
Regular Article
CLINICAL TRIALS AND OBSERVATIONS
Central nervous system status is prognostic in T-cell
acute lymphoblastic leukemia: a Children’s Oncology
Group report
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KEY PO INT S

• Patients with CNS-1
and CNS-2 status have
similar outcomes across
2 large studies with
divergent therapies,
including with and
without CRT.

• Patients with CNS-3
T-ALL treated with
nelarabine had similar
OS as CNS-1 and
CNS-2, and thus should
receive nelarabine as
standard of care.
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To determine the prognostic significance of central nervous system (CNS) leukemic
involvement in newly diagnosed T-cell acute lymphoblastic leukemia (T-ALL), outcomes on
consecutive, phase 3 Children’s Oncology Group clinical trials were examined. AALL0434
and AALL1231 tested efficacy of novel agents within augmented-Berlin-Frankfurt-Münster
(aBFM) therapy. In addition to testing study-specific chemotherapy through randomization,
the AALL0434 regimen delivered cranial radiation therapy (CRT) to most participants
(90.8%), whereas AALL1231 intensified chemotherapy to eliminate CRT in 88.2% of
participants. In an analysis of 2164 patients with T-ALL (AALL0434, 1550; AALL1231, 614),
1564 had CNS-1 (72.3%), 441 CNS-2 (20.4%), and 159 CNS-3 (7.3%). The 4-year event-free-
survival (EFS) was similar for CNS-1 (85.1% ± 1.0%) and CNS-2 (83.2% ± 2.0%), but lower
for CNS-3 (71.8% ± 4.0%; P = .0004). Patients with CNS-1 and CNS-2 had similar 4-year
overall survival (OS) (90.1% ± 0.8% and 90.5% ± 1.5%, respectively), with OS for CNS-3
being 82.7% ± 3.4% (P = .005). Despite therapeutic differences, outcomes for CNS-1 and
CNS-2 were similar regardless of CRT, intensified corticosteroids, or novel agents. Except
for significantly superior outcomes with nelarabine on AALL0434 (4-year disease-free sur-
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vival, 93.1% ± 5.2%), EFS/OS was inferior with CNS-3 status, all of whom received CRT. Combined analyses of >2000
patients with T-ALL identified that CNS-1 and CNS-2 status at diagnosis had similar outcomes. Unlike B-ALL, CNS-2
status in T-ALL does not impact outcome with aBFM therapy, without additional intrathecal therapy, with or without
CRT. Although nelarabine improved outcomes for those with CNS-3 status, novel approaches are needed. These trials
were registered at www.clinicaltrials.gov as #NCT00408005 (AALL0434) and #NCT02112916 (AALL1231).
Introduction
Historically, treatment for B- and T-cell lineage acute
lymphoblastic leukemia (B-ALL and T-ALL) has been similar.1 In
recent years, knowledge of distinct biology between these
subtypes has led to a divergence in therapy among some
consortia. With the ongoing arc of therapeutic advancement,
many consortia now treat most children and young adults with
ALL without prophylactic cranial radiation therapy (CRT).2-6
LUME 141, NUMBER 15
However, some cooperative groups continue to use CRT for
patients with T-ALL, despite well-established risks, including
neurocognitive deficits, endocrinopathies, and increased
incidence of secondary malignancies.7-12 CRT may result in
decrease in executive function in dose-dependent fashion,
which is especially evident in young children.9,13 CRT can lead
to endocrine complications such as anterior pituitary deficits
associated with deficiencies in growth hormone and thyroid
hormone.12 In addition, the risk of secondary malignancy is
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elevated with CRT.14 Recent reports from the Children’s
Oncology Group (COG) assessing outcomes based on central
nervous system (CNS) status in B-ALL (studies AALL0331 and
AALL0232) identified worse survival for CNS-2 and CNS-3 than
for CNS-1.15,16 Specifically, CNS-3 status portends a worse
outcome than CNS-2, which in turn, is worse than CNS-1.17

Based on these findings, CNS-directed therapy is progres-
sively intensified for CNS-2 and CNS-3 B-ALL. Multiple con-
sortia have shown that patients with CNS-3 T-ALL have inferior
outcomes, but the impact of CNS-2 status has not been sys-
tematically studied in T-ALL.18,19

