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Do we know our enemy?



BCR-ABL or IgH/TCR

Kim R et Al.J Clin Oncol. 2024 Sep 10;42(26):3140-3150. Short NJ et Al. Blood Adv. 2025 Mar 25;9(6):1442-1451.

false-positive MRD results when using RT-PCR for BCR::ABL1 in
patients with Ph-positive ALL with multilineage involvement, MRD
assays that assess IG/TR gene rearrangements, which are more
specific for the leukemic clone and thus more representative of
clinically significant MRD, may be more prognostic than MRD
assessed by RT-PCR for BCR::ABL1.13 In 1 analysis of patients
who achieved MRD negativity by NGS for IG/TR, relapse-free
survival (RFS) and overall survival (OS) were similar regardless of
the presence or absence of detectable BCR::ABL1 transcripts by
RT-PCR, suggesting that RT-PCR for BCR::ABL1 did not provide
additional prognostic information.9 The clinical utility of serial
monitoring of RT-PCR for BCR::ABL1 in patients with multilineage
Ph-positive ALL in whom monitoring of NGS MRD is also being
performed is uncertain.

Recommendations

• In patients with B-cell ALL, NGS-based MRD quantification of
leukemia-specific IG/TR clonotypes is preferred for clinical
decision-making over MFC, PCR for IG/TR, or RT-PCR for
BCR::ABL1 for MRD assessment, because NGS for IG/TR has
superior sensitivity and discrimination for relapse than these
other assays.

• In Ph-positive ALL, NGS for IG/TR and RT-PCR for BCR::ABL1
are complementary methods of MRD assessment, although
NGS for IG/TR may be more suitable for prognostication and
most therapeutic decision-making, because this assay has
greater specificity for the leukemic clone than does RT-PCR for
BCR::ABL1.

• In patients with T-cell ALL, NGS for IG/TR and other MRD
assays (eg, MFC) are complementary methods of MRD
assessment, as NGS for IG/TR provides superior sensitivity to
other MRD assays but is not well-validated in T-cell ALL.

• MFC or PCR-based assays may be helpful in select cases, such
as when NGS-based MRD for IG/TR is unavailable (eg, towing
to the lack of a trackable clonotype) or is too financially costly, or
when a very rapid turnaround time is needed for urgent
decision-making. MFC may also be complementary to other
MRD assays when assessment of antigen expression is needed
for selection of antigen-directed immunotherapy. When used,
MFC-based MRD should be performed in a validated laboratory
that can achieve a sensitivity of 1 × 10−4.

• In patients with Ph-positive ALL for whom NGS-based MRD for
IG/TR is unavailable, PCR for IG/TR is preferred over MFC or
RT-PCR for BCR::ABL1. In cases in which NGS or PCR assays
for IG/TR are both unavailable, RT-PCR for BCR::ABL1 is
preferred over MFC.

Clinical question 2: what is the appropriate
sample source for MRD testing in ALL?
Peripheral blood (PB) monitoring of MRD in ALL offers the
advantage of avoiding the need for invasive bone marrow (BM)
sampling. However, the disease burden may be 1- to 2-log-fold
lower in the PB than in the BM.14-16 PB monitoring of MRD using
PCR for BCR::ABL1 is commonly used in patients with Ph-positive
ALL, although few studies have compared MRD testing in the PB
and BM. In Ph-positive ALL, BCR::ABL1 transcript levels in the PB

are generally at least 1-log-fold lower than those obtained in the
BM.17

Several studies have compared PB and BM assessment for NGS
MRD for IG/TR.8,14,18,19 In a retrospective study of 69 patients, a
strong correlation in NGS MRD quantification was observed
between these 2 compartments (r = 0.87; P < .001).18 Compared
with MRD in the BM, the positive and negative predictive values of
PB MRD by NGS for IG/TR were 87% and 90%, respectively. In a
large study of 808 children with standard-risk ALL evaluated with
NGS MRD, 84% of patients with detectable BM MRD also had
detectable PB MRD, with a strong correlation between these 2
sources observed across cytogenetic risk groups.19 These studies
suggest that PB NGS MRD may be a reasonable alternative to BM
MRD monitoring. However, because of the lower overall disease
burden in the PB, PB monitoring may fail to detect very low levels of
MRD and therefore may be more appropriate for patients with a low
pretest probability of MRD positivity, particularly those patients in
whom NGS MRD negativity in the BM has already been
documented.

Some patients with ALL may have extramedullary involvement,
which may be more amenable PB MRD monitoring. Although the
clinical utility of this approach in extramedullary ALL has not been
systematically evaluated, PB MRD monitoring has been shown to
have prognostic importance in lymphomas and may be similarly
useful in cases of ALL with extramedullary involvement.20

Recommendations

• For patients with BM involvement, BM MRD monitoring is rec-
ommended at least until MRD negativity is documented. After
achievement of MRD negativity using a high-quality BM sample,
MRD monitoring of the PB (either alone or alternating with
periodic BM assessments), ideally using a high sensitivity NGS-
based MRD assay, can be considered to reduce the frequency
of invasive BM examinations.

• For patients with extramedullary-only disease (eg, B-cell or T-cell
lymphoblastic lymphoma), PB MRD monitoring may be clinically
useful, although few data are available supporting its use in this
setting.

