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Abstract

Background/Objectives.—While outcomes for pediatric T-cell acute lymphoblastic leukemia
(T-ALL) are favorable, there are few widely accepted prognostic factors, limiting the ability to
risk-stratify therapy.

Design/Methods.—DFCI Protocols 05-001 and 11-001 enrolled pediatric patients with newly
diagnosed B- or T-ALL from 2005-2011 and 2012-2015, respectively. Protocol therapy was nearly
identical for patients with T-ALL (N=123), who were all initially assigned to the high risk arm.
End-induction minimal residual disease (MRD) was assessed by RT-PCR or next generation
sequencing (NGS) but was not used to modify post-induction therapy. Early T-cell precursor
(ETP) status was determined by flow cytometry. Cases with sufficient diagnostic DNA were
retrospectively evaluated by targeted NGS of known genetic drivers of T-ALL, including Notch,
PI3K, and Ras pathway genes.

Results.—The 5-year event free survival and overall survival (OS) for patients with T-ALL was
81% [95% ClI, 73-87%] and 90% [95% CI, 83-94%)], respectively. ETP phenotype was associated
with failure to achieve complete remission, but not with inferior OS. Low end-induction MRD
(<10™4) was associated with superior disease-free survival (DFS). Pathogenic mutations of the
PI3K pathway were mutually exclusive of ETP phenotype and were associated with inferior 5-year
DFS and OS.

Conclusions.—Together, our findings demonstrate that ETP phenotype, end-induction MRD
and PI3K pathway mutation status are prognostically relevant in pediatric T-ALL and should be
considered for risk classification in future trials. DFCI Protocols 05-001 and 11-001 are registered
at www.clinicaltrials.gov as NCT00400946 and NCT01574274, respectively.

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 January 01.


http://www.clinicaltrials.gov
https://clinicaltrials.gov/ct2/show/NCT00400946
https://clinicaltrials.gov/ct2/show/NCT01574274

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Burns et al. Page 3

Keywords

T-ALL; Clinical Trials; Pediatric Oncology; ALL, Molecular Diagnosis and Therapy; Minimal
Residual Disease

Introduction

T-cell acute lymphoblastic leukemia (T-ALL) comprises approximately 10 to 15% of newly
diagnosed pediatric acute lymphoblastic leukemia (ALL). Historically, T-ALL has been
associated with an inferior prognosis, but with more contemporary therapy, outcomes for
T-ALL and B-cell ALL (B-ALL) are similar.1:2 However, while clinical presenting features
and key genetic perturbations have been identified as independent risk factors in B-ALL
3-12 there are few widely accepted or validated prognostic factors in T-ALL, except for
treatment response, including glucocorticoid prophase responsel3-15 induction remission
status16:17 and minimal residual disease (MRD) levels at end-induction and at a second later
timepoint.10.18.19

There is controversy regarding the prognostic significance of several factors in T-ALL,
including early T-cell precursor (ETP) phenotype and various recurrent genomic aberrations.
ETP subtype, occurring in approximately 15% of T-ALL cases, was first identified by gene
expression profiling and subsequently linked to a distinctive immunophenotype.2 In initial
reports, ETP status was associated with high rates of induction failure, early relapse, and
poor overall survival.18:20.21 However, in more recent reports, despite an association with
slow early response, ETP status has lacked prognostic significance.22-24

While multiple recurrent genomic aberrations have been identified in T-ALL2%26 few

have been reproducibly associated with prognosis and none are prospectively used in
risk-stratification. Activating mutations of the Notch pathway are found in over 50% of
T-ALL cases?>27:28 and have been associated with favorable outcomes in pediatric and
adult T-ALL studies, albeit inconsistently.28-30 Additionally, mutational dysregulation of
PI3K and Ras pathways have been associated with poor outcomes in childhood T-ALL.31-35
In a study of adult patients with T-ALL published by the Group for Research in Adult
Acute Lymphoblastic Leukemia (GRAALL), the presence of a NOTCH activating mutation
combined with the absence of PTEMRAS alterations predicted a favorable outcome.36 The
French Acute Lymphoblastic Leukaemia (FRALLE) Study Group proposed a new pediatric
T-ALL risk stratification paradigm that combined MRD assessment and genetic analysis of
NOTCH1, FBXW7, PTEN, KRAS, NRAS.3" To date, this risk stratification scheme has not
been validated in another pediatric population.