We investigated the impact of CNS status in T-ALL on 2 large,
sequential, international phase 3 trials, COG AALL0434 and
AALL1231 (supplemental Tables 1 and 2, available on the
Blood website). These trials included the same basic chemo-
therapy backbone, the COG augmented Berlin-Frankfurt-
Münster (aBFM) regimen, with differences in CNS-directed
systemic chemotherapy, use of CRT, and randomized testing
of the novel agents nelarabine (AALL0434) and bortezomib
(AALL1231). Of note, 90.8% of AALL0434 T-ALL participants
received CRT, whereas, AALL1231 was designed to eliminate
CRT in the majority of participants by incorporating more CNS-
directed systemic therapy. This investigation allowed for the
assessment of the impact of CNS status in over 2000 partici-
pants across different cytotoxic regimens, including those
receiving or not receiving CRT, to definitively identify the
prognostic significance of CNS status in patients with T-ALL
receiving contemporary therapy.

Patients and methods
AALL0434 and AALL1231 study designs
The COG conducted 2 consecutive phase 3 T-ALL trials from
2007 to 2014 (AALL0434) and from 2014 to 2019 (AALL1231),
both of which accrued participants aged 1 to 30 years using a
COG aBFM treatment regimen, the details of which have been
described.20-22 These studies included a 28-day induction
period with response to treatment assessed by bone marrow
morphology and minimal residual disease that was deter-
mined at COG-centralized reference laboratories. These data
were used for risk stratification and allocation to postinduction
therapy (Table 1 includes risk group definitions on both trials;
refer to supplemental Tables 1 and 2 for treatment plans).
AALL0434 used a 2 × 2 pseudofactorial randomization for all
patients except for induction failures (M3 marrow, >25% blasts
at day 29). Patients were randomized to receive either esca-
lating dose methotrexate without leucovorin rescue plus
pegaspargase (C-MTX) or high-dose methotrexate with leu-
covorin rescue (HD-MTX). Capizzi-style methotrexate (C-MTX)
is an escalating dose methotrexate regimen without folinic
acid rescue that includes pegaspargase. The dosing escalation
seeks to achieve impactful doses of methotrexate while also
providing a mechanism to limit dose escalation if toxicities
arise. The 5 doses of methotrexate are given on days 1, 11, 21,
31, and 41, with starting dose at 100 mg/m2 and a maximum
dose of 300 mg/m2, if tolerated. HD-MTX provides uniform
doses of higher dose methotrexate regardless of toxicities.
Four doses of 5000 mg/m2 with folinic acid rescue are given
on days 1, 15, 29, and 43. As recently reported, superior
outcomes were seen in those AALL0434 patients randomized
IMPACT OF CNS STATUS IN PEDIATRIC T-ALL
to C-MTX.21 These results were unanticipated, but hypothe-
sized to be the result of 2 extra interim maintenance phase
doses of pegaspargase and absence of methotrexate rescue
from folinic acid. Patients with CNS-3 status were non-
randomly assigned to HD-MTX to potentiate maximal CNS
penetration. Intermediate-risk (IR) and high-risk (HR) patients
were randomly assigned to six 5-day courses of nelarabine
after induction. Patients experiencing induction failure were
nonrandomly assigned to HD-MTX and nelarabine. AALL1231
randomized all participants to 4 doses of bortezomib during
induction and delayed intensification. Although participants
with T-lymphoblastic lymphoma were enrolled on both
AALL0434 and AALL1231, the current analyses include only
those with T-ALL.
Definitions of CNS status
The definitions of CNS status were uniformly specified for
both studies. CNS-1 was defined as the absence of blasts on
cytospin preparation, regardless of the number of white
blood cells (WBCs). For CNS-2 it was the presence of <5/μL
WBCs and cytospin positive for blasts or ≥5/μL WBCs with
negative Steinherz-Bleyer algorithm. For CNS-3, the pres-
ence of ≥5/μL WBCs and cytospin positive for blasts and/or
clinical signs of CNS leukemia (such as facial nerve palsy,
brain/eye involvement, or hypothalamic syndrome) were
considered.
Therapies directed against CNS relapse
On AALL1231, CNS-directed therapy changes augmented the
AALL0434 backbone to eliminate CRT in the majority of
patients, including using dexamethasone rather than predni-
sone as the corticosteroid during induction and maintenance,
and inclusion of 2 additional pegaspargase doses, 1 during
induction and 1 during delayed intensification. Although both
trials included the use of C-MTX, the AALL1231 trial included
HD-MTX during the first interim maintenance phase for IR
patients and 3 intensification blocks for very HR (VHR) patients
(Table 1).

