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Key Points

• Responses to
inotuzumab were
observed in all
leukemic subtypes,
genomic alterations,
and risk groups.

• Inotuzumab
demonstrated superior
efficacy vs standard-of-
care in patients with
high-risk BCR::ABL1–
like subtype.
The phase 3 INO-VATE trial demonstrated higher rates of remission, measurable residual

disease negativity, and improved overall survival for patients with relapsed/refractory (R/R)

acute lymphoblastic leukemia (ALL) who received inotuzumab ozogamicin (InO) vs standard-

of-care chemotherapy (SC). Here, we examined associations between genomic alterations and

the efficacy of InO. Of 326 randomized patients, 91 (InO, n = 43; SC, n = 48) had samples

evaluable for genomic analysis. The spectrum of gene fusions and other genomic alterations

observed was comparable with prior studies of adult ALL. Responses to InO were observed in

all leukemic subtypes, genomic alterations, and risk groups. Significantly higher rates of

complete remission (CR)/CR with incomplete count recovery were observed with InO vs SC in

patients with BCR::ABL1–like ALL (85.7% [6/7] vs 0% [0/5]; P = .0076), with TP53 alterations

(100% [5/5] vs 12.5% [1/8]; P = .0047), and in the high-risk BCR::ABL1– (BCR::ABL1–like, low-

hypodiploid, KMT2A-rearranged) group (83.3% [10/12] vs 10.5% [2/19]; P < .0001). This

retrospective, exploratory analysis of the INO-VATE trial demonstrated potential for benefit

with InO for patients with R/R ALL across leukemic subtypes, including BCR::ABL1–like ALL,

and for those bearing diverse genomic alterations. Further confirmation of the efficacy of InO

in patients with R/R ALL exhibiting the BCR::ABL1–like subtype or harboring TP53 alterations

is warranted. This trial was registered at www.ClinicalTrials.gov as #NCT01564784.

Introduction

The advent of genomics has transformed the landscape of acute lymphoblastic leukemia (ALL), with
better-defined subtypes that are associated with prognosis and that drive risk stratification with con-
ventional therapies.1,2 The associations between ALL subtypes and outcomes with novel therapies are
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poorly understood; however, greater understanding of these
associations may lead to the identification of new therapeutic
approaches and improvement of existing therapies.

Inotuzumab ozogamicin (InO) is a calicheamicin-conjugated anti-
body that targets cluster of differentiation 22 (CD22) on leukemic
blast cells and has demonstrated clinical activity in patients with
relapsed/refractory (R/R) ALL.3-7 In the phase 3 INO-VATE trial,
treatment with InO vs standard-of-care chemotherapy (SC) signif-
icantly improved rates of remission (80.7% vs 29.4%; P < .001)
and measurable residual disease (MRD) negativity in responding
patients with R/R ALL.7 After ≥2 years of follow-up, the median
overall survival (OS) with InO was 7.7 months vs 6.2 months with
SC (hazard ratio [HR], 0.75; 97.5% confidence interval [CI], 0.57-
0.99; 1-sided P = .0105), with more responding patients pro-
ceeding directly to hematopoietic stem cell transplantation (HSCT)
with InO than with SC (39.6% vs 10.5%; P < .0001).8 INO-VATE
exploratory analyses have demonstrated InO clinical benefit across
cytogenetic subgroups, including patients with BCR::ABL1+ R/R
ALL.9,10 In the first of these analyses, rates of complete remission
(CR) and CR with incomplete hematologic recovery (CRi) were
higher in patients treated with InO than in those treated with SC, in
all cytogenetic subgroups (BCR::ABL1+ ALL, complex cytoge-
netics [≥5 abnormalities]; normal diploid karyotype; and other
cytogenic abnormalities); however, analyses were based primarily
on karyotype data, which limited the ALL subgroups that could be
evaluated.9 In the BCR::ABL1+ leukemic subtype, CR/CRi and
MRD negativity were higher with InO (CR/CRi, 73%; MRD, 81%)
vs SC (CR/CRi, 56%; MRD, 33%); however, the study findings
were limited by the small number of patients, limited availability of
cytogenic and molecular data to fully classify leukemia subtypes,
heterogeneity of prior therapy, and no stratification at randomiza-
tion for BCR::ABL1 status.10