On Dana-Farber Cancer Institute (DFCI) ALL Consortium Protocols 05-001 and 11-001,
patients with T-ALL were treated with a uniform high risk (HR) regimen.38 Here we
present the results of patients with T-ALL treated on these protocols, assess the impact of
end-induction MRD, ETP immunophenotype, and mutational status of Notch, PI3K, and
Ras pathways on outcome, and further investigate validation of the novel FRALLE risk
classification in our cohort.
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Methods

Study Design

DFCI 05-001 (NCT00165087) and DFCI 11-001 (NCT01574274) were consecutive Phase
I11 open-label, randomized trials that enrolled patients with newly diagnosed ALL aged 1-18
years between 2005-201138, and aged 1-21 years between 2012-201539, respectively. DFCI
served as the study sponsor and coordinating center. Each protocol was approved by the
Institutional Review Board at participating institutions. Written informed consent from each
participant’s parent/legal guardian, as well as patient assent, when appropriate, was obtained
prior to enrollment and initiation of therapy.

Protocol Treatment

Details of DFCI 05-001 therapy have been previously published.38 Protocol therapy,

which was nearly identical in each study, is summarized in Table S1. All patients with
T-ALL received multiagent induction chemotherapy, including anthracycline. Patients with
KMTZ2A-rearrangements or hypodiploidy were changed to the very high risk (VHR) group;
those with Philadelphia chromosome-positive (Ph+) ALL were removed from protocol
treatment by end-induction but were followed for outcome analyses. All remaining patients
continued treatment on the HR arm. Complete remission (CR) status was assessed at Day
32; patients meeting definition of induction failure were removed from study therapy.
Cranial radiation was administered to all patients with T-ALL regardless of CNS status.
Therapy was completed 24 months after CR date. Because there was no difference in
toxicity or outcome between native £.coli L-asparaginase and pegaspargase on DFCI 05-001
and between calaspargase pegol and pegaspargase on DFCI 11-001 results have been
combined.38:39

MRD Assessment

Marrow samples were collected to prospectively assess end-induction MRD by reverse
transcription polymerase chain reaction (RT-PCR), as previously described*?; results were
not used to modify post-induction therapy. Retrospective MRD assessment was performed
using an NGS assay*! for patients with available stored samples whose MRD was
inevaluable by RT-PCR. As studies have shown high concordance between these two
methodologies*142, MRD results were combined for analyses.

Identification of Early T-cell precursor (ETP) ALL

On DFCI 05-001, ETP status was retrospectively determined by assessment of diagnostic
flow cytometry and was defined as absence of CD1a and CD8, weak CD5 expression, and
coexpression of myeloid and/or stem cell markers.20 On DFCI 11-001, ETP status was
determined prospectively through central review at DFCI; those who achieved CR by Day
32 were changed to VHR group (N=2) and received two additional cycles of consolidation
chemotherapy (Table S1).

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 January 01.
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Targeted Next Generation Sequencing and Analysis

Genomic DNA (gDNA) was extracted from viably frozen, banked diagnostic specimens and
targeted exome sequencing and analysis was performed at the Center for Cancer Genome
Discovery at DFCI using an Illumina sequencing platform for all protein-coding exons of the
genes in Table S2, as previously described.43 Fourteen T-ALL diagnostic samples underwent
targeted NGS and analysis using the clinical OncoPanel platform at DFCI, as previously
described.*4

Mutation calls were made for variants predicted to result in a non-synonymous amino acid
alteration, frameshift mutation, stop codon, or splice site alteration, and for variants with
at least ten reads of the mutant allele. Germline variant filters were applied and those
represented in the Genome Aggregation Database (gnomADv.2.0) at > 0.01% frequency at
time of analysis were excluded.

