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Abstract
Tyrosine kinase inhibitors are essential in treating Philadelphia chromosome-positive acute
lymphoblastic leukemia (Ph + ALL) and have allowed for effective, low intensity induction regimens.
Whether the use of low intensity induction regimens impacts outcomes after allogeneic stem cell
transplant (alloHSCT) is less understood. We identi�ed consecutive adult patients with Ph + ALL
undergoing alloHSCT in �rst complete remission (CR1) at our center from 2010 to 2021 and examined
the impact of induction intensity on outcomes. Among the 87 patients, 44 (51%) received low intensity
induction and 43 (49%) received induction with high intensity chemotherapy. Patients receiving low
intensity induction were older (median age 60 vs. 47, p < 0.01). Following induction, measurable residual
disease (MRD) negativity by BCR::ABL1 RT-PCR was similar in the low and high intensity cohorts (54%
and 52% respectively). There was no difference between low and high intensity induction with respect to
2-year disease-free survival (58% vs. 56%), 2-year overall survival (62% vs. 63%), 2-year cumulative
incidence of relapse (9% vs. 17%), and 2-year non-relapse mortality (33% vs. 29%). Outcomes were similar
when patients were segmented by induction and conditioning regimen intensities. We demonstrate that
induction intensity does not impact post-transplant outcomes among Ph + ALL patients Ph + ALL
transplanted in CR1.

Introduction
Philadelphia chromosome-positive (Ph+) acute lymphoblastic leukemia (ALL) is a common genetic
subtype of ALL diagnosed in adults.(1, 2) The Philadelphia chromosome arises from the reciprocal
translocation of chromosomes 9 and 22 [t(9;22)(q34;q11)] yielding the BCR::ABL1 fusion gene which
encodes a constitutively active ABL kinase. Adding ABL tyrosine kinase inhibitors (TKIs) to chemotherapy
improves outcomes compared with chemotherapy alone in patients with Ph + ALL.(3, 4) Currently, a TKI is
the central component of treatment regimens for Ph + ALL.(5, 6)

In the TKI era, high-dose induction chemotherapy is no longer needed to achieve initial complete
remission (CR). The GRAAPH-2005 trial randomized patients aged 18–60 years with newly diagnosed Ph 
+ ALL to high intensity or reduced intensity induction chemotherapy in combination with imatinib and
demonstrated that reduced intensity induction was associated with fewer induction deaths and a higher
rate of CR.(7) Chemotherapy-free induction regimens of TKI plus corticosteroids have similarly
demonstrated low toxicity and high CR rates.(8–11)

Among eligible patients with Ph + ALL in CR1, allogeneic hematopoietic stem cell transplant (alloHSCT)
remains a reasonable consolidation approach due to evidence it reduces relapse and improves OS.(7,
12–15) While some studies have questioned the incremental bene�t of alloHSCT following later-
generation TKIs plus intensive chemotherapy in patients achieving deep molecular remissions, alloHSCT
remains an accepted consolidation approach for patients with Ph + ALL even in patients consolidated
with novel agents such as blinatumomab.(10, 13, 14, 16–18)
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Although the ability of reduced intensity induction regimens to induce CR with less toxicity has been
demonstrated, the impact of initial therapeutic de-intensi�cation on long-term outcomes of patients who
proceed to alloHSCT is less understood. In the GRAAPH-2005 trial, patients receiving reduced intensity
induction had equivalent 5-year event-free survival (EFS) and overall survival (OS) compared to patients
receiving standard intensity induction, but all patients received high-dose cytarabine consolidation prior
to alloHSCT.(7) The GIMEMA LAL1509 protocol demonstrated the feasibility of a chemotherapy-free
induction with dasatinib followed by alloHSCT for persistent molecular disease without therapeutic
intensi�cation prior to transplant.(19)

In the absence of a randomized trial, alloHSCT remains a standard treatment option for eligible patients
with Ph + ALL in CR1. Due to heterogeneity and evolution of local and regional practice patterns, the
intensity of induction chemotherapy in patients with Ph + ALL prior to alloHSCT is highly variable.
Therefore, we report on the outcomes of Ph + patients receiving alloHSCT in CR1 at our center over a 10-
year period to assess the impact of pre-transplant induction treatment intensity on post-alloHSCT
outcomes.