Here, we further characterize the molecular profile of patients with
R/R ALL in the INO-VATE trial and assess the impact of leukemic
subtypes and alterations, and risk groups on the efficacy of InO vs
SC.
Methods

Study design, patients, and treatment

INO-VATE (ClinicalTrials.gov identifier: NCT01564784) was an
open-label, randomized, phase 3 trial; methods have been previ-
ously described.7 Briefly, adult patients with R/R B-cell ALL
(B-ALL; ≥5% bone marrow blasts based on local morphologic
analysis), CD22+, BCR::ABL1+, or BCR::ABL1− ALL who were
due to receive their first or second salvage-treatment were
enrolled. Patients were randomized 1:1 to receive InO or an SC
regimen of the investigator’s choice, consisting of fludarabine/
cytarabine (Ara-C)/granulocyte colony–stimulating factor, Ara-C/
mitoxantrone, or high-dose Ara-C. Stratification at randomization
was based on duration of first remission (<12 vs ≥12 months),
salvage-treatment phase (1 vs 2), and age (<55 vs ≥55 years).

The study was conducted in accordance with the Declaration of
Helsinki. Patients provided written informed consent, and the pro-
tocol was approved by the independent ethics committee and/or
institutional review board at each study site. Differences between
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treatment groups were tested using χ2 test or Fisher exact test. This
post hoc analysis was based on the final data from 4 January 2017.

Laboratory investigations

Bone marrow samples were collected at screening from
after protocol amendment 2 (24 June 2013). Total RNA was
extracted from frozen bone marrow cell pellets using Direct-zol
RNA Miniprep Kit (Zymo Research Corp, Irvine, CA) and
checked for integrity (TapeStation, Agilent Technologies, Santa
Clara, CA) and quantity (QUBIT RNA assay, Invitrogen, Wal-
tham, MA). Total stranded transcriptome sequencing (RNA-
sequencing) was performed using the TruSeq Stranded Total
RNA library preparation kit and sequencing performed using
NovaSeq 6000 platforms (Illumina Inc, San Diego, CA). Genetic
subtypes were determined by integrating gene expression,
rearrangement, and copy number, as previously described.11,12

Single-nucleotide variants (SNVs) and short inserts and dele-
tions (indels) were called from RNA-sequencing data by
following the best practice workflow from the Genome Analysis
Toolkit.13 The following criteria were applied to filter mutations:
(1) at least 3 reads supported the mutation, and the mutant allele
frequency was >0.1; and (2) the mutation was not observed
in the common single-nucleotide polymorphism database,
dbSNP 150.

Outcomes

Outcomes were reported by leukemic subtype and genomic
alterations at screening. Patients were assigned to risk groups
based on a classification of leukemic subtypes previously
described by Paietta et al2: high-risk BCR::ABL1+

(BCR::ABL1+); high-risk BCR::ABL1− (defined as BCR::ABL1–
like, low-hypodiploid, and KMT2A-rearranged); standard to inter-
mediate risk (defined as DUX4-rearranged, hyperdiploid, MEF2D-
rearranged, PAX5alt, TCF3::PBX1, and ZNF384-rearranged);
undetermined risk (defined as CDX2/UBTF, ZEB2/CEBP, and B-
other [cases without an identified subtype-defining driver genetic
alteration]); and tumors unable to be classified because of low-
blast content (<30%) of samples.2 Although recently published
data suggest CDX2/UBTF to be a high-risk leukemic sub-
type,12,14 the number of patients evaluated has been small, and in
our analysis we used the classification scheme reported by
Paietta et al that considered CDX2/UBTF to be in the undeter-
mined risk group.2

Response and disease progression were assessed using modi-
fied Cheson criteria.15 MRD negativity was assessed as <0.01%
bone marrow blasts centrally analyzed using multicolor, multipa-
rameter flow cytometry. Progression-free survival (PFS) was
defined as the time from randomization to first event of
disease progression, starting new induction therapy, or poststudy
HSCT without achieving CR or CRi, or death from any cause. OS
was defined as the time from randomization to death from any
cause.