Analysis of mutations was restricted to the following previously implicated pathogenic
genes in T-ALL: NOTCH1, FBXW?7, PTEN, AKT, PIK3R1, KRAS, NRAS, NF1, PTPN11.
Pathogenic mutations were defined based on the following criteria: missense mutations with
experimental evidence demonstrating gain-of-function or loss-of-function effects; truncating
or frameshift mutations of tumor suppressors; C-terminal truncating or frameshift mutations
predicted to delete the C-terminal negative regulatory domains of NOTCHI (PEST domain),
or the PI3K regulatory subunit P/IK3R1; missense mutations of pathogenic residues in
closely related paralogs.*®

Statistical Methods

Results

Induction failure was defined as = 5% marrow blasts and/or residual extramedullary disease
at end-induction. Event-free survival (EFS) was defined as the time from diagnosis to

first outcome event; overall survival (OS) was calculated from the time of diagnosis to
death from any cause; these analyses included all 123 enrolled subjects. Disease-free
survival (DFS) was calculated for those who achieved a complete remission (N=108) from
time of remission to relapse or death. The Wilcoxon rank sum test compared continuous
measures and the Fisher exact test compared categorical variables. Time-to-event outcomes
were estimated using the Kaplan-Meier method and compared using a log-rank test.
Univariate and multivariable logistic regression models of achievement of CR and a Cox
proportional-hazards model of EFS were investigated with presenting clinical characteristics
as covariates. Pvalues are two-sided, and values less than 0.05 were considered significant.

Overall T-ALL Outcomes

A total of 123 patients with T-ALL were enrolled and considered evaluable (Fig. 1);
presenting characteristics are presented in Table 1. There were three induction deaths and 12
induction failures (Table S3); 108 subjects (88%) achieved CR (Table 2). In both univariate
and multivariable analyses, the only presenting features associated with failure to achieve
CR were CNS-3 and ETP status (Table S4). When the logistic regression model was applied
to patients with non-ETP ALL, there were no significant predictors of failure to achieve CR.

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 January 01.
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Of the 108 patients achieving CR, one withdrew from protocol therapy prior to final risk
group assignment, three were classified as VHR (one for KM TZ2A-rearrangement and two
on 11-001 for ETP immunophenotype), one had Ph+ T-ALL and was subsequently removed
from protocol therapy for hematopoietic stem cell transplant (HSCT); the remaining 103
patients were classified as HR. Six patients relapsed, one died in remission, and one died

of a secondary malignancy 11 months after achievement of CR (Table S5). With a median
follow-up of 5.3 years (range 0.1 to 10 years), the 5-year EFS for all 123 patients was

81% [95% CI, 73-87%] and the 5-year OS was 90% [95% ClI, 83-94%] (Fig. 2A). Age,
presenting leukocyte count, sex and presence of a mediastinal mass were not significantly
associated with EFS or OS (Table 3). When a Cox proportional-hazards model was applied,
ETP status was the only characteristic associated with EFS (Table S6).

Prognostic Impact of End-Induction MRD

Of the 108 patients who achieved CR at end-induction, MRD was evaluable in 92 patients;
71 patients had MRD evaluated prospectively using RT-PCR and 21 patients had MRD
analyzed retrospectively using NGS. Therapy was not modified based on MRD results.
MRD thresholds of 21073 and =10~ to define high MRD were both analyzed. At >1073,
there was a trend toward inferior 5-year DFS, but no difference in OS (Table 3). However,
using a >10~* threshold, there was an inferior 5-year DFS and OS for patients with high
MRD (Fig. 2B-D; Table 3).

Outcomes of ETP-ALL

ETP status was evaluable in 121 patients, 21 of whom (17%) were classified as ETP.
Patients with ETP-ALL had lower presenting leukocyte counts (p=0.0001). There was a
non-significant trend toward older age at presentation and absence of a mediastinal mass for
patients with ETP-ALL. All other presenting characteristics were similar (Table 1).