Methods
The DFCI transplant database was queried to identify all adult patients (aged ≥ 18 years) with Ph + ALL
who underwent alloHSCT between January 1, 2010 and April 31, 2021 in CR1. Patient demographics,
disease and clinical characteristics, and pre-transplant chemotherapy regimen details and associated
responses were obtained from the electronic medical record. Transplant details and post-transplant
clinical outcomes including hematologic and molecular relapse, the development and severity of graft-
versus-host disease (GVHD), and survival were collected from the DFCI transplant data repository and
supplemented by chart review.

Diagnosis of Ph + ALL and Determination of MRD Status
Patients were determined to be Ph + at diagnosis through karyotype, �uorescence in situ hybridization
analysis, and/or BCR::ABL1 fusion transcript detection with reverse-transcriptase polymerase chain
reaction (RT-PCR). Measurable residual disease (MRD) status at time of alloHSCT was determined by
either the absence of detectable BCR::ABL1 p190 transcript on a qualitative assay with a sensitivity of
1:100,000 cells (until 12/2019) or a quantitative assay with a sensitivity of 1:50,000 cells (since
12/2019), BCR::ABL1 p210 transcript on a quantitative assay with a sensitivity of at least 4.7 logs, or via
multi-parameter �ow cytometry with the absence of detectable immature lymphoid cells at a level < 
0.01%.

Pre-Transplant Treatment Intensity
The induction therapy received at the time of Ph + ALL diagnosis was classi�ed as either low intensity or
high intensity. Regimens consisting of a TKI, corticosteroids, with or without vincristine were classi�ed as
low intensity, while all other chemotherapeutic regimens with concurrent TKI use and including but not
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limited to hyper-CVAD, asparaginase, or anthracycline-based therapies were classi�ed as high intensity.
Patients receiving low intensity induction continued a low intensity approach until transplant unless
additional “salvage” therapy was required for management of refractory disease prior to entering CR1.
These patients remained in the low intensity cohort for analysis. All patients received central nervous
system (CNS) prophylaxis with intra-thecal chemotherapy and in some cases prophylactic cranial
irradiation.

Allogeneic Hematopoietic Stem Cell Transplantation
Prior to transplant, the hematopoietic cell transplantation-speci�c comorbidity index (HCT-CI) score was
calculated for all patients through chart review and laboratory data.(20) Following transplant, the
presence of acute GVHD (aGVHD) was scored according to standard Keystone criteria.(21) Chronic GVHD
(cGVHD) was graded on the conventional scale of limited versus extensive disease on the basis of
severity and organ involvement.(22) Choice and conditioning regimen, conditioning intensity, and GVHD
prophylaxis was determined by the transplant physician based on patient age, co-morbidities,
performance status, and donor source/match. Myeloablative conditioning (MAC) regimens for
transplantation for ALL predominantly included high dose fractionated total body irradiation (TBI) ≥ 1200
cGy given in 6 fractions. Reduced intensity conditioning (RIC) regimens predominantly included
�udarabine with intravenous busulfan 6.4 mg/kg or melphalan ≤ 140 mg/kg.(23) Post-transplant
maintenance therapy with a TKI starting before day + 100 became a standard practice starting around
2015.

Statistical Analysis
Patients who experienced induction failure (n = 2) or were transplanted outside of CR1 (n = 8) were
excluded. Comparisons between categorical variables were assessed using a Fisher exact test, and
continuous variable comparisons were performed using a Wilcoxon rank-sum test. For all time-to-event
assessments, those alive without the event of interest were censored at date last known alive. Overall
survival (OS) is de�ned as time from transplant to date of death. Disease-free survival (DFS) for
hematologic relapse is de�ned as time from transplant to date of hematologic relapse or death. One
patient with missing MRD at transplant was excluded from OS and DFS analyses relating to MRD but
included the overall outcome analyses. One patient who had “cord blood” for stem cell source was
excluded from OS and DFS analyses. The above analyses were performed using Cox proportional
hazards regression, and differences were assessed using the log rank test. The cumulative incidence of
relapse (CIR) was calculated and compared between the high versus low intensity induction therapy
groups from the time of transplant to time of relapse, with NRM as a competing event. Additionally, the
cumulative incidence of molecular relapse was also estimated, as determined by the presence of
detectable BCR::ABL1 transcript on PCR without morphologic evidence of relapse. The cumulative
incidence of grade II-IV aGVHD and cGVHD were also calculated with morphologic relapse or death as
competing events. These analyses were performed using the Fine and Gray regression models, and
differences were assessed using the Gray test. Lastly, analysis with a composite variable that combined
induction intensity and transplant intensity (high/MAC, high/RIC, low/MAC, low/RIC) was explored for all
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endpoints. All p-values are two-sided and considered signi�cant at a 0.05 level. R version 4.0.5 was used
for all analyses.