Clinical question 3: what is the optimal
timing and frequency of MRD assessment
in ALL?
In patients undergoing frontline ALL therapy, the timing at which
MRD negativity is achieved plays an important role in risk stratifi-
cation. In Ph-negative ALL, achievement of MRD negativity after
induction is associated with superior outcomes, regardless of the
MRD assay used.5,21-24 In 1 study of patients treated predomi-
nantly with hyper-CVAD (hyperfractionated cyclophosphamide,
vincristine, adriamycin, and dexamethasone), patients who ach-
ieved MRD negativity by MFC after induction had a 3-year OS of
76%, whereas those who achieved MRD negativity later in
consolidation had a 3-year OS of 58% (P = .001).21 In the CALBG
10403 study, patients who achieved MRD negativity by PCR for
IG/TR after induction had a 3-year disease-free survival rate of 85%
(vs 54% for those who were MRD positive), highlighting the
favorable prognostic impact of early MRD negativity in ALL.24 Using
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BCR-ABL mutations

Soverini S et Al. Cancer Med. 2020 May;9(9):2960-2970.

   | 2967SOVERINI ET AL.

monitoring of Ph+ ALL patients in the framework of TKI-
based clinical trials. Such studies, that would greatly benefit 
from the international cooperation of different study groups, 
would help to establish the role of NGS at diagnosis and to 
find the best timing and integration of MRD and mutation 
testing into the clinical decision algorithms.
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When is NGS testing 
indicated?

Why is NGS testing 
indicated?

What if a low-level mutation is 
detected?

At diagnosis Pretherapy detection of 
mutations with known 
resistance profile at low 
level might allow to identify 
patients who have a higher 
risk of MRD persistence and 
early relapse, and help in 
planning an individualized 
molecular and mutation 
monitoring

Monthly evaluation of mutation 
kinetics should be performed, 
until either BCR-ABL1 levels 
decrease below 0.1%, or MRD 
and mutation level increase

In the latter case, switching 
to a different TKI should be 
considered when the mutation 
is known to be not sensitive to 
the TKI currently used

At the end of induction (or consolidation)
In patients with no 
CHR

Though few, such patients 
are highly likely to harbor 
mutations conferring resistance 
to TKI-based therapy

Personalized TKI choice should 
be based on the detectable 
mutation(s)

In patients with 
no complete 
molecular 
remissiona

A relatively high incidence 
of mutations conferring 
resistance to TKI-based 
therapy is expected in 
association with high/rising 
levels of MRD

Switching to a different TKI 
should be considered when the 
mutation is known to be not 
sensitive to the TKI currently 
used

At relapse Accurate assessment of 
mutation status may be 
important for personalized 
TKI choice

Personalized TKI choice should 
be based on the detectable 
mutation(s)

Before allo-SCT
In patients who 
did not have 
NGS testing 
performed at the 
time of transplant 
decisiona

Detection of low-level 
mutations is likely to affect 
posttransplantation outcome

Posttransplantation reassessment 
should be performed for 
reinstitution of personalized 
TKI therapy based on MRD 
and mutation status

After allo-SCT
Whenever a patient 
tests MRD+a

Persistent mutations associated 
with MRD positivity may 
affect posttransplantation 
outcome

Monthly evaluation should be 
performed for personalized 
posttransplantation reinstitution 
of TKI therapy based on MRD 
and mutation status

Abbreviations: allo-SCT, allogeneic hematopoietic stem cell transplant; CHR, complete hematological 
response; MRD, minimal residual disease; TKI, tyrosine kinase inhibitor.
aBCR-ABL1 transcript level should be >0.1% to ensure the feasibility of NGS library preparation. 

T A B L E  1  Summary of the indications 
of use of next-generation sequencing (NGS) 
in Philadelphia-positive acute lymphoblastic 
leukemia (ALL)
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11.10.2017, 45yo Male
● 2 weeks progressive fatigue
● Admitted to ER for syncope
● APR: Mute

EEC

WBC 49 x 10^9/L

Hb 4,2 g/dL

PTL 28 x 10^9/L

Blast 83%

Normal renal and hepatic
function

LDH 546 U/L
BM: 95% of small, agranular blasts

B-ALL with 
t(9;22)(q34.1;q11.2) sec 

ICC 2022

IF BM

CD45+, CD19+, CD10+,
cyCD79a+, CD34+, HLA-DR+,
TdT+, CD22+;

RT-PCR for BCR/ABL1 

postivity for p210 transcript

● Karyotype: t(9;22) in 16% of metaphases
● Lumbar Puncture: CNS1

EO: ECOG 1, cervical and inguinal
lymphogranuly, NO organomegaly, normal
pulmonary function



1st line: D-ALBA
● 16.10.2017: Enrolled GIMEMA LAL2116 protocol and start PDN + Dasatinib 140 mg/die, well tolerated

● 13.11.2017: d+22 BM evaluation: CR, MRD (p210) POS 1,2 x 10^-2, dasatinib continued ad 140 mg/die 

● 23.01.2018: d+85 BM evaluation: CR, MRD (p210) POS 9,8 x 10^-2; dasatinib continued ad 140 mg/die 

● 24.01.2018: Start C1 Blina: coryza, dasatinib continued ad 140 mg/die

● 22.02.2018: BM evaluation: CR, MRD PNQ (PB+BM), dasatinib continued at 140 mg/die

● 06.03.2018: Start C2 Blina: well tolerated, dasatinib continued at 140 mg/die

● 04.04.2018: BM evaluation: CR, MRD NEG (PB+BM), dasatinib continued at 140 mg/die