ETP status was a significant predictor of failure to achieve CR (p=0.0007), primarily due

to induction failure (p=0.0008), resulting in an inferior EFS (p=0.0006) (Table 2 and Fig.
2E). There was no significant difference in OS between ETP and non-ETP groups (Table

2 and Fig. 2F). Of the seven patients with ETP-ALL and induction failure, six patients
achieved CR following salvage chemotherapy before proceeding to HSCT; one patient died
of progressive disease without achieving remission (Table S3). With a median follow-up of
5.03 years, five of six patients with ETP-ALL who proceeded to HSCT in CR1 remained
alive at last follow-up; one patient relapsed and died following HSCT. MRD was evaluable
in only 3 of 13 patients with ETP-ALL who achieved CR after initial induction, limiting the
ability to analyze the prognostic value of end-induction MRD within this subset.

Outcomes by Pathogenic Mutations

Targeted NGS analysis was performed in 115 patients; 150 mutations in 80 patients were
identified within the genes of interest (Table S7). Pathogenic mutations within Notch, PI3K,
and Ras pathways were identified in 57%, 16% and 11% of patients, respectively (Fig. 3 and
Table S7).

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 January 01.
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Ras pathway mutations were associated with younger age at presentation (17% <10 years vs.
4% =10 years, p=0.036); this was particularly notable for NRAS mutations (12% <10 years
vs. 0% =10 years, p=0.037). FBXW7 mutations were associated with male sex (26% of
males vs. 7% of females, p=0.035) and presence of a mediastinal mass (31% of patients with
a mediastinal mass vs. 13% without a mediastinal mass, p=0.022). PTEN mutations were
associated with a higher presenting leukocyte count (17% of patients with leukocyte count
=50k cells/ul vs. 4% of patients with leukocyte count <50k cells/ul; p=0.043). Activating
Notch pathway mutations, and more specifically NOTCHI mutations were associated

with non-ETP immunophenotype (62% of non-ETP vs. 25% of ETP had Notch pathway
mutations, p=0.012; 56% of non-ETP vs. 19% of ETP had NOTCH1 mutations, p=0.006).
PI3K pathway mutations and ETP immunophenotype were mutually exclusive. There were
no other significant associations with presenting clinical characteristics.

Patients with T-ALL and low end-induction MRD were more likely to have activating
NOTCHJI mutations (65% of children with MRD <1073 (n=68), p=0.016; 68% of children
with MRD <1074 (n=44), p=0.056). However, there was no significant association between
Notch pathway status and outcome, although there was a trend toward superior OS for
children with activating NOTCHI mutations (Table 3). Conversely, patients who harbored
pathogenic PI3K pathway mutations had significantly inferior DFS and OS (Table 3). There
was no significant association between outcome and Ras pathway mutation status.

The FRALLE Study Group recently proposed an oncogenetic risk stratification schema for
pediatric T-ALL, which incorporated a 4-gene panel (NOTCH1, FBXW7, PTEN, RAS) to
define low- and high-risk subtypes. In the FRALLE study, patients with low-risk subtype
(defined as the presence of a NOTCHI or FBXW7 mutation and the absence of a RAS or
PTEN mutation) achieved a 5-year DFS of 88.6%, compared with a 5-year DFS of 60.4%
for those classified as genetic high-risk (defined as the presence of a PTEN or RAS mutation
regardless of NOTCH1/FBXW?7 status, or absence of NOTCH1/FBXW?7and RASIPTEN
mutations).3” On our studies, patients meeting the FRALLE low-risk subtype criteria had a
5-year EFS of 86% [95% CI, 73-93%] and OS of 94% [95% CI, 83-98%]. Those meeting
the FRALLE high-risk subtype criteria had 5-year EFS of 79% [95% Cl, 66-87%] and OS
of 87% [95% ClI, 75-93%], not significantly different than patients meeting low-risk criteria
(p=0.25 and 0.16, respectively) (Table S8 and Fig. S1). Similarly, when analyzing outcome
for each genetic subgroup by end-induction MRD, using a threshold of 10~ based on the
FRALLE definition, there was no difference in EFS or OS for our T-ALL cohort (Table S8).