Both studies used 18 Gy CRT for patients with CNS-3. Pro-
phylactic CRT (pCRT, 12 Gy) was given to all patients without
CNS-3 on AALL0434, except for those with low risk, who
received no CRT (Table 1). In contrast, only VHR patients
without CNS-3 status received pCRT on AALL1231. In total,
90.5% of AALL0434 participants received CRT (8.7%, 18 Gy;
and 81.8%, 12 Gy) compared with 11.8% of AALL1231 partici-
pants (6.8%, 18 Gy; and 5.0%, 12 Gy). Patients who received
CRT on either study did so during either the consolidation or
delayed intensification phases of AALL0434, and during the first
month of maintenance therapy on AALL1231. Intrathecal (IT)
chemotherapy varied among risk groups and the total number
of prescribed IT doses depended on the risk group and sex of
the patient. Participants received IT cytarabine with the diag-
nostic lumbar puncture whereas subsequent IT therapy used
methotrexate. VHR patients on AALL1231 received triple IT
therapy with methotrexate, hydrocortisone, and cytarabine
during the intensification blocks. The total number of IT doses
by study, risk group, sex, and treatment arm are included in
supplemental Figure 3.
13 APRIL 2023 | VOLUME 141, NUMBER 15 1803



Table 1. Treatment and risk stratification differences on AALL1231 vs AALL0434

AALL1231 AALL0434

Induction
corticosteroid

Dexamethasone Prednisone

6 mg/m2 per d × 28 d 60 mg/m2 per d × 28 d

Maintenance
corticosteroid

Dexamethasone Prednisone

6 mg/m2 per d × 5 d each 28-d cycle 40 mg/m2 per d × 5 d each 28-d cycle

Asparginase 2 doses of pegaspargase during induction 1 dose of pegaspargase during induction

3 doses of pegaspargase during DI 2 doses of pegaspargase during DI

Interim
maintenance

C-MTX if SR Randomized to C-MTX or HD-MTX except

HD-MTX and C-MTX if IR Induction failure or CNS-3 and then HD-MTX

VHR intensification blocks and C-MTX if VHR

Cranial Radiation
T-ALL

CNS-3: 18 Gy during maintenance CNS-3: 18 Gy during DI

VHR: 12 Gy during maintenance IR/HR C-MTX arm: 12 Gy during consolidation

No radiation for SR/IR CNS-1 or CNS-2 IR/HR HD-MTX arm: 12 Gy during DI

No radiation for LR

Cranial Radiation
T-LLy

CNS-3: 18 Gy during maintenance CNS-3 not eligible

No radiation for patients with CNS-1 or CNS-2 T-LLy No radiation for patients with CNS-1 or CNS-2 T-LLy

Randomized
questions

± nelarabine (6, 5-d courses): all patients but LR and
induction failure. Induction failure nonrandomly assigned
to received nelarabine

± bortezomib during induction and delayed intensification all
patients

C-MTX vs HD-MTX interim maintenance as described above

Risk stratification

LR National Cancer Institute SR by age (1.00-9.99 y) and WBC
(initial ≤50 000/μL); RER, M1 on d 15 and M1 marrow with
MRD <0.1% on d 29; CNS-1 status and no testicular
disease at diagnosis

SR CNS-1, lumbar puncture before steroid therapy (not steroid
pretreated),d 29 (endof induction)bonemarrowM1, d29bone
marrow MRD ≤0.01%, no testicular leukemia at diagnosis

CNS-2 and CNS-3 cannot be SR and are assigned to IR or VHR
based on marrow response

IR Not SR or VHR RER or SER, M1 marrow with MRD <1% on d 29; any CNS
status

HR M2 marrow and/or MRD ≥1% on d 29; any CNS status

VHR M3 marrow at d 29 and/or end of consolidation MRD ≥0.1%

Other components of therapy, including type and doses of anthracyclines and alkylating agents were the same in both trials. Supplemental Table 2 provides a detailed description of
AALL1231 therapy; the same doses and schedules were used in AALL0434 except those noted in Table 1.

RER: M1 marrow on either day 8 or 15, and M1 marrow with MRD <0.1% on day 29.

SER: M2 or M3 marrow on day 15 or positive MRD ≥0.1% on day 29. M1/M2 marrow on day 29.