Statistical analysis

Analyses were carried out on the intent-to-treat (ITT) popula-
tion. Median PFS and OS were estimated using the Kaplan-
Meier method, with the HR and corresponding 97.5% CIs
INOTUZUMAB EFFICACY BY LEUKEMIC MOLECULAR PROFILE 3227
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calculated using a Cox proportional hazard regression model.16

Unstratified HR and corresponding CI are displayed, except for
“all patients (stratified),” which used the same stratification
factors for randomization. Genes with an overall alteration
prevalence cutoff of ≥8 patients were selected for correlative
Table 1. Baseline characteristics of the molecular-profiling cohort

ITT evaluable for mo

InO

n = 43

Age, median (range), y 49.0 (20.0-78.0)

Male, n (%) 26 (60.5)

Race, n (%)

White 27 (62.8)

Asian 8 (18.6)

Black 1 (2.3)

Other 7 (16.3)

ECOG PS, n (%)

0 14 (32.6)

1 25 (58.1)

2 4 (9.3)

Missing 0

Salvage status, n (%)

1 30 (69.8)

2 13 (30.2)

Missing 0

Duration of first remission, n (%)

<12 mo 24 (55.8)

≥12 mo 19 (44.2)

Response to prior induction regimen, n (%)

Complete response 35 (81.4)

Partial response 1 (2.3)

Stable disease 0

Resistant disease 7 (16.3)

Progressive disease 0

Unknown 0

Received prior HSCT, n (%) 10 (23.3)

WBC count, median (range), ×103 cells/mm3 3.6 (0.4-27.4)

Peripheral blood count, median (range), ×103/μL 0 (0-7112.0)

No circulating blasts, n (%) 23 (53.5)

Bone marrow blasts, n (%)

<50% 17 (39.5)

≥50% 25 (58.1)

Missing 1 (2.3)

CD22 expression on ALL blasts, n (%)

≥90 33 (76.7)

70% to <90% 9 (20.9)

<70% 0

Missing 1 (2.3)

ECOG PS, Eastern Cooperative Oncology Group performance status; WBC, white blood cell
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analysis. No additional candidate genomic alterations associ-
ated with efficacy differences emerged based on a further
exploratory analysis based on alteration prevalence of 5 to 7
patients (not shown). P values were not corrected for multiple
testing.
lecular-profiling ITT population

SC

n = 48

InO

n = 164

SC

n = 162

54.5 (20.0-76.0) 46.5 (18.0-78.0) 47.5 (18.0-78.0)

28 (58.3) 91 (55.5) 102 (63.0)

39 (81.3) 112 (68.3) 120 (74.1)

3 (6.3) 31 (18.9) 24 (14.8)

1 (2.1) 4 (2.4) 3 (1.9)

5 (10.4) 17 (10.4) 15 (9.3)

20 (41.7) 62 (37.8) 61 (37.7)

21 (43.8) 81 (49.4) 80 (49.4)

6 (12.5) 21 (12.8) 20 (12.3)

1 (2.1) 0 1 (0.6)

37 (77.1) 111 (67.7) 102 (63.0)

11 (22.9) 51 (31.1) 59 (36.4)

0 2 (1.2) 1 (0.6)

28 (58.3) 96 (58.5) 106 (65.4)

20 (41.7) 68 (41.5) 56 (34.6)

36 (75.0) 121 (73.8) 112 (69.1)