Discussion

Children and adolescents with T-ALL enrolled on DFCI 05-001 and 11-001 achieved a
favorable outcome, with results similar to those reported for children and adolescents
with B-ALL treated on DFCI 05-0013, confirming that T-cell immunophenotype, when
treated on a HR ALL regimen, is no longer associated with inferior outcome in pediatric
ALL. The EFS and OS reported here are similar to those recently reported for T-ALL
patients treated on the COG AALL0434 study (5-year EFS 83.8% and OS 89.5%)%6 and
compare favorably to those reported by other groups.3747 Significant prognostic factors

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 January 01.
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associated with outcome in our T-ALL cohort included CNS status, ETP immunophenotype,
end-induction MRD, and mutational status, most notably of PI3K pathway.

The prognostic significance of ETP-ALL remains a subject of debate. Our findings indicate
that patients with ETP-ALL are more likely to have higher levels of end-induction residual
disease compared with the non-ETP subgroup. While other studies have reported similar
findings2448, the rate of induction failure for ETP-ALL on our studies is higher than
previous reports, which may in part be due to differences in definitions of this endpoint. In
our analysis, induction failure was defined as 5% marrow blasts at Day 32, while other
cooperative groups have used higher cut-offs (=25% marrow blasts) and/or marrow status
at later time points to define induction failure. Additional factors, such as the corticosteroid
agent used during induction, may also influence rates of induction failure between protocols.
Despite the high rate of induction failure, very few relapses were observed in patients

with ETP-ALL who achieved CR and the OS for the ETP subgroup in our cohort was

not significantly different than for non-ETP-ALL, indicating a high salvage rate. While the
majority of our patients with ETP-ALL and induction failure were transplanted in CR1,
others have shown that patients with ETP-ALL with suboptimal induction response can
fare well with chemotherapy-only regimens.22:49 However, on COG AALL0434 patients
with T-ALL and an M3 marrow after induction achieved a 4-year DFS of only 54.8%
when treated with intensified chemotherapy.>9 While this included patients with ETP and
non-ETP ALL, there was a disproportionally high percentage of patients with ETP-ALL

in this group. Given the high frequency of slow early response in ETP-ALL and the poor
outcome associated with initial induction failure in T-ALL, investigation of novel strategies
to improve initial induction response in ETP patients is warranted. For instance, preclinical
data has demonstrated that ETP-ALL is dependent on BCL-2 signaling®?, suggesting that
these patients may benefit from the addition of BCL-2 inhibitors to sensitize leukemic cells
to the effects of cytotoxic chemotherapy, potentially improving early response.

Unlike B-ALL, the prognostic implications of recurrent genetic mutations in T-ALL are

not well defined. Activating NO7TCHI mutations are known to play a prominent role in the
pathogenesis of T-ALLZ7, but their prognostic significance remains controversial. Results
from the ALL-BFM 2000 study indicated that NOTCHZ1 mutations were associated with low
MRD and superior relapse-free survival3?; the GRAALL-2003 study similarly demonstrated
that NOTCH.I mutations were a favorable prognostic factor.36 Conversely, a study from the
Dutch Childhood Oncology Group and EORTC groups failed to demonstrate a clinically
significant difference in outcome for patients harboring NOTCHI mutations.5253 Here

we demonstrate that the presence of NOTCH1 activating mutations was associated with
non-ETP status and more frequent in patients with low end-induction MRD. However, there
was no statistically significant survival difference for patients based on NOTCH! status.

In contrast, we observed significantly lower DFS and OS in patients with PI13K pathway
mutations, consistent with results from the FRALLE group and others.32:3437 While we
validated the excellent outcomes of T-ALL patients who met FRALLE definition of genetic
low-risk, patients with genetic high-risk lesions had better outcomes on our trials than on the
FRALLE study, which may be attributable to differences in therapy. Further work is needed
to identify other genetic lesions that may more robustly predict outcomes in T-ALL to refine
risk stratification and to develop novel targeted therapies.