LR, low risk; RER, rapid early responder; SER, slow early responder; SR, standard risk; T-LLy, T-cell lymphoblastic lymphoma.
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Study-related approaches to the treatment of
CNS-2 status
On AALL0434 and AALL1231, patients with CNS-2 were not
stratified into the lowest risk groups (low risk on AALL0434 and
standard risk on AALL1231) (Table 1). AALL0434 risk-stratified
patients with CNS-2 to either IR or HR arms, and thus they
received induction therapy, consolidation therapy ± nelarabine,
interim maintenance with C-MTX or HD-MTX, delayed intensi-
fication ± nelarabine, and maintenance ± nelarabine, with CRT
administered to all. AALL1231 stratified patients with CNS-2 to
IR or VHR arms. IR patients received induction ± bortezomib,
1804 13 APRIL 2023 | VOLUME 141, NUMBER 15
consolidation, interim maintenance 1 with HD-MTX, delayed
intensification ± bortezomib, interim maintenance 2 with
C-MTX and maintenance, and no CRT. VHR patients received
induction ± bortezomib, consolidation, 3 intensification blocks,
delayed intensification ± bortezomib, interim maintenance with
C-MTX and maintenance, and CRT.

Statistical analyses
Event-free survival (EFS) was defined as the time from study
enrollment to first event (induction death, relapse or second
malignant neoplasm, refractory disease defined as persistent
GOSSAI et al
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disease after intensification blocks, or remission death) or last
contact date for those who were event-free. Overall survival
(OS) was defined as the time from study enrollment to death or
last contact date for those who were alive. Disease-free survival
(DFS) was defined as the time from start of consolidation to first
event (relapse or second malignant neoplasm or remission
death) or last contact date for those who were event-free. Sur-
vival rates were estimated using the Kaplan-Meier method and
standard errors of Peto et al.23,24 Survival rates are presented as
rates ± standard errors. Power calculation for the randomized
bortezomib comparison was based on a 1-sided log-rank test
(a = 0.05) because the primary objective was to determine
whether the addition of bortezomib improved outcome. Unless
otherwise specified, 1-sided log-rank tests were used for sur-
vival curve comparisons. Multivariable analyses used Cox pro-
portional hazards model. Proportions were compared between
groups using a χ2 test or Fisher exact test. Cumulative incidence
rates (CIRs) were computed using the cumulative incidence
function for competing risks, with comparisons between groups
using the K-sample test. A P < .05 was considered significant for
all comparisons. All analyses were performed using SAS soft-
ware version 9.4 (SAS Institute, Cary, NC). Graphics were
generated using R version 2.13.1 (http://www.r-project.org).
AALL1231 completed accrual more recently than AALL0434,
and 4-year survival rates are reported for both trials. This report
includes data as recent as of 30 June 2021.
/article-pdf/141/15/1802/208738
Results
Over 2 consecutive phase 3 randomized COG trials, 2164 T-ALL
eligible, evaluable patients were enrolled and included in this
report. (CONSORT diagram, Figure 1). There were 1564
patients with CNS-1 (72.3%), 441 with CNS-2 (20.4%), and 159
AALL0434 T-ALL
N = 1550

(Eligible, evaluable with
CNS status)

Off therapy at EOI
N = 364

(CNS1 = 270,
CNS2 = 81, CNS3 = 1

CMTX,
No Nel

(N = 369)

CNS1:N = 284
CNS2:N = 85
CNS3:N = 0

HDMTX,
No Nel

(N = 448)

CNS1:N = 307
CNS2:N = 70
CNS3:N = 71

HDMTX,
Nel

(N = 220)

CNS1:N = 150
CNS2:N = 38
CNS3:N = 32

CMTX,
Nel

(N = 149)

CNS1:N = 117
CNS2:N = 32
CNS3:N = 0

Figure 1. CONSORT diagram. EOI, e
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with CNS-3 (7.3%). From early 2007 to mid-2014, 1550 patients
with T-ALL were enrolled and were evaluable for analyses on
AALL0434, including 1128 patients with CNS-1 (72.8%), 306
with CNS-2 (19.7%), and 116 with CNS-3 (7.5%). From 2014 to
early closure in 2017, 614 participants with T-ALL were enrolled
on AALL1231 and were evaluable for analyses, including 436
with CNS-1 (71.0%), 135 with CNS-2 (22.0%), and 43 with CNS-3
(7.0%).