Results

Patient Characteristics
There were 87 patients with Ph + ALL who underwent alloHSCT in CR1 at the Dana-Farber Cancer
Institute/Brigham and Women’s Cancer Center between January 2010 and April 2021, with 44 and 43
patients receiving low intensity and high intensity induction following ALL diagnosis, respectively. Patient
demographics, era of diagnosis, and baseline disease characteristics are listed in Table 1 organized by
induction intensity. Patients receiving low intensity induction regimens were signi�cantly older (median
age 60 vs. 47 years, p = 0.005), and were more likely to be diagnosed after 2015 than those receiving high
intensity induction regimens (73% vs. 33%, p < 0.001). Other clinical and pathologic characteristics did not
differ between the two induction intensity groups including initial white blood cell (WBC) count, presence
of central nervous system (CNS) disease, type of BCR::ABL1 fusion transcript (p190 vs. p210), and
presence of additional cytogenetic abnormalities.

Treatment Characterization and Oncologic Outcomes

Pre-alloHSCT Induction Treatment and Response
Tyrosine kinase inhibitor received, response to treatment, pre-alloHSCT MRD status and alloHSCT
characteristics are shown in Table 2 organized by pre-transplant induction intensity. Dasatinib was the
most frequently used TKI in both groups but was more common in the low intensity induction group: 95%
compared to 65% in the low and high intensity groups, respectively (p = < 0.001), with the remainder
mostly receiving imatinib. Most patients proceeded directly to alloHSCT after their initial treatment
regimen with similar time to alloHSCT from Ph + ALL diagnosis in both low and high intensity groups (4
vs. 5 months, p = 0.93). Similar numbers of patients in both the low and high intensity induction groups
received at least one additional “salvage” regimen for management of refractory disease prior to entering
CR1 (14% vs. 16%, p = 0.77). Salvage regimens varied among patients, but included hyper-CVAD, high-
dose cytarabine (HiDAC), asparaginase-based therapy, or blinatumomab. Pre-transplant MRD status by
BCR::ABL1 RT-PCR was available for 73 patients and showed similar rates of molecular MRD negativity
between the two groups (54% vs. 52%, p = 0.99). Similarly, pre-transplant MRD negativity determined by
�ow cytometry was done in 79 patients and was not signi�cantly different between groups (78% vs. 84%,
p = 0.57).

Transplant Characteristics
Transplant characteristics are shown in Table 2 organized by pre-transplant induction intensity. Most
patients received myeloablative conditioning prior to transplant, including 81% of patients who received a
high intensity induction and 61% of patients who received a low intensity induction (p = 0.05). There were
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more patients receiving stem cells from a matched unrelated donor in the low intensity induction group
(75% vs. 51%, p = 0.013). There were no signi�cant differences in distribution of stem cell sources
between the low vs. high intensity induction groups. The majority of patients received tacrolimus-based
GVHD prophylaxis in both groups (82% and 95% respectively, p = 0.12).

Post-Transplant Oncologic Outcomes by Pre-Transplant
Chemotherapy Intensity
Post-transplant outcomes strati�ed by initial induction intensity are described in Table 3. At a median
follow-up of 21 months, there were no signi�cant differences in the 2-year DFS (58% vs. 56%, p = 0.58) or
2-year OS (62% vs. 63%, p = 0.46) as measured from date of transplant between the low and high
intensity induction groups, respectively. Patients in low and high intensity induction groups also
experienced comparable rates of RT-PCR detected molecular relapse (34% vs. 33%, p = 0.60) and
hematologic relapse (9% vs. 17%, p = 0.78) by 2 years. The cumulative incidence of NRM at 2 years was
not different in the low and high intensity induction groups, 33% and 29% respectively (p = 0.54). Similar
results in DFS, OS, hematologic relapse, and NRM were achieved when restricting the cohort to patients
who did not require any “salvage” therapies prior to transplant. Lastly, there were no statistically
signi�cant differences in the cumulative incidence of either acute or chronic GVHD between the two
cohorts.