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 January 01.
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We demonstrated the prognostic significance of end-induction MRD, confirming previous
findings.10:19. 54 Our analysis indicates that an end-induction MRD threshold of 1074 has
greater prognostic value than a 1072 cut-off, which has historically been used by several
groups to risk-stratify patients. The 5-year DFS was 98% for patients with end-induction
MRD <1074 (approximately 50% of T-ALL patients in our cohort), defining a subset of
patients with an extremely favorable prognosis. On COG ALL0434, which utilized a similar
4-drug induction, the EFS for those with end-induction MRD <0.01% (59% of patients)

was 89% compared with 76% for those with MRD =0.01%48, while we observed a 5-year
DFS of 84% for those with MRD =1074. On COG AALL0434, patients were randomized

to receive either Capizzi-methotrexate (escalating methotrexate dosing with pegaspargase) or
high-dose methotrexate. Subset analyses indicated that that the use of Capizzi-methotrexate
may benefit patients with high end-induction MRD. For patients with slow early response
(defined as M2/M3 marrow at Day 15 or Day 29 MRD =0.1%) the 5-year DFS was 88.7%
on the Capizzi-methotrexate arm compared with 78.1% on the high-dose methotrexate

arm (p=0.06); there was no significant difference in outcome for patients with rapid early
response.*6 COG AALL0434 also demonstrated superiority of adding nelarabine to the
augmented BFM backbone®Y: similar subgroup analyses based on end-induction MRD
response for nelarabine randomization may add key information as to the potential benefit of
nelarabine for patients with a slow early response, an intervention we are also testing on our
ongoing trial, DFCI 16-001.

On the AIEOP-BFM ALL 2000 study, MRD negativity at end-induction was also the most
favorable prognostic factor for patients with T-ALL; however, a favorable outcome was also
achieved by patients with high TP1 MRD who achieved MRD negativity at a second later
timepoint (TP2, Day 78). Patients with the worst prognosis had high TP2 MRD.18 Thus,
assessment of TP2 MRD is important for risk stratification for T-ALL and can be used to
differentiate those with high TP1 MRD who may fare well with standard therapy versus
those who require alternative or novel treatment approaches to improve outcome. We have
incorporated assessment of TP2 MRD in risk stratification for T-ALL in the currently open
DFCI Consortium trial.

Historically, interpretation of the prognostic significance of MRD in T-ALL on our studies
was limited by the high proportion of inevaluable results using the RT-PCR assay, primarily
resulting from failure to identify specific immunoglobulin (1g) or T-cell receptor (TCR)
gene rearrangements. This is particularly problematic for ETP-ALL, which is derived from
early thymic precursor cells that have not undergone TCR gene rearrangement.20:21 Flow
cytometry is successfully used by many groups to quantify MRD in T-ALL, and has the
advantage of faster turnaround time and a lower failure rate compared with PCR-based
assay; studies have demonstrated a high concordance between the two assays.>* More
recently, an NGS-based MRD assay has been developed to assess clonal Ig and TCR gene
rearrangements, which has a lower reported failure rate and higher level of sensitivity than
either PCR or flow-based MRD.#! Here, we retrospectively assessed end-induction MRD in
patients with T-ALL for whom MRD was previously inevaluable by RT-PCR. NGS MRD
assessment was successfully performed in 21 of 23 non-ETP samples (91%) for which RT-
PCR MRD results were indeterminate. MRD assessment remains challenging in ETP-ALL,
however. Of the three patients with ETP-ALL and indeterminate MRD by RT-PCR who
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had available samples, none were found to have trackable clones by NGS. For patients with
ETP-ALL, flow cytometric techniques may provide a better assessment of MRD given the
distinctive immunophenotype.20