AALL0434 outcomes by CNS status
Four-year EFS rates for patients with CNS-1, 2, and 3 treated on
AALL0434 were 86.0% ± 1.1%, 83.1% ± 2.3%, and 71.4% ±
4.6%, respectively (P = .0007) (Figure 2A). Four-year OS rates
were 91.0% ± 0.9% (CNS-1), 89.7% ± 1.9% (CNS-2), and
84.3% ± 3.7% (CNS-3) (P = .0438) (Figure 2B). Four-year DFS
from start of consolidation therapy was 89.4% ± 1.2% (CNS-1),
86.5% ± 2.5% (CNS-2), and 76.9% ± 4.6% (CNS-3) (P = .0033)
(Figure 2C). Four-year DFS for arm A (C-MTX without nelar-
abine) and for arm B (C-MTX+ nelarabine) were similar
(Figure 3A-B). Four-year DFS rates for arm C (HD-MTX without
nelarabine) differed by CNS status (CNS-1, 87.6% ± 2.0%; CNS-
2, 80.0% ± 5.1%; and CNS-3, 70.2% ± 5.8%), with significantly
inferior outcomes for patients with CNS-3 status (P = .0006)
(Figure 3C). Four-year DFS for arm D (HD-MTX + nelarabine)
showed no statistically significant differences in outcome based
on CNS status (Figure 3D). Nelarabine significantly improved
DFS of participants with CNS-3 who were all nonrandomly
assigned to receive HD-MTX (93.1% ± 5.2% with nelarabine
[n = 29] vs 70.2% ± 5.8% without [n = 71, P = .0151])
(Figure 3E). The 4-year CIR of relapse of isolated CNS relapse
was significantly associated with CNS status (CNS-1, 1.0% ±
0.4%; CNS-2, 4.2% ± 1.4%; and CNS-3, 11.0% ± 3.2% [P <
.0001]) (Figure 4C). CNS status was not associated with CIR of
3)

AALL1231 T-ALL
N = 614

(Eligible, evaluable with
CNS status)

Without Bortezomib
(N = 308)

SR = 106
(CNS1 = 106,

CNS2 = 0, CNS3 = 0)

IR = 160
(CNS1 = 86,

CNS2 = 59, CNS3 = 15)

VHR = 16
(CNS1 = 10, CNS2 = 4,

CNS3 = 2)

No Risk = 26
(CNS1 = 14,

CNS2 = 10, CNS3 = 2)

With Bortezemib
(N = 306)

SR = 98
(CNS1 = 98, CNS2 = 0,

CNS3 = 0)

IR = 178
(CNS1 = 97, CNS2 = 60,

CNS3 = 21)

VHR = 16
(CNS1 = 14, CNS2 = 1,

CNS3 = 1)

No Risk = 14
(CNS1 = 11,

CNS2 = 1, CNS3 = 2)

nd of induction; Nel, nelarabine.
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Figure 2. EFS, OS, and DFS by CNS status at diagnosis. (A) AALL0434 4-year EFS: CNS-1, 86.0% ± 1.1%; CNS-2, 83.1% ± 2.3%; and CNS-3, 71.4% ± 4.6% (P = .0007). (B)
AALL0434 4-year OS: CNS-1, 91.0% ± 0.9%; CNS-2, 89.7% ± 1.9%; and CNS-3, 84.3% ± 3.7% (P = .0438). (C) AALL0434 4-year DFS: CNS-1, 89.4% ± 1.2%; CNS-2, 86.5% ± 2.5%;
and CNS-3, 76.9% ± 4.6% (P = .0033). (D) AALL1231 4-year EFS: CNS-1, 82.7% ± 2.2%; CNS-2, 83.2% ± 3.9%; and CNS-3, 71.9% ± 8.7% (P = .37). (E) AALL1231 4-year OS: CNS-1,
87.7% ± 1.9%; CNS-2, 92.4% ± 2.8%; and CNS-3, 78.5% ± 8.1% (P = .022).
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isolated marrow relapse or combined marrow and CNS relapse
(Figure 4A-B).