● 16.04.2018: Start C3 Blina: well tolerated, dasatinib continued at 140 mg/die

● 15.05.2018: BM evaluation: CR, MRD NEG (PB+BM), dasatinib continued at 140 mg/die

● 04.06.2018: Start C4 Blina: well tolerated, dasatinib continued at 140 mg/die

● 26.06.2018: BM evaluation: CR, MRD NEG (PB+BM), dasatinib continued at 140 mg/die

● 09.07.2018: Start C5 Blina: well tolerated, dasatinib continued at 140 mg/die

● 06.08.2018: BM evaluation: CR, MRD NEG (PB+BM), dasatinib continued at 140 mg/die

● In total 12 TIT performed (required per protocol)

Start D-ALBA

16/10/2017



During maintenance with Dasatinib, MRD persistently negative

COMPLICATIONS:

● 02.10.2018: Admission for CMV colitis treated with valgancicolvir, dasatinib continued at 140 mg/die

● 04.02.2019: CMV reactivation treated with valgancicolvir and Ig anti-CMV, dasatinib continued at 140 mg/die

● 08-09.2019: Admission for CMV reactivation with colitis and pneumonia treated with valgancicolvir and foscavir, 
dasatinib reduced at 100 mg/die

● 24.10.2019: Admission for Pulmonar Hypertension related to dasatinib (CTCAE 3), STOP DASA, START IMATINIB 600 
mg/die

19.12.2019: BM evaluation: CR, MRD NEG (PB+BM), Imatinib continued at 600 mg/die

13.02.2020: BM evaluation: CR, MRD POS 2,1 x 10-4 (PB+BM), Imatinib continued at 600 mg/die
28/10/2019

Pulmonary Hypertension, 
switch to Imatinib



CNS Relapse: 2nd line CT + Ponatinib
● From 01.03.2020 headeache with poor response to acetaminophen and FANS

● 10.03: diplopia appeared, at LP presence of lymphoblasts, at MRI leukemic meningosis, BM without leukemia
localization (CNS only). BCR-ABL wt

● 11.03.2020: start TIT biweekly (5 total) + Vincristine 2 mg weekly + start Ponatinib 45 mg/die

● 02.04.2020: start TIT weekly (4 total) + Vincristine 2 mg weekly (4 total) + Ponatinib 30 mg/die

● 30.04.2020: MTX 2500 mg/mq in 24h + ARA-C 2000 mg/mq for 4 doses, hold Ponatinib 30 mg/die

● From 20.05.2020 start TIT every 2 weeks (4 doses), hold Ponatinib 30 mg/die

● 28.05.2020: BM evaluation: CR, MRD neg (SP+SM), Ponatinib continued at 30 mg/die

● 22.06-03.07.2020: Craniospinal RT (50  Gy)

● 20.07.2020: BM evaluation: CR, MRD NEG (PB+BM), Ponatinib continued at 30 mg/die

10/03/2020

CNS relapse, 
start Ponatinib



Allogenic bone marrow transplantation
● 10.08.2020: Haploindentical HSCT (sister) after conditioning with TBI+Fludarabine at Papa Giovanni XXIII Hematolgy

Unit (BG)

● +30, +60, +90 day BM evaluation: CR MRD NEG (PB+BM)

● From 07.01.2021 start Ponatinib maintenance at 15 mg/die

● 20.07.2021: BM evaluation: CR, MRD NEG (PB+BM), Ponatinib continued at 15 mg/die

● 14.12.2021: BM evaluation: CR, MRD POS (0,14 x 10^-4) (PB+BM), Ponatinib increased at 45 mg/die

● 18.01.2022: BM evaluation: CR, MRD NEG (PB+BM), Ponatinib continued at 45 mg/die.

● 02.03.2022: DLI infusion (x 2 infusions) 

● 17.05.2022: BM evaluation: CR, MRD NEG (PB+BM), Ponatinib continued at 45 mg/die.
10/08/2020

HSCT, continue 
with ponatinib
maintenance





● From May 2022 to August 2025 MRD persistently negative 

● 23.03.2024: Reduced Ponatinib at 30 mg/die, MRD persistently negative 

● 19.02.2025: Admission for VZV encephalitis and secondary polyradicolonevritis AI: Ponatinib suspension and 
start high dose steroids and acyclovir

● Last p210 control (07/08/2025): negative (PB+BM)

● Last FUP (15.10.2025): Good neurological recovery

Foà R et Al. J Clin Oncol. 2024 Mar 10;42(8):881-885.
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Patient disposition is shown in Supplemental Fig.  1. 
Among the 76 patients, 3 patients (4%) died in CR, 1 
patient (1%) died in cycle 1 prior to response assessment, 
10 patients (13%) relapsed, 2 patients (3%) underwent 
alloSCT in "rst remission (both due to lack of achieve-
ment of CMR), and 58 patients (76%) are in ongoing 
continuous remission without alloSCT. #ree of these 
patients were taken o$ protocol to receive additional 
therapy for MRD-positive disease (inotuzumab ozogami-
cin, n = 1; CD19 CAR T-cells, n = 2).