1 (2.1) 11(6.7) 10 (6.2)

0 1 (0.6) 4 (2.5)

11 (22.9) 28 (17.1) 30 (18.5)

0 3 (1.8) 5 (3.1)

0 0 1 (0.6)

6 (12.5) 29 (17.7) 32 (19.8)

4.4 (0.6-51.0) 4.1 (0.0-47.4) 4.0 (0.1-68.8)

18.4 (0-23 664.0) 0 (0-7112.0) 18.4 (0-23 664.0)

23 (47.9) 71 (43.3) 74 (45.7)

12 (25.0) 53 (32.3) 48 (29.6)

36 (75.0) 10.9 (66.5) 113 (69.8)

0 2 (1.2) 1 (0.6)

33 (68.8) 107 (65.2) 93 (57.4)

8 (16.7) 30 (18.3) 18 (11.1)

6 (12.5) 5 (3.0) 18 (11.1)

1 (2.1) 22 (13.4) 33 (20.4)

.
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Results

Patients

Of 326 patients in the INO-VATE ITT population, 91 patients (InO,
n = 43; SC, n = 48) had samples evaluable for molecular-profiling.
Baseline characteristics were generally similar between the
molecular-profiling cohort and the overall ITT population and were
also comparable between study arms in the molecular-profiling
cohort, although there were some variations because of the small
sample size (Table 1).8

Molecular alterations

Thirteen different leukemic subtypes were identified (Table 2). The
most common (≥5%) subtypes across treatment arms were
BCR::ABL1+ (14.3%), BCR::ABL1–like (13.2%), low hypodiploidy
(12.1%), KMT2A rearranged (8.8%), and DUX4 rearranged
(5.5%); 25 of 91 (27.5%) patients could not be subtyped because
of low-blast content of samples. The most common (≥5%) non–
BCR::ABL1 rearrangements were IGH::CRLF2 (6.6%) and
KMT2A::AFF1 (6.6%) detected in the BCR::ABL1–like and
KTM2A-rearranged subtypes, respectively (Figure 1). The majority
of patients with BCR::ABL1–like subtype had CRLF2/JAK
pathway fusions (9/12; Figure 1), rather than ABL-class fusions (1
patient had TNIP1::PDGFRB). Among nonrearrangement genomic
alterations, sequence mutations of chromatin-modifying genes
were common (KMT2D, 17.6%; CREBBP, 12.1%; KMT2C,
11.0%; and ARID2, 8.8%; Figure 2; supplemental Table 1). Other
common gene alterations included TP53 (14.3%), NOTCH1
(11.0%), and KRAS (8.8%). Most of the TP53 mutations (8/13
[62%]) were observed in low-hypodiploid B-ALL (Figure 2;
supplemental Table 2).
Table 2. ALL subtypes and risk groups by treatment arm and in the com

n (%) InO n = 43 SC n = 48

BCR::ABL1+ 6 (14.0) 7 (14.6)

BCR::ABL1 like 7 (16.3) 5 (10.2)

Low hypodiploidy 3 (7.0) 8 (16.7)

KMT2A 2 (4.7) 6 (12.5)

DUX4 3 (7.0) 2 (4.2)

Hyperdiploid‡ 3 (7.0) 0

CDX2/UBTF 2 (4.7) 1 (2.1)

B-other 1 (2.3) 1 (2.1)

MEF2D 1 (2.3) 1 (2.1)

PAX5alt 0 2 (4.2)

TCF3::PBX1 1 (2.3) 1 (2.1)

ZEB2/CEBP 0 2 (4.2)

ZNF384 1 (2.3) 0

Low-blast§ 13 (30.2) 12 (24.5)

B-other, cases without an identified subtype-defining driver genetic alteration.
*Paietta et al2.
†ABL1 T315I mutations were reported in 9 patients (InO, n = 3; SC, n = 6).
‡Confirmed by RNA-sequencing copy number variation (analysis) for absence of fusions and a
§Low-blast: blasts of <30%; subtype undetermined.
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Efficacy