AALL1231 outcomes by CNS status
Four-year EFS for participants enrolled onto AALL1231 for CNS-
1, 2, and 3 were 82.7% ± 2.2%, 83.2% ± 3.9%, and 71.9% ±
8.7%, respectively (P = .37) (Figure 2D). There were no statis-
tically significant differences in EFS by CNS status on each
treatment arm; without bortezomib, 83.7% ± 3.0% (CNS-1),
78.6% ± 5.8% (CNS-2), and 57.5% ± 18.7% (CNS-3) (P = .118);
with bortezomib, 81.8% ± 3.1% (CNS-1), 88.5% ± 5.0% (CNS-2),
and 78.7% ± 9.4% (CNS-3) (P = .34) (supplemental Figure 5).
Four-year OS was similar for CNS-1 and CNS-2 but inferior for
CNS-3 (CNS-1, 87.7% ± 1.9%; CNS-2, 92.4% ± 2.8%; and CNS-
3, 78.5% ± 8.1%; P = .022) (Figure 2E). Statistically inferior
4-year OS for CNS-3 was also demonstrated both without
bortezomib (CNS-1, 89.6% ± 2.5%; CNS-2, 88.7% ± 4.5%; and
CNS-3, 71.9% ± 17.1%; P = .0158) and with bortezomib (CNS-1,
85.9% ± 2.8%; CNS-2, 96.7% ± 2.8%; CNS-3, 83.3% ± 8.8%;
and P = .046) (supplemental Figure 5).

IR patients with CNS-1 and CNS-2 on AALL1231 received
identical therapy. There were 183 participants with CNS-1, 119
with CNS-2, and 36 with CNS-3 at IR. There were no differences
in EFS and OS for IR participants by CNS status; 4-year EFS
86.5% ± 3.0% (CNS-1), 87.1% ± 3.7% (CNS-2), and 85.2% ±
7.5% (CNS-3) (P = .99) (supplemental Figure 5); and 4-year OS
90.6 ± 2.6 (CNS-1), 95.7% ± 2.2% (CNS-2), and 88.7% ± 6.8%
(CNS-3) (P = .218) (supplemental Figure 5). Participants who
1806 13 APRIL 2023 | VOLUME 141, NUMBER 15
were IR and with CNS-3 had similar outcomes to IR participants
with CNS-1 and CNS-2, albeit those with CNS-3 received 18 Gy
CRT. The 4-year CIR was not different based on CNS status
regardless of the site of relapse. Isolated marrow CIR was
3.4% ± 0.9% (CNS-1), 1.5% ± 1.1% (CNS-2), and 8.4% ± 4.9%
(CNS-3) (P = .18) (Figure 4D). The CIR for combined bone
marrow and CNS relapse was 0.7% ± 0.4% (CNS-1), 2.3% ±
1.3% (CNS-2), and 0.0% ± 0.0% (CNS-3) (P = .45) (Figure 4E).
CIR for isolated CNS was 2.8% ± 0.8% (CNS-1) 5.3% ± 2.0%
(CNS-2), and 4.7% ± 3.3% (CNS-3) (P = .34) (Figure 4F). Com-
parison of similar participants on AALL0434 who received CRT
and did not on AALL1231 identified that CRT did not provide a
statistically distinct EFS (P = .395) or OS (P = .525) at 4 years.22

AALL0434 and AALL1231 combined cohort
Four-year EFS and OS rates were analyzed combining partici-
pants from both studies. Four-year EFS was similar for patients
with CNS-1 (85.1% ± 1.0%) and CNS-2 (83.2 ± 2.0), but lower
for those with CNS-3 (71.8% ± 4.0%; P = .0004) (Figure 5A).
Four-year OS was similar for patients with CNS-1 (90.1% ±
0.8%) and CNS-2 (90.5% ± 1.6%) status, but was significantly
lower for those with CNS-3 status (82.7% ± 3.4%; P = .005)
(Figure 5B). The 4-year CIR for all types of relapses was similar
between patients with CNS-1 (7.6% ± 0.7%) and CNS-2 (9.9% ±
1.4%) status but was significantly worse for those with CNS-3
status (17.9% ± 3.1%; P = .0002) (Figure 5C). The 4-year CIR
of isolated CNS relapse was significantly associated with CNS
status (CNS-1, 1.8% ± 0.3%; CNS-2, 4.1% ± 1.0%; CNS-3,
10.8% ± 2.5%; and P < .001) (Figure 5D). CIR of isolated
GOSSAI et al
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Figure 3. AALL0434 4-year DFS by treatment arm and CNS status. (A) Arm A (C-MTX, no nelarabine): CNS-1, 91.4% ± 1.8% and CNS-2, 92.9% ± 3.0% (P = .1756). (B) Arm B
(C-MTX with nelarabine): CNS-1, 91.8% ± 3.0% and CNS-2, 89.8% ± 6.1% (P = .6218). (C) Arm C (HD-MTX, no nelarabine): CNS-1, 87.6% ± 2.0% and CNS-2, 80.0% ± 5.1%; and
CNS-3, 70.2% ± 5.8% (P = .0006). (D) Arm D (HD-MTX with nelarabine): CNS-1, 86.6% ± 3.6%; CNS-2, 80.0% ± 8.4%; and CNS-3, 93.1% ± 5.2% (P = .35). (E) Only patients with
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marrow relapse and the CIR of combined marrow and CNS
relapse were not statistically significantly associated with CNS
status (Figures 5E-F).

