99-4.65), P 5 .052 2.36 (0.93-5.98), P 5 .07 2.07 (0.82-5.24), P 5 .13 1.91 (0.5-7.25), P 5 .34

NMAC (n 5 54) vs MAC (n 5 27) 0.61 (0.30-1.22), P 5 .16 0.43 (0.19-0.98), P 5 .045 0.65 (0.28-1.51), P 5 .32 0.72 (0.20-2.54), P 5 .61

Age $60 y (n 5 17) vs age ,60 y (n 5 64) 0.97 (0.42-2.22), P 5 .93 0.73 (0.25-2.15), P 5 .57 0.70 (0.24-2.03), P 5 .51 1.66 (0.42-6.46), P 5 .47

MRD1 Pre by MFC (n 5 9) vs MRD– (n 5 70) 2.57 (1.05-6.28), P 5 .039 2.49 (1.28-4.86), P 5 .007 2.28 (0.71-7.34), P 5 .17 1.99 (0.46-8.61), P 5 .36

MRD1 Pre by PCR (n 5 9) vs MRD– (n 5 50) 1.12 (0.38-3.27), P 5 .84 1.01 (0.29-3.51), P 5 .99 1.19 (0.31-4.55), P 5 .80 0.78 (0.08-6.88), P 5 .82

MRD1 Pre by PCR (n 5 9) vs MRD–/untested (n 5 72)
(sensitivity analysis)

1.18 (0.41-3.35), P 5 .76 1.13 (0.33-3.81), P 5 .19 1.19 (0.32-4.43), P 5 .80 0.89 (0.10-7.61), P 5 .92

Donor (vs MSD (n 5 16))

MUD (n 5 16) 0.66 (0.22-1.97), P 5 .46 0.75 (0.22-2.6), P 5 .65 1.04 (0.32-3.37), P 5 .95 NA

Haplo (n 5 47) 0.87 (0.37-2.06), P 5 .75 0.77 (0.27-2.16), P 5 .62 0.74 (0.27-2.02), P 5 .55 1.23 (0.27-5.71), P 5 .79

CR1 (n 5 69) vs CR21 (n 5 12) 0.25 (0.12-0.52), P 5 .0002 0.23 (0.1-0.53), P 5 .0006 0.34 (0.14-0.81), P 5 .015 0.27 (0.08-0.87), P 5 .03

CR1 only

TKI at Dx (vs imatinib, n 5 28)

Dasatinib (n 5 33) 0.21 (0.07-0.66), P 5 .007 0.16 (0.06-0.75), P 5 .02 0.29 (0.08-1.03), P 5 .06 0.16 (0.02-1.35), P 5 .09

Nilotinib (n 5 8) 0.75 (0.22-2.6), P 5 .66 0.66 (0.14-2.99), P 5 .59 1.34 (0.33-5.49), P 5 .69 NA

NMAC (n 5 43) vs MAC (n 5 26) 0.37 (0.16-0.88), P 5 .02 0.15 (0.04-0.53), P 5 .0035 0.48 (0.18-1.3), P 5 .15 0.29 (0.06-1.56), P 5 .15

Age $60 y (n 5 14) vs age ,60 y (n 5 55) 1.14 (0.42-3.11), P 5 .79 0.63 (0.14-2.83), P 5 .55 0.82 (0.24-2.77), P 5 .75 2.06 (0.38-11.32), P 5 .41

MRD1 Pre by MFC (n 5 6) vs MRD– (n 5 62) 3.65 (1.22-10.9), P 5 .02 5.63 (1.74-18.2), P 5 .004 3.55 (0.94-13.3), P 5 .06 2.09 (0.28-15.74), P 5 .48

MRD1 Pre by PCR (n 5 7) vs MRD– (n 5 43) 0.75 (0.17-3.32), P 5 .71 0.61 (0.08-4.86), P 5 .64 0.43 (0.05-3.62), P 5 .44 2.13 (0.21-21.11), P 5 .52

MRD1 Pre by PCR (n 5 7) vs MRD–/untested (n 5 62)
(sensitivity analysis)

0.82 (0.19-3.5), P 5 .79 0.62 (0.08-4.77), P 5 .65 0.49 (0.06-4.15), P 5 .52 1.85 (0.21-16.5), P 5 .58

Donor (vs MSD, n 5 16)

MUD (n 5 13) 0.37 (0.1-1.43), P 5 .15 0.36 (0.07-1.88), P 5 .23 0.57 (0.14-2.3), P 5 .43 NA

Haplo (n 5 38) 0.64 (0.25-1.63), P 5 .35 0.51 (0.16-1.62), P 5 .26 0.61 (0.21-1.78), P 5 .37 0.81 (0.16-4.2), P 5 .8

2008-2013 (N 5 37) vs 2014-2018 (N 5 32) 2.75 (1.00-7.52), P 5 .05 2.14 (0.67-6.84), P 5 .20 3.23 (0.92-11.3), P 5 .07 1.74 (0.33-9.28), P 5 .52

CI, confidence interval; CIR, cumulative incidence of relapse; Dx, diagnosis; NA, not applicable; Pre, pretransplant.
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better outcomes may be explained by faster and deeper responses
with dasatinib, as seen in chronic myeloid leukemia,41 and the
intermittent dosing strategy that was initially used with imatinib in
combination with chemotherapy for Ph1 ALL.42 Although we
detected no differences in the frequency of pretransplant MRD
between imatinib- and dasatinib-treated patients, it is conceivable
that dasatinib yielded deeper responses below the limit of detection
of our assays, explaining the trend toward decreased relapse after
dasatinib treatment.