In 91 patients evaluated for response by molecular genetic subset,
the CR/CRi rate was 74.4% in the InO group vs 33.3% in the SC
group (P < .0001; Figure 3A). CR/CRi rates were higher with InO
than with SC across leukemic subtypes, with the difference
reaching statistical significance in the BCR::ABL1–like subtype
(6/7 patients [85.7%] vs 0/5 patients [0%], respectively; P =
.0076; the patient who did not respond to InO had IGH::CRLF2+

ALL). Among patients in the InO group who achieved CR/CRi,
MRD negativity was typically achieved. MRD negativity was ach-
ieved by all 4 responding patients with the BCR::ABL1+ subtype
and all 6 responding patients with the BCR::ABL1–like subtype,
compared with 1 of 4 and 0 of 0 patients, respectively, treated with
SC. A trend toward a PFS benefit with InO was observed across
leukemic subtypes and a trend toward OS benefit with most sub-
types (Figure 3B-C).

It was evident that across genomic alterations, there was a
potential for response to InO treatment (Figure 4A). Of note, CR/
CRi rates were significantly higher in patients with TP53 alterations
who received InO (5/5 [100%]) than SC (1/8 [12.5%]; P = .0047).
Although a trend toward a PFS benefit was observed across
genomic alterations, no such trend was observed for OS
(Figure 4B-C). Responses were observed in 1 of 3 (33.3%)
patients with BCR::ABL1+ ALL and the ABL1 T315I mutation
treated with InO compared with 3 of 6 (50%) patients treated with
SC (P = not significant).

In an evaluation of efficacy outcomes according to risk group based
on a classification of leukemic subtypes (high-risk BCR::ABL1+, high-
risk BCR::ABL1−, standard to intermediate risk, undetermined risk,
bined cohort

Combined n = 91

Leukemic subtype–based classification of risk

group*

13 (14.3)† High-risk BCR::ABL1+

12 (13.2) High-risk BCR::ABL1−

11 (12.1) High-risk BCR::ABL1−

8 (8.8) High-risk BCR::ABL1−

5 (5.5) Standard to intermediate risk

3 (3.3) Standard to intermediate risk

3 (3.3) Undetermined risk

2 (2.2) Undetermined risk

2 (2.2) Standard to intermediate risk

2 (2.2) Standard to intermediate risk

2 (2.2) Standard to intermediate risk

2 (2.2) Undetermined risk

1 (1.1) Standard to intermediate risk

25 (27.5) Low blast

bsence of CREBBP mutations.
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Subtype BCR::ABL1+ Low hypodiploidy BCR::ABL1-like KMT2A DUX4 Hyperdiploid
Subtype

Treatment

BCR::ABL1 (13)
IGH::CRLF2 (6)

P2RY8::CRLF2 (2)
PAX5::JAK2 (1)

TNIP1::PDGFRB (1)
KMT2A::AFF1 (6)

KMT2A::ELL (1)
IGH::DUX4 (3)

UBTF::ATXN7L3 (3)
MEF2D::BCL9 (2)

TCF3::PBX1 (2)
EP300::ZNF384 (1)

IGH::CEBPE (1)
IGH::CEBPB (1)

Mutation type Fusion transcript
Other subtypes

Treatment InO SC

CDX2/UBTF MEF2D PAX5alt TCF3::PBX1 ZEB2/CEBP ZNF384 B-other

Figure 1. Gene fusions of interest by ALL subtype. The most common subtypes across treatment arms were BCR::ABL1+, BCR::ABL1–like, low hypodiploidy, KMT2A

rearranged, and DUX4 rearranged. The most common non–BCR::ABL1 rearrangements were IGH::CRLF2 detected in the BCR::ABL1–like subtype, and KMT2A::AFF1