With a median follow-up of 29 months (range, 5–75 
months), the median EFS and OS has not been reached. 
Seven patients have died: 1 early death during induction, 
3 deaths in CR, and 3 due to ALL relapse. #e estimated 
2-year and 3-year CIR are 15% and 17%, respectively, the 
2-year and 3-year EFS rates are 80% and 78%, respec-
tively, and the 2-year and 3-year OS rates are 93% and 
88%, respectively (Supplemental Fig.  2). In a post hoc 
analysis of “MRD-based EFS” considering NGS MRD 
persistence or recurrence as an event (3 additional 
patients), the 2-year and 3-year EFS rates were 78% and 
76%, respectively (Supplemental Fig. 3).

Molecular characteristics of the study population
Overall, 57 patients (75%) underwent baseline targeted 
sequencing, and 48 patients (63%) underwent SNP 

microarray. #ere were no signi"cant di$erences in clini-
cal characteristics between patients who underwent SNP 
array versus those who did not, although patients with 
SNP data tended to be older (P = 0.10) and have higher 
WBC at diagnosis (P = 0.13) (Supplemental Table 2). 
#e incidence of individual genomic alterations in the 
study population is shown in Table  1. Among patients 
who underwent targeted sequencing, the most com-
mon mutations were IKZF1 in 5 patients (9%), ASXL1, 
DNMT3A, and TET2 in 3 patients (5%) each, and 
BCORL1, ETV6, RUNX1, and SF3B1 in 1 patient (2%) 
each. Among the 5 IKZF1 mutations, 2 were frameshift 
and 3 were missense. Among patients who underwent 
SNP microarray, the most common alterations were an 
IKZF1 deletion (73%), CDK2NA/B deletion (56%), and 
PAX5 and XBP1 deletions (27% each). Fourteen of the 
IKZF1 deletions were dominant negative (40% of total 
IKZF1 deletions) [9]. Seven patients (15%) had a VPREB1 
deletion. Twenty-"ve patients (52%) were classi"ed as 
having the IKZF1plus genotype (de"ned as an IKZF1 dele-
tion or frameshift mutation in combination with dele-
tion of CDKN2A/B and/or PAX5). An Oncoplot of the 
48 patients with complete molecular information, WBC 
count at diagnosis, transcript type, CNS involvement at 
diagnosis, and relapse status is shown in Fig. 1.

Fig. 1 Oncoplot of patients with complete molecular pro!ling (n = 48)

 

Not only an italian problem…
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Relapse characteristics
!e clinical and molecular characteristics of the 10 
patients who relapsed are shown in Table 2. One patient 
who relapsed did not have an available baseline sample 
for SNP array. !e median age at relapse was 46 years 
(range, 18–70 years), and the median WBC at diagno-
sis of the relapsed patients was 124.1 × 109/L (range, 
12.9-322.1 × 109/L). !e median time to relapse was 18 
months (range, 8–24 months). Four relapses occurred 
in the bone marrow, with a median time to relapse of 14 
months (range, 8–24 months). At relapse, one patient 
had an ABL1 kinase domain (KD) E255V mutation, one 
had a T3151 mutation (in a patient who was on dasatinib 
at the time of relapse due to the development of wors-
ening coronary atherosclerosis), and two did not have 
an ABL1 KD mutation detected. One patient with bone 
marrow relapse had concomitant leukemic involvement 
of the vitreous $uid. Five relapses occurred in the CNS 
only, with a median time to relapse of 21 months (range, 
9–23 months). One patient experienced a non-CNS 
extramedullary relapse. !is patient had an IGH::CRLF2 
fusion at diagnosis and relapsed in the peritoneum and 
lymph nodes with Ph-negative disease. All tested patients 
retained high levels of CD19 expression at relapse 
(median 99.9% [range, 82.3-100%]).

All relapsed patients received salvage therapy. !e sal-
vage therapies administered and responses are shown in 
Supplemental Table 3. Nine patients (90%) achieved com-
plete remission after %rst salvage therapy, and one patient 
died during reinduction due to complications from CNS 

relapse. Five of the responding patients received sub-
sequent CD19 chimeric antigen receptor T-cell as con-
solidation, none of whom has subsequently relapsed. No 
patient underwent alloSCT following relapse.

Predictors of relapse
On univariate analysis, factors associated with an 
increased risk of relapse on univariate analysis included: 
WBC ≥ 70 × 109/L at diagnosis (sHR 8.86 [95% CI 
2.33–33.70]; P = 0.001), presence of CNS involvement 
at diagnosis (sHR 6.87 [95% CI 1.54–30.68]; P = 0.01), 
and VPREB1 deletion (sHR 4.06 [95% CI 1.05–15.76]; 
P = 0.04) (Fig.  2A). Among 69 patients who were evalu-
able for complete molecular response (CMR) after cycle 
1, there were 9 relapses; paradoxically, all these relapses 
occurred in patients who achieved early CMR. !e 3-year 
CIR for patients with IKZF1plus was 29% and for patients 
without the IKZF1plus genotype was 14% (sHR 2.02 [95% 
CI 0.51–7.9]; P = 0.31) (Supplemental Fig.  4). Similarly, 
neither transcript type (p190 vs. p210: sHR 2.84 [95% CI 
0.38–21.19; P = 0.31) nor NGS MRD positivity after cycle 
1 (sHR 1.89 [95% CI 0.38–9.26; P = 0.43) signi%cantly 
impacted the risk of relapse (Supplemental Figs. 5–6).