In our cohort, 5-year RFS was 66% after transplant in CR1 and
just 8% after transplant in CR21. The MD Anderson Cancer
Center reported similarly poor transplant results for Ph1 ALL
patients in CR2, with a 5-year OS of 9%.39 There is certainly
debate about deferring alloBMT in select adult patients with
Ph1 ALL,43,44 especially given the recent approvals of blinatu-
momab, inotuzumab, and chimeric-antigen receptor T cells, which
can be effective in inducing an MRD-negative CR2 both alone and in
combination with TKIs.45-49 Among patients transplanted in CR21,
many had at least one negative prognostic factor, including prior
central nervous system involvement (41.7%), relapse after a previous
alloBMT (50%), CR1 duration ,1 year (41.7%), or persistent MRD
before transplant (25%). Although there is reasonable evidence that
successful salvage with transplant in an MRD–CR2 is achievable
in Ph- ALL,50 similar evidence is currently lacking in Ph1 ALL and
must factor into discussions about the wisdom of deferring
alloBMT in CR1.

The optimal technique for evaluating MRD in Ph1 ALL and its
impact on posttransplant prognosis is unclear. Three separate
studies evaluating pretransplant MRD assessed by using BCR-ABL
PCR have shown no difference in RFS between MRD1 and MRD–

patients.6,8,39 Our data are consistent with this conclusion based on
analyses of outcomes for MRD1 vs MRD– patients as well as
a sensitivity analysis in which untested patients were assumed to be
MRD–, as 91% were MRD– according to MFC. However, when
MRD is assessed by using MFC, patients who were MRD1 at

transplant had poorer RFS. This is consistent with prior studies.34

The fact that the Ph chromosome may be expressed in non-ALL
cells such that its persistence may be an imperfect marker of
residual leukemia partially explains this discrepancy.51 A more
sensitive MRD assay that specifically tracks clonal rearrangements
in B cells using immunoglobulin heavy-chain rearrangements may
prove more predictive, as it has already shown a strong correlation
with posttransplant outcomes in pediatric ALL.52

Posttransplant TKI prophylaxis was nearly universal in our cohort,
and this provides insight about the use, initiation, and dosing of
posttransplant TKIs. Previous prospective posttransplant studies
have shown that imatinib and nilotinib can be initiated by days 21
and 81, respectively.15-17 In the current study, the median time to
posttransplant TKI initiation was 56 days and did not differ
according to TKI. This suggests that later-generation TKIs can be
initiated as posttransplant prophylaxis earlier than previously
reported. However, the timing of posttransplant TKI initiation is
likely to remain an individualized decision with risk factors for
relapse, such as MRD1 status and transplant in CR21, being
balanced by concerns about posttransplant toxicities, including
GVHD, cytopenias, and infections. For example, patients who
developed grade 3/4 aGVHD were unable to consistently take
a posttransplant TKI. Although most patients on a posttransplant
TKI took the dose recommended for chronic-phase chronic myeloid
leukemia, the duration of continuous posttransplant use was
significantly shorter with dasatinib than with nilotinib or imatinib.
This approach suggests that dasatinib at conventional doses may
not be as well tolerated posttransplant as alternative TKIs.

Posttransplant relapse was relatively rare after alloBMT in CR1,
but the timing and mechanism of relapse may guide the use of
posttransplant TKI prophylaxis. Among patients on posttransplant
TKIs, 67% of relapses occurred within 1 year. All relapses among
patients who stopped or did not start a posttransplant TKI occurred
by day 776. Prior prospective studies have largely limited posttrans-
plant TKI prophylaxis to 1 year,15,16 but the frequency of relapses
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by using MFC. MRD-U, MRD unknown.
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among patients off of prophylaxis during the second year
posttransplant suggests that TKI prophylaxis should be
extended for at least 2 years when feasible. Although some
patients relapsed or developed recurrent MRD .5 years after
transplant, there is a risk of cardiovascular toxicity with second-
generation TKIs such that their long-term use necessitates an
individualized decision.53 Posttransplant monitoring of BCR-
ABL PCR identified a subset of patients with early molecular
relapse at increased risk of morphologic relapse, but 45% of
patients with early molecular relapse became MRD– with TKI
maintenance alone, leading to excellent long-term outcomes.
This is similar to previous findings with posttransplant imatinib.17

Although there are no current standards for MRD monitoring in
Ph1 ALL, the fact that patients with molecular relapse achieved
long-term RFS suggests that routine monitoring can facilitate
successful preemptive therapy.

Although immune escape mechanisms underlie many posttransplant
relapses in AML,54-56 the majority of relapses in our patients were driven
by KDmutations, conferring resistance to the TKI in use at relapse. As
previously noted in Ph1 ALL patients treated with second-generation
TKIs,57 T315I mutations were common, occurring in 50% of tested
patients who relapsed in CR1. Although this mutation can be
overcome by ponatinib, its cardiovascular toxicity limits its usefulness
as posttransplant prophylaxis33; however, the allosteric ABL inhibitor
asciminib may be effective in this setting and deserves further study.58

This study of PTCy-based alloBMT for Ph1 ALL shows the efficacy
of NMAC for transplant in CR1 with a universal posttransplant
maintenance approach especially following induction with dasatinib.
These data also expand the evidence supporting the effectiveness of
haploidentical alloBMT. Finally, these results strengthen previous
evidence for the role of alloBMT in CR1 and show poorer outcomes
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among patients with persistent MRD according to MFC before
transplantation.
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