detected in the KMT2A rearranged subtype. Oncoprint displays cases of both canonical and noncanonical fusion orientation. The numbers in parentheses denote the number of

patients carrying that gene fusion.
and low-blast; Table 2 for full definitions of risk groups), response to
InO was observed across the risk groups (Figure 5A). In the high-risk
BCR::ABL1− group, CR/CRi rates were significantly higher with InO
(10/12 [83.3%]) compared with SC (2/19 [10.5%]; P < .0001). A
trend toward a PFS benefit was evident across most risk groups,
which was significant in the high-risk BCR::ABL1− group (HR, 0.236;
97.5% CI, 0.081-0.686) and the low-blast content group (HR, 0.276;
97.5% CI, 0.086-0.884; Figure 5B). Similarly, a trend toward OS
benefit was observed across most risk groups (Figure 5C). In general,
trends for the low-blast content group appeared most similar to the
overall “all patients” group that combined all risk groups (Figures 3
and 5), likely reflecting that the low-blast population had a similar
fraction of subtypes as the overall cohort.
Subtype

Subtype

BCR::ABL1+
Low

hypodiploidy
BCR::ABL1

-like KMT2A DUX4

Treatment

ARID2 (8)
CREBBP (11)

KMT2C (10)
KMT2D (16)

KRAS (8)
NOTCH1 (10)

PAX5 (8)
TP53 (13)

Mutation type
Other subtypes

Treatment

Missense Frameshift Nonsense Deletion Inserti
CDX2/UBTF MEF2D PAX5alt TCF3::PBX1 ZE
InO SC

Figure 2. Common nonfusion genomic alterations by ALL subtype and molecula

chromatin-modifying genes were common. Other common gene alterations included TP53

carrying that genomic alteration.

3230 ZHAO et al
Discussion

This retrospective analysis of the INO-VATE trial demonstrated
potential for benefit with InO for patients with R/R ALL across
leukemic subtypes and for patients bearing different genomic
alterations. Although the number of cases of ALL for several sub-
types was small, the spectrum of gene fusions and other genomic
alterations observed was generally consistent with that previously
reported for adult ALL.2,16

Similar to previously reported findings of the INO-VATE trial,
response rates were higher with InO than with SC across
leukemic subtypes.7-9 A notable finding was the low response
rate observed in patients with BCR::ABL1–like ALL who were
Hyperdiploid Low blast

Epigenetic pathway

Ras pathway
Notch pathway

B-cell pathway
Cell-cycle pathway

on Splice
B2/CEBP ZNF384 B-other

r pathway. Among nonrearrangement genomic alterations, sequence mutations of

, NOTCH1, and KRAS. The numbers in brackets denote the number of patients
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Analysis

All patients

Leukemic subtype

BCR::ABL1+

BCR::ABL1-like

Other–fusion-drivenb

Other–aneuploidyc

Other–mutationd

Low blast

Low hypodiploidy

KMT2A

InO

Sample size
(CR/CRI)

CR/CRI rate
(%)

Rate diff
(%) (97.5% CI)a

Favors InO Favors SC
1-sided

InOSC SC P value

43 (32)

6 (4)

3 (2)

7 (6)

2 (2)

8 (5)

3 (2)

1 (–)

13 (11)

7 (4)

8 (1)

5 (–)

6 (1)

5 (1)

0

5 (3)

12 (6)

66.7

66.7

85.7

100

62.5

66.7

–

84.6

57.1

12.5

–

16.7

20.0

–

60.0

50.0

.5874

.1515

.0076

.1071

.1795

–

1.0000

.0766

–120 –80 –40 0 40 80 120

–9.5

–54.2

–85.7

–83.3

–42.5

–

60.0

–34.6

(–62.1, 43.1)

(–100, 3.9)

(–100, –59.8)

(–100, –53.5)

(–91.0, 6.0)

(–, –)

(17.1, 100)

(–69.0, –0.2)

48 (16) 74.4 33.3 < .0001 –41.1 (–59.7, –22.4)