Overall, 17 patients (22% of the entire cohort) had 
WBC ≥ 70 × 109/L at the time of diagnosis. !e CIR for 
patients with WBC ≥ 70 versus < 70 × 109/L was 53% and 
6%, respectively (Fig.  3A). !e CIR for patients with 
VPREB1 deletion versus no deletion was 52% and 17%, 
respectively (Fig. 3B). Notably, only 3 of the 58 patients 
with WBC < 70 × 109/L relapsed; 2 of these patients 

Table 2 – Clinical and molecular characteristics of relapsed patients
Patient Age WBC at 

diag-
nosis (x 
109/L)

Tran-
script 
type

Mutations 
(targeted 
sequencing)

Gene deletions (SNP array) NGS MRD response 
after C1

PCR 
MRD 
response 
after C1

Duration 
of CR1 
(months)

Type of 
relapse

#1 57 2.0 p190 IKZF1 CDKN2A/B,
PAX5,
VPREB1, BTG1, RB1, XBP1

Negative CMR 8.6 Peritoneum and 
lymph nodes 
(Ph-negative)

#2 60 322.1 p190 IKZF1 CDKN2A/B, PAX5 Not done CMR 24.5 Bone marrow
#3 44 152.6 p190 None CDKN2A/B Positive (1/million) CMR 7.6 Bone marrow
#4 18 4.5 p190 None Not done Positive

(below LOD)
CMR 11.3 Bone marrow

#5 48 95.5 p190 None IKZF1, CDKN2A/B, PAX5, BTG1 Not done Not done 17.0 Bone mar-
row + vitreous 
!uid

#6 28 270.5 p190 Not done IKZF1, CDKN2A/B, PAX5, 
VPREB1

Not done CMR 22.0 CNS

#7 43 12.9 p190 BCORL1 IKZF1, VPREB1 Negative CMR 19.8 CNS
#8 49 84.9 p190 None IKZF1, CDKN2A/B, RB1, XBP1 Not done CMR 23.2 CNS
#9 44 236.7 p190 None IKZF1, CDKN2A/B, XBP1 Positive (57/million) CMR 8.5 CNS
#10 70 181.2 p210 DNMT3A, SF3B1, 

TET2
IKZF1 Positive (below LOD) CMR 20.7 CNS

Abbreviations: WBC, white blood cell; SNP, single nucleotide polymorphism; NGS, next-generation sequencing; MRD, measurable residual disease; C1, cycle 1; LOD, 
level of detection; PCR, polymerase chain reaction; CMR, complete molecular response; CR1, !rst remission; Ph, Philadelphia chromosome; CNS, central nervous 
system Short NJ et Al. J Hematol Oncol. 2025 May 14;18(1):55.
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BLINATUMOMAB

Martinelli G et Al. J Clin Oncol. 2017 Jun 1;35(16):1795-1802.

with 88% of responders also achieving a complete MRD response.
Median RFS and OS were 6.7 and 7.1 months, respectively. AEs
were consistent with those previously observed for blinatumomab
in the setting of R/R Ph– ALL. As predicted by the mechanism of
action of blinatumomab, these data demonstrate that hematologic
and molecular responses were independent of BCR-ABL1 status,
including the presence of the T315I mutation. More than one third
of patients (38%) had at least one BCR-ABL1 mutation, including
10 with the T315I mutation, a recognized negative prognostic
factor, even for treatment with ponatinib and/or alloHSCT.24,25 In
fact, the T315I mutation along with additional kinase domain
mutations have been associated with poor treatment responses and
outcomes, possibly as a result of increased genetic heterogeneity
among leukemic subclones that may lead to TKI-based drug
resistance.26

All patients had heavily pretreated R/R Ph1 ALL, with
nearly half (47%) having failed two prior TKI treatments and
one third (38%) having failed three or more prior TKI treat-
ments; 62% had $ 75% blasts at baseline; or 44% had relapsed

after alloHSCT. Notably, these data show that the proportion of
patients who achieved CR/CRh was in line with that reported for
less heavily pretreated populations or those in the Ph– setting
(36% v 43% in Ph– ALL), with similar or better response du-
ration than that observed with TKI therapies.27-29 Although not
statistically significant, a higher CR/CRh rate was observed in
patients with a low (, 50%) blast percentage at baseline
compared with patients who had a high ($ 50%) blast per-
centage (Fig 1), a trend consistent with blinatumomab treat-
ment in the Ph– setting.19 Interestingly, the five patients younger
than age 35 years did not respond, which may be the result of
higher disease burden (eg, $ 50% bone marrow blasts) and
disease aggressiveness (eg, shorter median time from initial
diagnosis to treatment and from first prior alloHSCT to relapse)
among these patients. Given the very small number of patients,
however, this is highly exploratory and speculative. Tumor load
may be a marker of disease aggressiveness of leukemia, which
may or may not be modified by cytoreduction. Alternatively, any
potential association between tumor load and response may
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Fig 1. Overall responses (complete remission/complete remission with partial hematologic recovery [CR/CRh]) during the first two treatment cycles among prespecified
patient subgroups. The dashed line represents the point estimate for CR/CRh for the entire patient population, and the box size indicates the relative population weight.
n/N1, number of responders/total number of patients with evaluable responses within each category. alloHSCT, allogeneic hematopoietic stem-cell transplantation; ECOG,
Eastern Cooperative Oncology Group; TKI, tyrosine kinase inhibitor.
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Patients with extramedullary involvement. In the R/R group, of the
20 Ph− patients with extramedullary involvement, 10 patients
(50%) achieved complete hematologic remission with five of these
achieving an MRD response. Among the five Ph+ patients with
extramedullary involvement, three achieved complete hematolo-
gic remission, of whom two achieved an MRD response.