Multivariable analysis for EFS was performed for the combined
cohort (supplemental Table 4). Although age, sex, race, and
ethnicity had no impact on outcome, CNS-3 status, initial WBC
(≥50 000 T-lymphoblasts per μL), and end of induction minimal
residual disease (≥0.01%) were associated with worse out-
comes. Similarly, CNS-2 status was not an independent risk
factor (hazard ratio, 1.04; 95% confidence interval, 0.80-1.37;
P = .759).

Discussion
Our combined analyses of CNS status and outcome of 2164
patients with T-ALL treated on 2 sequential COG studies is the
largest of its kind. Without adequate treatment, CNS relapse
can occur in patients with T-ALL and be very difficult to salvage.
Because the CNS can harbor leukemic cells that traffic to other
tissue compartments, elimination of residual disease within the
CNS compartment remains critical.25,26 COG AALL0434 and
AALL1231 showed that outcomes for participants with CNS-1
and CNS-2 status were similar when treated with an aBFM
backbone, regardless of the induction steroid, use of pCRT,
additional asparaginase, or the addition of nelarabine or bor-
tezomib. Although CNS relapse is more common in T-ALL than
IMPACT OF CNS STATUS IN PEDIATRIC T-ALL
B-ALL,17 we found that CIR for all types of relapses was not
impacted by CNS-2 status in the combined analysis, or when
analyzed independently for either study. Participants with CNS-3
status at diagnosis had worse outcomes than those with CNS-1
or CNS-2, despite the usage of 18 Gy CRT for those with CNS-3
status in both trials. The only exception was in participants who
received nelarabine in AALL0434, which had significantly
improved outcomes.20

because of the damaging effects of CRT on endocrine and
cognitive function, and its greater potential to cause secondary
malignant neoplasms, the use of CRT in children and young
adults with ALL should be avoided.27,28 Nevertheless, CRT may
prevent CNS relapse and based on the difficulty salvaging
patients with relapsed T-ALL, it may be warranted in some
settings. Because CNS-2 status has been shown to negatively
impact outcomes for B-ALL, additional doses of IT chemo-
therapy during induction therapy, but not adding CRT, have
been incorporated into Nordic Society of Pediatric Hematology
and Oncology, St. Jude, Dana-Farber Cancer Institute, and
COG aBFM–based therapies for patients with CNS-2.3,29-31

Several modifications were made to the AALL1231 backbone
to eliminate CRT in most patients and there was no increased
incidence of CNS relapse for patients with CNS-2. Despite
equally good outcomes on both trials, patients with CNS-1 or
CNS-2 disease still suffered CNS relapses, and future trials
should continue to investigate novel approaches to prevent
13 APRIL 2023 | VOLUME 141, NUMBER 15 1807
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relapse. Perhaps more sensitive detection of CNS leukemia using
flow cytometry on the cerebrospinal fluid (CSF) may identify
those patients who would benefit from more intensive IT therapy
or other novel approaches. Recently, the Nordic Society of
Pediatric Hematology and Oncology reported that using flow
cytometry-based CSF assessments aided in the detection of CNS
leukemia, delineated patients at higher risk of relapse, and
improved risk stratification to optimize CNS-directed therapy.32

Furthermore, similar results were recently published from a
consortium study, ALL-2015, from the Chinese Children’s Cancer
Group.33 It is prudent to note that the COG, among others, have
learned over sequential treatment protocols that CNS-directed
intensification is warranted in T-ALL. It remains possible, there-
fore, that the intensity of modern therapeutics supersedes bio-
logical distinctions between CNS-1 and CNS-2 status in T-ALL.