Factors Associated with Outcome
We conducted a univariate analysis to identify factors associated with OS, DFS, cumulative incidence of
relapse (CIR), and NRM with results shown in Table 4, Table 5, and Fig. 1. With respect to CIR, RIC versus
MAC conditioning intensity (HR, 2.92; 95% CI, 1.04–8.19, p = 0.042) and HCT-CI score of > 3 vs. 0–1 (HR,
4.59; 95% CI, 1.17-18.00; p = 0.029) were statistically signi�cant factors associated with higher CIR. There
was a trend toward higher CIR for those with CNS involvement at the time of diagnosis, but did not reach
statistical signi�cance (HR, 2.61 95% CI, 0.54–12.50; p = 0.23). Regarding NRM, patients aged 50–59
years had signi�cantly higher NRM compared to those aged 40–49 years (HR, 3.15; 95% CI, 1.16–8.61; p 
= 0.025). Notably, while RIC vs. MAC transplant conditioning was associated with a higher incidence of
relapse, initial induction intensity (low vs. high) was not signi�cantly associated with OS (HR, 1.28; 95%
CI, 0.66–2.49, p = 0.46), DFS (HR, 1.19; 95% CI, 0.64–2.20; p = 0.58), CIR (HR, 1.23; 95% CI, 0.43–3.57; p = 
0.70) or NRM (HR, 0.80; 95% CI, 0.38–1.67; p = 0.55).

Long-term Outcomes by “Total” Treatment Approach.

We grouped patients by combining pre-transplant induction intensity and alloHSCT conditioning regimen
intensity as shown in Fig. 2. Log-rank tests across the four categories showed no statistically signi�cant
difference between groups for OS, DFS, CIR, and NRM (p = 0.19, p = 0.40, p = 0.21, and p = 0.76
respectively). A comparison among the low intensity induction subgroup receiving MAC vs. RIC
conditioning further showed no statistically signi�cant difference in OS (HR, 1.02; 95% CI, 0.41–2.54; p = 
0.97). Patients receiving high intensity pre-transplant induction chemotherapy followed by RIC alloHSCT
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had an inferior OS compared to patients receiving high intensity induction followed by MAC alloHSCT
(HR, 2.92; 95% CI, 1.08–7.94; p = 0.027), however these results should be interpreted with caution as only
8 patients received this combination.

Discussion
Our study shows that favorable long-term outcomes can be achieved for adults with Ph + ALL
consolidated with alloHSCT in CR1 regardless of the intensity of the initial induction regimen. The 2-year
OS of 62% and 63% in the low and high intensity induction groups in our cohort compares favorably to
other recent series of Ph + ALL patients undergoing HSCT.(4, 9, 11–14, 16, 24–26)

There has been a paradigm shift towards the use of less intensive and chemotherapy-free induction
regimens for Ph + ALL over the last decade. Multiple studies have con�rmed that in patients with newly
diagnosed Ph + ALL, the combination of a TKI, corticosteroids, and minimal (or no) chemotherapy can
reliably induce deep remissions with minimal toxicity.(9, 10, 19, 27–31) Less understood is whether
chemotherapy intensi�cation prior to alloHSCT is needed after a low intensity induction, and whether the
need for chemotherapy intensi�cation depends on intensity of subsequent alloHSCT conditioning.

Our study included all patients with Ph + ALL consolidated with an alloHSCT in CR1 over a 10-year period
at our center. Many patients received one or more cycles of intensive chemotherapy, most commonly
hyper-CVAD plus TKI, prior to alloHSCT. However, there were also a large number of patients who received
minimal or no chemotherapy prior to alloHSCT, bridging directly from remissions achieved by TKIs and
corticosteroids to alloHSCT, similar to the strategy described by the GIMEMA LAL1509 as well as the
CALGB 10701 approach.(19, 31) Patient age and comorbidities determined intensity of transplant
conditioning strategy. Intensity of chemotherapy induction was dictated by age, comorbidities, but also
changing practice patterns in the setting of new data. This heterogeneity allowed us to explore factors
impacting long-term outcomes, including pre-transplant chemotherapy intensity and transplant
conditioning.