Patients with DLI. In the MRD+ group, two of the four patients
treated with DLI had evaluable MRD and both (one Ph− and one
Ph+) achieved an MRD response. In the Ph− subgroup, 69%
(n= 9) of patients who received a DLI achieved CR/CRh/CRi
following two cycles of blinatumomab, and five of the six
evaluable patients (83%) achieved an overall MRD response.

Survival outcomes
OS and DFS in the MRD+ group. Median OS and median OS
censored at the time of HSCT were not reached (Fig. 2A, B).
Median follow-up was 18.5 months (Supplementary Table 4).
Achieving an overall MRD response in the first two cycles of
blinatumomab resulted in better KM estimates for OS at 24 months
among MRD responders (71.5%) than among MRD nonresponders
(57.1%; persistent MRD or MRD relapse) (Supplementary Fig. 2A).
Similar results were found in a landmark analysis (Supplementary
Table 5). Median (95% confidence interval [CI]) DFS was 27.6
(13.0–not estimated [NE]) months (Fig. 2C; Supplementary Table
6), and 33.0 (17.0–NE) months with additional censoring at the
time of HSCT (Fig. 2D). DFS estimates at 24 months were better in

Table 1. Baseline characteristics.

MRD+ (N= 109) R/R B-cell ALL (N= 140)

Characteristicsa All MRD+ (N= 109) Ph− (N= 83) Ph+a (N= 26) R/R Ph− (N= 106) R/R Ph+a (N= 34)

Sex, female, n (%) 45 (41.3) 39 (47.0) 6 (23.1) 50 (47.2) 16 (47.1)

Age at blinatumomab
initiation, years, median (IQR)

43.0 (27.0–55.0) 35.0 (24.0–56.0) 50.5 (43.0–55.0) 36.5 (24.0–52.0) 51.0 (37.0–64.0)

Number of salvage therapies

Median (IQR) 0 (0–1) 0 (0–1) 0 (0–2) 1 (0–2) 1 (1–2)

Min., max. 0, 4 0, 4 0, 4 0, 5 0, 5

Prior salvage therapy, n (%) n= 77b n= 32c n= 57b n= 26c n= 20b n= 6c n= 64d n= 42e n= 20d n= 14e

0 42 (54.5) 18 (56.2) 35 (61.4) 15 (57.7) 7 (35.0) 3 (50.0) 34 (53.1) 11 (26.2) 2 (10.0) 2 (14.3)

1 21 (27.3) 8 (25.0) 14 (24.6) 6 (23.1) 7 (35.0) 2 (33.3) 13 (20.3) 19 (45.2) 8 (40.0) 6 (42.9)

2+ 14 (18.2) 6 (18.8) 8 (14.0) 5 (19.2) 6 (30.0) 1 (16.7) 17 (26.6) 12 (28.6) 10 (50.0) 6 (42.8)

Disease status at blinatumomab initiation, n (%)

Full hematologic relapse NE NE NE 64 (60.4) 20 (58.8)

Refractory NE NE NE 42 (39.6) 14 (41.2)

Persistent MRD 77 (70.6) 57 (68.7) 20 (76.9) NE NE

MRD relapse 32 (29.4) 26 (31.3) 6 (23.1) NE NE

HSCT before blinatumomab
initiation, n (%)

17 (15.6) 9 (10.8) 8 (30.8) 43 (40.6) 12 (35.3)

Time between HSCT and
initiation, months,
median (IQR)

10.2 (3.8–24.9) 9.5 (3.8–21.3) 13.5 (5.4–36.7) 13.0 (7.2–20.0) 10.4 (7.1–20.6)

Response before blinatumomab initiation, n (%)

CR/CRh/CRi at frontline
therapy

NE NE NE 84 (79.2) 25 (73.5)

Blast count in the bone marrow at blinatumomab initiation, n (%)

≤5 86 (91.5) 65 (91.5) 21 (91.3) 14 (14.6) 2 (7.1)

>5 and <10 2 (2.1) 2 (2.8) 0 (0.0) 5 (5.2) 0 (0.0)

≥10 and <50 2 (2.1) 2 (2.8) 0 (0.0) 33 (34.4) 12 (42.9)

≥50 4 (4.3) 2 (2.8) 2 (8.7) 44 (45.8) 14 (50.0)

Unknown 15 (NA) 12 (NA) 3 (NA) 10 (NA) 6 (NA)

Extramedullary involvement, n (%)

Yes NA NA NA 20 (19.2)f 5 (14.7)

Central nervous system NA NA NA 4 (3.8) 5 (14.7)

Testis NA NA NA 4 (3.8) 0 (0.0)

Other NA NA NA 12 (11.5) 0 (0.0)

No NA NA NA 84 (80.8) —

Unknown NA NA NA 2 (NA) —
aCytogenetics of patients with Ph+ B-cell ALL are presented in Supplementary Table 1.
bFor the subset of patients who have persistent MRD.
cFor the subset of patients who are in MRD relapse.
dFor the subset of patients who are relapsed.
eFor the subset of patients who are refractory.
fResponse to blinatumomab was examined in a subgroup of patients with extramedullary involvement.
B-cell ALL B-cell acute lymphoblastic leukemia, CR complete remission with full recovery of peripheral blood counts, CRh complete remission with partial
recovery of peripheral blood counts, CRi complete remission with incomplete recovery of peripheral blood counts, HSCT hematopoietic stem cell
transplantation, IQR interquartile range, max. maximum, min. minimum, MRD minimal residual disease, MRD+MRD-positive, NA not applicable, NE not
estimated, Ph− Philadelphia chromosome-negative, Ph+ Philadelphia chromosome-positive, R/R relapsed/refractory.
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Tyrosine kinase 
inhibitors, n (%) 