Except for patients with CNS-3 disease who received nelarabine
on the AALL0434 study, EFS/OS for those with CNS-3 was
inferior compared with those with CNS-1 and CNS-2. All
patients with CNS-3 were nonrandomly assigned to receive HD-
MTX on AALL0434, and none received nelarabine on
AALL1231. Consequently, nelarabine has not been evaluated
for patients with CNS-3 in the context of C-MTX therapy.
Nelarabine, C-MTX, and dexamethasone have all been shown
to reduce CNS relapse. It is possible that a backbone including
1808 13 APRIL 2023 | VOLUME 141, NUMBER 15
all 3 would eliminate the need for CRT for patients with CNS-3
T-ALL.5,20 Importantly, the UK’s Medical Research Council, the
Dutch Childhood Oncology Group, and St. Jude Children’s
Research Hospital have all eliminated CRT in newly diagnosed
patients with ALL, regardless of their CNS status.3,5,6 However,
the published results from these groups have limited number of
participants with CNS-3 T-ALL. Using a balanced risk/benefit
analysis when considering which patients with CNS-3 to treat
with CRT will be critical, especially for younger children (aged
≤5 years) based on the increased risk of long-term neuro-
cognitive impairment.8,10,11 In a large analysis of children with
ALL across 10 pediatric consortia, Vora et al reported that CRT
did not improve outcomes other than for a specific population
with CNS-3 disease who had less CNS-only relapse.5 However,
those patients with CNS-3 who received CRT did not have
improved outcomes when all types of relapses were assessed,
and furthermore, patients with T-ALL comprised only a small
minority in their review.5 Flow cytometry was not performed on
CSF for either study. The COG has not yet developed means to
standardize flow cytometry on CSF at the majority of partici-
pating institutions in North America.

In conclusion, we found that CNS-2 was not independently
prognostic in patients with T-ALL treated on 2 consecutive
COG trials using aBFM therapy, and that patients with CNS-2
GOSSAI et al
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Figure 5. Pooled AALL0434 plus AALL1231 EFS, OS, and CIR by CNS status. (A) Four-year EFS: CNS-1, 85.1% ± 1.0%; CNS-2, 83.2% ± 2.0%; and CNS-3, 71.8% ± 4.0% (P =
.0004). (B) Four-year OS: CNS-1, 90.1% ± 0.8%; CNS-2, 90.5% ± 1.6%; and CNS-3, 82.7% ± 3.4% (P = .005). (C) Four-year CIR: CNS-1, 7.6% ± 0.7%; CNS-2, 9.9% ± 1.4%; and
CNS-3, 17.9% ± 3.1% (P = .0002). (D) Four-year CIR of isolated CNS relapse: CNS-1, 1.8% ± 0.3%; CNS-2, 4.1% ± 1.0%; and CNS-3, 10.8% ± 2.5% (P < .001). (E) Four-year CIR of
isolated marrow relapse: CNS-1, 3.2% ± 0.5%; CNS-2, 2.3% ± 0.7%; and CNS-3, 4.0% ± 1.6% (P = .466). (F) Four-year CIR of combined CNS and marrow relapse: CNS-1, 0.9% ±
0.2%; CNS-2, 1.6% ± 0.6%; and CNS-3, 0.6% ± 0.6% (P = .603). BM, bone marrow.
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can be treated similarly to CNS-1 without the use of pCRT. In
addition, distinct from B-ALL, patients with T-ALL with CNS-2
status do not require more IT chemotherapy treatments than
those with CNS-1 within their risk group cohort. Because
relapse involving the CNS remains a common problem for
patients with T-ALL, new approaches are needed for those
with CNS-3 disease at diagnosis. The use of nelarabine miti-
gates the poor prognosis of CNS-3 on a backbone that
includes CRT, and it is possible that the additional use of
C-MTX and induction dexamethasone will eliminate the need
for CRT in these patients. The particular benefit of nelarabine
for patients with CNS-3 is notable because it provides
optimism that novel therapeutic modalities that target the
CNS may alleviate the need for CRT and its adverse effects
for a difficult-to-treat population. Several novel immunother-
apies and targeted therapies have recently translated into the
clinic in patients with relapsed and refractory T-ALL. It is
anticipated that a portion will progress to frontline therapy,
if safe and effective. Some of these, including chimeric anti-
gen receptor T cells targeting antigens including CD5
and CD7 (#NCT05043571 and #NCT04984356) and small
molecule inhibitors such as the MEK inhibitor selumetinib
IMPACT OF CNS STATUS IN PEDIATRIC T-ALL
(#NCT03705507) penetrate the CNS and if moved to the
front line could eliminate the need for CRT in all patients with
T-ALL.34 However, other new therapies such as the anti-CD38
monoclonal antibody daratumumab have poor CNS pene-
tration and are unlikely to impact CNS relapse. In our expe-
rience, effective therapies will likely be most useful when
incorporated early in the treatment course, whereas, it is still
possible to consolidate the CNS compartment for patients
who are at the highest risk for relapse or disease progression.
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