We found no difference in OS, DFS, CIR, and NRM at 2 years between patients who received low versus
high intensity chemotherapy prior to transplant, despite the older median age of the low intensity cohort.
Our data suggest that low intensity chemotherapy followed by alloHSCT consolidation results in excellent
outcomes, equivalent to outcomes achieved by patients who receive more intensive pre-transplant
chemotherapy. These �ndings are encouraging as lower intensity regimens are well-tolerated with lower
treatment-related mortality, maximizing the number of patients able to achieve adequate disease
response with su�cient performance status to be considered for curative alloHSCT.(5, 7)

Multiple studies have demonstrated that low MRD status prior to alloHSCT is associated with lower risk
of relapse and improved OS in Ph + ALL.(26, 32) The high rate of MRD negativity by �ow cytometry in
both cohorts in our study when compared to rate of MRD negativity by RT-PCR is concordant with
previous literature, likely re�ective of the increased sensitivity of RT-PCR and, in some cases, presence of
BCR-ABL clonal hematopoiesis in other hematopoietic compartments.(33) While the sample size of our
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cohort made the signi�cance of MRD status on outcome less certain, the older patient cohort receiving
low intensity induction had similar rates of pre-AlloHSCT MRD negativity compared to the younger cohort
largely undergoing intensive induction, supporting the effectiveness of a TKI-based approach without the
need for intensive chemotherapy in achieving deep remissions before alloHSCT.

We further examined patient outcomes by combining pre-transplant induction intensity and intensity of
transplant conditioning regimens and found excellent outcomes among all of the subgroups of patients.
The subgroup of patients receiving high intensity induction chemotherapy and myeloablative
conditioning had a 2-year OS of 72.5%, while the cohort of patients receiving low intensity induction
therapy and myeloablative pre-transplant conditioning had a similar 2-year OS of 63.0% (p = 0.19). This
supports an approach of treating younger, �t patients with a lower intensity induction prior to transplant.
Particularly intriguing is that patients receiving low intensity induction therapy followed by a RIC
alloHSCT also had a statistically similar 2-year OS of 59.9% (p = 0.19), suggesting a minimally toxic
approach with both low intensity induction and RIC transplantation can still offer high rates of cure for
older and less �t patients with Ph + ALL.

There are several limitations to our study. While several studies have demonstrated that the presence of
additional cytogenetic abnormalities, CNS involvement at diagnosis and MRD status at the time of
alloHSCT in�uence OS and DFS, the limited sample size in this study limited our ability to detect the
in�uence of these factors.(5, 24, 25) Additionally, as this dataset was comprised of patients referred for
consideration of alloHSCT, we are not able to assess the full impact of high vs. low intensity induction
based on intention to treat, and do not know how many patients who received induction were never
referred for transplantation because they either developed treatment complications that precluded their
transplant candidacy, died from the induction before transplant, or pursued an alternative treatment
approach. However, our data is broadly applicable given that this study represents an unselected
experience of a heterogenous cohort referred to a large, NCI designated transplant center. Furthermore,
our �ndings are consistent with the result of the GRAAPH-2014 study which reported similar outcomes of
transplanted patients regardless of treatment intensity prior to alloHSCT.(34)

In summary, our data demonstrate that in adult Ph + ALL patients who undergo consolidation with
alloHSCT in CR1, the intensity of initial induction regimen at diagnosis does not signi�cantly impact
overall survival or molecular and hematologic relapse following alloHSCT, and that low dose induction
should be considered even in young and �t patients diagnosed with Ph + ALL. Our data further suggests
that excellent outcomes can be achieved by an entirely reduced intensity approach of low dose induction
and RIC transplantation in patients who are too old or un�t to undergo myeloablative transplantation, and
worthy of further study in younger and �t patients.
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Figure 1

Outcomes based on induction intensity with Kaplan-Meier plots of oncologic outcomes. (A) OS for whole
cohort separated by pre-transplant induction regimen intensity. (B) DFS for whole cohort separated by
pre-transplant chemotherapy intensity. (C) CIR and NRM for whole cohort separated by pre-transplant
intensity.
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Figure 2

Outcomes based on both induction and transplant conditioning regimens with Kaplan-Meier plots of
oncologic outcomes by pair subgroup. (A) OS separated by paired cohorts. (B) DFS separated by paired
cohorts. (C) CIR separated by paired cohorts. (D) NRM separated by paired cohorts.
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