MRD+ R/R

Ph−/ Ph+a

(n = 109)

Ph+ 

(n = 34)

Any

Missing

Imatinib

Dasatinib 

Nilotinib

Bosutinib

Ponatinib

13 (12.3)

3 (NA)
1 (0.9)

8 (7.5)

0 (0.0)

0 (0.0)

4 (3.8)

14 (41.2)

0 (NA)

1 (2.9)

6 (17.6)

2 (5.9)

1 (2.9)

6 (17.6)
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MRD+ R/R

All MRD+a

(n = 109)b
Ph−c

(n = 83)b
Ph+d

(n = 26)
Ph–e

(n = 106)f
Ph+g

(n = 34)h

Patients, n (%)

Event (death)

Censored (alive at end of study, lost to follow-
up)

33 (30.3)

74 (67.9)

28 (33.7)

53 (63.9)

5 (19.2)

21 (80.8)

55 (51.9)

47 (44.3)

15 (44.1)

16 (47.1)

KM estimate, % (95% CI)

At 1 month

At 3 months

At 6 months

At 12 months

At 18 months

At 24 months

98.1 (92.7–99.5)

96.3 (90.3–98.6)

92.4 (85.4–96.1)

77.9 (68.0–85.0)

66.9 (55.6–75.9)

64.7 (52.8–74.2)

98.8 (91.6–99.8)

96.3 (89.0–98.8)

95.1 (87.4–98.1)

76.4 (64.7–84.7)

62.4 (49.3–73.1)

62.4 (49.3–73.1)

96.2 (75.7–99.4)

96.2 (75.7–99.4)

83.6 (62.0–93.5)

83.6 (62.0–93.5)

83.6 (62.0–93.5)

71.7 (38.6–89.0)

94.1 (87.3–97.3)

84.0 (75.2–89.9)

67.5 (57.3–75.8)

50.6 (40.0–60.2)

42.8 (32.1–53.2)

40.0 (28.7–51.0)

93.5 (76.6–98.3)

80.3 (61.3–90.6)

60.2 (40.7–75.1)

53.1 (34.0–69.1)

44.3 (22.5–64.1)

44.3 (22.5–64.1)
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Similarly, in study 1010, the median OS was 7.4 months 
for Ph+ patients treated with InO. In study 1022, the 
median PFS was 3.9 months versus 3.1 months for InO 
versus SC (HR, 0.65 [95% CI, 0.34-1.25]; P = .0963) 

(Table 1, Fig. 3). For PFS, the probability of being alive 
and event-free at 12 months in study 1022 was higher 
for InO versus SC (20.1% vs 4.8%). In study 1010, the 
median PFS was 4.4 months.

TABLE 1. Efficacy Endpoints

Efficacy Endpoints

Study 1022 Study 1010

InO (n = 22) SC (n = 27) P InO (n = 16)

CR/CRi, n (% [95% CI]) 16 (72.7 [49.8-89.3]) 15 (55.6 [35.3-74.5]) .1075 9 (56.3 [29.9-80.3])
CR, n (% [95% CI]) 10 (45.5 [24.4-67.8]) 8 (29.6 [13.8-50.2]) .1265 4 (25.0)
CRi, n (% [95% CI]) 6 (27.3 [10.7-50.2]) 7 (25.9 [11.1-46.3]) .4577 5 (31.3)
MRD negativity, n (% [95% CI])a 13 (81.3 [54.4-96.0]) 5 (33.3 [11.8-61.6]) .009 9 (100.0 

[66.4-100.0])
OS

Median, mo (95% CI) 8.7 (3.6-14.1) 8.4 (5.0-14.3) 7.4 (4.3-11.3)
HR (95% CI) 1.17 (0.64-2.14) .6912 —

PFS
Median, mo (95% CI) 3.9 (2.1-9.2) 3.1 (1.1-6.2) 4.4 (1.8-5.9)
HR (95% CI) 0.65 (0.34-1.25) .0963 —

Abbreviations: CR/CRi, complete remission/complete remission with incomplete hematologic recovery; HR, hazard ratio; InO, inotuzumab ozogamicin; MRD, 
minimal residual disease; OS, overall survival; PFS, progression-free survival; SC, standard chemotherapy.
aPercentage of patients who achieved CR/CRi (16 InO patients and 15 SC patients in study 1022 and 9 patients in study 1010).

Figure 2. Kaplan–Meier plot of overall survival among Philadelphia chromosome–positive patients with acute lymphoblastic 
leukemia in (A) study 1022 and (B) study 1010. Abbreviations: HR, hazard ratio; InO, inotuzumab ozogamicin; mOS, median overall 
survival; SC, standard chemotherapy.
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Following treatment in study 1022, 41% (n = 9/22)  
of patients in the InO group and 19% (n = 5/27) in 
the SC group proceeded to HSCT. In study 1010, 19% 
(n = 3/16) of InO recipients proceeded to HSCT. The 
median time from CR/CRi to HSCT in study 1022 was 
74 days versus 143 days for InO versus SC. In study 
1010, the median time from CR/CRi to HSCT was  
98 days.