While the outcome for children with T-ALL on DFCI 05-001 and 11-001 was relatively
favorable, all were treated with higher intensity therapy, including high cumulative
doxorubicin dosage (300 mg/m2) and cranial radiation, both of which are associated with
adverse late effects. All patients with T-ALL on our studies received dexrazoxane prior to
each dose of doxorubicin given our previous findings that the use of dexrazoxane minimized
late echocardiographic changes in patients with HR ALL without impacting relapse rates or
risk of second malignant neoplasms.®>-58 The use of cranial radiation for all patients with T-
ALL on DFCI 05-001 and 11-001 was based on previous data suggesting that these patients
had a significantly higher risk of CNS relapse when treated without radiation®%-61 and, in
fact, we did not observe any CNS relapses. Recent studies indicate, however, that cranial
radiation may not be necessary in T-ALL therapy.62.63 A multivariable and meta-regression
analysis demonstrated no difference in EFS on studies that used cranial radiation for all
patients, for only CNS-positive patients, or for no patients.5® Additionally, a retrospective
review of over 16,000 patients with ALL treated on 10 cooperative study group trials
demonstrated no significant survival advantage with the use of cranial radiation for any ALL
subset (including T-ALL), except for patients with CNS-3 status for whom cranial radiation
was associated with a superior EFS, but not 0S.52 Together with results from our cohort
indicating that CNS-3 status was an independent predictor of inferior EFS, the currently
open DFCI ALL Consortium trial omits cranial radiation for patients with T-ALL, except for
those who are CNS-3 at diagnosis.

In conclusion, our study confirms the prognostic significance of end-induction MRD, ETP
status and PI3K pathway mutational status and supports further investigation of these
factors. Patients with end-induction MRD <10~4 have an excellent prognosis; given the
long-term risks associated with T-ALL therapy, further studies should explore whether
de-intensification of therapy in this group may reduce risk of late effects while preserving
overall outcome. ETP immunophenotype identifies a subgroup at higher risk of slow

early response for whom novel interventions during induction should be investigated, but
intensification of post-induction therapy based exclusively on ETP status may not be
necessary. Finally, our results suggest that PI3K pathway mutations are associated with
inferior outcome. Whether this or other genetic findings identify high-risk patients who may
benefit from new post-induction treatment strategies awaits further validation and highlights
the urgent need for further comprehensive genomic and transcriptomic studies of childhood
T-ALL.
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Refer to Web version on PubMed Central for supplementary material.
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Enrolled on DFCI 05-001 Enrolled on DFCI 11-001

Ineligible/ N=800 N=239 Ineligible/
Inevaluable —l |— Inevaluable
N=6 Evaluable Evaluable N=9
N=794 N=230

T-ALL
N=123
Induction Failure N=12
I Induction Death N=3
Achieved CR
N=108

Withdrew N=1

Final HR Arm Final VHR Arm
N=104 N=3

N

Ph-Negative Ph-Positive
N=103 N=1

FIGURE 1.
DFCI 05-001 and 11-001 patient enrollment and risk group stratification for patients with T-

ALL All patients with T-ALL were enrolled to the initial HR arm and received a multiagent
induction regimen. Final risk stratification was performed post-induction chemotherapy for
patients who achieved CR. Three patients with T-ALL were upstaged to the final VHR arm
(one participant on the basis of a KMT2A-rearrangement and two participants with ETP-
ALL). Details of protocol therapy are provided in Supplementary Information Table S1. CR,
complete remission; HR, high risk; VHR, very high risk; Ph, Philadelphia chromosome.
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Outcomes for patients with T-ALL treated on DFCI 05-001 and 11-001. (A) Kaplan-Meier
analysis of overall (OS) and event-free (EFS) survival for all 123 patients with T-ALL
treated on DFCI 05-001 and 11-001. (B) End-induction minimal residual disease (MRD)
results for T-ALL participants treated on DFCI Protocols 05-001 and 11-001. Kaplan-Meier
analysis of (C) disease-free survival (DFS) and (D) OS for patients with low (<10~%) and
high (=107%) MRD; and (E) EFS and (F) OS for ETP vs. non-ETP ALL. A two-sided log
rank (Mantel-Cox) test was used to test for differences in survival between groups in panels
B-F. M denotes MRD assessment by RT-PCR; A denotes MRD assessment by NGS of Ig
and TCR rearrangements. MRD, Minimal residual disease.
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FIGURE 3.

Mutational landscape and clinical outcomes of patients with T-ALL on DFCI 05-001 and
11-001. Summary of pathogenic mutations identified within Notch, PI3K, and Ras signaling
pathways that are known to drive T-ALL and clinical outcome in patients treated on DFCI
05-001 and 11-001. ETP, Early T-cell Precursor; MRD, Minimal residual disease.
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