A

BCR::ABL1+
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Figure 3. Efficacy outcomes with InO or SC by ALL subtype. (A) CR/CRi rates were higher with InO than with SC across leukemic subtypes, with the difference reaching

statistical significance in the BCR::ABL1–like subtype. (B) A trend toward benefit with InO was observed across leukemic subtypes for PFS; and (C) across most subtypes for OS.
aCIs were approximated using nominal distribution when ≥5 patients were in both the CR/CRi and non–CR/CRi subgroups. Where <5 patients were in either subgroup, exact

method was used; bincluded DUX4, CDX2/UBTF, MEF2D, TCF3::PBX1, and ZNF384; cincluded hyperdiploid; dincluded B-other, PAX5alt, and ZEB2/CEBP.
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Figure 4. Efficacy outcomes with InO or SC by select genomic alterations. (A) Across genomic alterations, there was a potential for response to InO treatment, and

CR/CRi rates were significantly higher in patients with TP53 alterations who received InO. (B) A trend toward a PFS benefit was observed across genomic alterations; however,

(C) no such trend was observed for OS. aAll patients bearing an alteration in a gene with an overall alteration prevalence n of at least 8; bCIs were approximated using nominal

distribution when ≥5 patients were in both the CR/CRi and non–CR/CRi subgroups. Where <5 patients were in either subgroup, exact method was used.
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Figure 5. Efficacy outcomes with InO or SC by leukemic subtype–based risk group. (A) Response to InO was observed across risk groups group based on a classification

of leukemic subtypes. In the high-risk BCR::ABL1− group, CR/CRi rates were significantly higher with InO compared with SC. (B) A trend toward a benefit with InO was evident

across most risk groups for PFS; (C) OS. aCIs were approximated using nominal distribution when ≥5 patients were in both the CR/CRi and non–CR/CRi subgroups. Where <5

patients were in either subgroup, exact method was used. int, intermediate.
treated with SC (0/5 [0%]) vs InO (6/7 [85.7%]), with the
difference reaching statistical significance. The lack of
response in the SC group was not surprising given the small
25 JUNE 2024 • VOLUME 8, NUMBER 12
sample size and the poor prognosis of this patient group2;
nevertheless, the results with InO for this high-risk subtype
are encouraging.
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The potential for response with InO was also evident across
molecular alterations, including patients with ALL harboring TP53
mutations, for whom the CR/CRi rate was significantly higher for
patients receiving InO (5/5 [100%]) than those receiving SC (1/8
[12.5%]). Higher response rates with InO in patients with TP53
alterations may reflect sensitization to calicheamicin-induced dou-
ble-strand DNA breaks via abrogation of DNA repair and/or cell
cycle checkpoints.17 In contrast, in cellular models, TP53 muta-
tions have been reported to be associated with resistance to InO,
which can be overcome via overexpression of wild-type TP53.18

TP53 alterations were significantly associated with low-
hypodiploid ALL, with 8 of 13 (61.5%) TP53 mutations occurring
in this high-risk subtype, which is consistent with the litera-
ture.2,19,20 TP53 alterations have been identified as a hallmark of
low hypodiploidy in both adults and children with ALL, with many of
the alterations in children present in the germ line.21 Our results
warrant further evaluation of the interplay between TP53 mutation,
low-hypodiploid subtype, and InO efficacy in a larger cohort of
patients.

Although all patients with TP53 alterations treated with InO ach-
ieved a response, no significant PFS or OS benefit was observed,
which may reflect the poor prognosis associated with TP53 alter-
ations,19 especially in the R/R setting. In a study of patients with R/
R disease with TP53 mutations, treatment with mini-hyper-CVD
(referring to low-intensity therapy administered on a hyper-
fractionated schedule) and InO was associated with high
morphologic response rate (16/16 [100%]) but a similarly short
OS (median OS, 5 months). The authors suggested that the timing
of the mutation (baseline or R/R) was important, with inherently
more aggressive TP53 mutant clones expanding after
chemotherapy.22

A previous analysis of patients with BCR::ABL1+ R/R ALL in the
INO-VATE trial demonstrated a substantial improvement in
responses and HSCT rates with InO vs SC.10 The authors dis-
cussed the potential ability of InO to target BCR::ABL1+ ALL
regardless of ABL-kinase mutational status, and highlighted the
need to examine concurring mutations in patients with R/R
BCR::ABL1+ ALL (ABL- kinase mutation, particularly T315I). Our
analysis identified the ABL1 T315I mutation in 9 of 13 (69.2%)
patients with BCR::ABL1+ ALL (data not shown); this is a “gate-
keeper” mutation in the ABL-kinase domain and commonly seen in
relapse after treatment with first- and second-generation tyrosine
kinase inhibitors.10,23,24

The number of patients with the KMT2A-rearranged subtype
treated with InO was small (n = 2), which limits the interpretability
of these data. Interestingly, both patients had a relatively high
CD22 positivity (90% and 84%, respectively), which is atypical
because KMT2A rearrangements have been associated with lower
CD22 positivity, and both patients achieved CR/CRi.25 The per-
centage of CD22+ blasts fell to <10% after only 1 cycle of InO
treatment, which was a similar but more rapid decline compared
with that typically seen for CD22 positivity in the INO-VATE
study.25 Regarding efficacy and progression in these patients,
MRD in patient 1 was 90.8% at screening; 7.2% at cycle 1, day 20;
and 1.4% at cycle 2, day 20, consistent with robust initial benefit.
However, PFS was relatively short at 2.8 months. Likewise, for
patient 2, MRD was 60.7% at screening; and 1.2% at cycle 1, day
21, with a PFS of 1.7 months.
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The bispecific T-cell engager blinatumomab has also conferred
activity in patients with high-risk BCR::ABL1+ or BCR::ABL1–
like R/R ALL. In the phase 2 ALCANTARA study, 16 of 45 (36%)
patients with BCR::ABL1+ R/R ALL achieved CR/CRi with bli-
natumomab, including 10 patients with the ABL1 T315I mutation,
with a median OS of 7.1 months.26 In a post hoc analysis from
the phase 3 TOWER study, 3 of 9 (33%) patients with
BCR::ABL1–like R/R ALL treated with blinatumomab achieved
CR/CRi. A retrospective, single-center study has reported a
higher response rate of 70% (16/23) in patients with
BCR::ABL1–like R/R ALL after treatment with blinatumo-
mab.27,28 Acknowledging the small patient numbers, our results
in BCR::ABL1+ or BCR::ABL1–like subtypes compare favorably
with these response rates.

The limitations of this analysis include its ad hoc, retrospective
nature; the small sample size in subgroups; sample collection being
initiated midway through the trial; and some suboptimal samples. In
addition, we prioritized leukemic subtype classification, and RNA-
sequencing was used to report gene fusions and SNV-indels but
not gene deletions. Without DNA-based profiling and gene dele-
tions, some alterations may be underestimated; for example, our
study reported IKZF1 SNVs/indels (4/91 [4.4%]), and a further
investigation of IKZF1 splicing isoforms identified IK6 isoform
(which lacks exons 4-7)29 at 13.2% (12/91) prevalence; because
the most common IKZF1 alterations are IKZF1 deletions, this may
explain the low rates of IKZF1 alterations reported in our study
relative to those reported in the UKALLXII/ECOG-ACRIN E2993
study (31% [41/131]).2

In summary, our results suggest a treatment benefit with InO to
patients with R/R ALL across leukemic subtypes, molecular alter-
ations, and risk groups, including poor prognosis, high-risk sub-
types. Further confirmation of the efficacy of InO in patients with R/
R ALL exhibiting the BCR::ABL1–like subtype or harboring TP53
alterations is warranted.
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