The median PFS appeared to be longer for patients 
who proceeded to HSCT versus patients who did not, 
which was observed in both the InO (9.2 vs 2.4 months) 
and SC (6.5 vs 2.4 months) arms in study 1022 (Table 2). 
Of note, for InO-treated patients, PFS was similar for 
both Ph+ and Ph− patients who proceeded to HSCT 
(HR, 0.96 [95% CI, 0.41-2.24]; P = .4577). OS ap-
peared to be longer for InO (median, 16.5 vs 4.4 months) 

Figure 3. Kaplan–Meier plot of progression-free survival among Philadelphia chromosome–positive patients with acute 
lymphoblastic leukemia in (A) study 1022 and (B) study 1010. Abbreviations: HR, hazard ratio; InO, inotuzumab ozogamicin; mPFS, 
median progression-free survival; SC, standard chemotherapy.
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TABLE 2. Efficacy Endpoints Stratified According to Whether Ph+ Patients Received Follow-up HSCT

Study 1022 Study 1010

+ Follow-up HSCT No Follow-up HSCT + Follow-up HSCT No Follow-up HSCT

InO (n = 9) SC (n = 5) InO (n = 13) SC (n = 22) InO (n = 3) InO (n = 13)

PFS, mo, median 
(95% CI)

9.2 (1.3-NE) 6.5 (2.2-NE) 2.4 (0.6-6.3) 2.4 (1.0-6.2) 5.4 (4.3-NE) 3.5 (1.7-5.9)

OS, mo, median 
(95% CI)

16.5 (4.7-43.6) 16.4 (11.6-30.6) 4.4 (1.1-8.0) 6.9 (4.1-9.1) 11.3 (4.3-NE) 7.4 (3.5-11.3)

Abbreviations: HSCT, hematopoietic stem cell transplantation; InO, inotuzumab ozogamicin; NE, not evaluable; OS, overall survival; PFS, progression-free survival; 
Ph+, Philadelphia chromosome–positive; SC, standard chemotherapy.
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Similarly, in study 1010, the median OS was 7.4 months 
for Ph+ patients treated with InO. In study 1022, the 
median PFS was 3.9 months versus 3.1 months for InO 
versus SC (HR, 0.65 [95% CI, 0.34-1.25]; P = .0963) 

(Table 1, Fig. 3). For PFS, the probability of being alive 
and event-free at 12 months in study 1022 was higher 
for InO versus SC (20.1% vs 4.8%). In study 1010, the 
median PFS was 4.4 months.

TABLE 1. Efficacy Endpoints

Efficacy Endpoints

Study 1022 Study 1010

InO (n = 22) SC (n = 27) P InO (n = 16)

CR/CRi, n (% [95% CI]) 16 (72.7 [49.8-89.3]) 15 (55.6 [35.3-74.5]) .1075 9 (56.3 [29.9-80.3])
CR, n (% [95% CI]) 10 (45.5 [24.4-67.8]) 8 (29.6 [13.8-50.2]) .1265 4 (25.0)
CRi, n (% [95% CI]) 6 (27.3 [10.7-50.2]) 7 (25.9 [11.1-46.3]) .4577 5 (31.3)
MRD negativity, n (% [95% CI])a 13 (81.3 [54.4-96.0]) 5 (33.3 [11.8-61.6]) .009 9 (100.0 

[66.4-100.0])
OS

Median, mo (95% CI) 8.7 (3.6-14.1) 8.4 (5.0-14.3) 7.4 (4.3-11.3)
HR (95% CI) 1.17 (0.64-2.14) .6912 —

PFS
Median, mo (95% CI) 3.9 (2.1-9.2) 3.1 (1.1-6.2) 4.4 (1.8-5.9)
HR (95% CI) 0.65 (0.34-1.25) .0963 —

Abbreviations: CR/CRi, complete remission/complete remission with incomplete hematologic recovery; HR, hazard ratio; InO, inotuzumab ozogamicin; MRD, 
minimal residual disease; OS, overall survival; PFS, progression-free survival; SC, standard chemotherapy.
aPercentage of patients who achieved CR/CRi (16 InO patients and 15 SC patients in study 1022 and 9 patients in study 1010).

Figure 2. Kaplan–Meier plot of overall survival among Philadelphia chromosome–positive patients with acute lymphoblastic 
leukemia in (A) study 1022 and (B) study 1010. Abbreviations: HR, hazard ratio; InO, inotuzumab ozogamicin; mOS, median overall 
survival; SC, standard chemotherapy.
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Following treatment in study 1022, 41% (n = 9/22)  
of patients in the InO group and 19% (n = 5/27) in 
the SC group proceeded to HSCT. In study 1010, 19% 
(n = 3/16) of InO recipients proceeded to HSCT. The 
median time from CR/CRi to HSCT in study 1022 was 
74 days versus 143 days for InO versus SC. In study 
1010, the median time from CR/CRi to HSCT was  
98 days.

The median PFS appeared to be longer for patients 
who proceeded to HSCT versus patients who did not, 
which was observed in both the InO (9.2 vs 2.4 months) 
and SC (6.5 vs 2.4 months) arms in study 1022 (Table 2). 
Of note, for InO-treated patients, PFS was similar for 
both Ph+ and Ph− patients who proceeded to HSCT 
(HR, 0.96 [95% CI, 0.41-2.24]; P = .4577). OS ap-
peared to be longer for InO (median, 16.5 vs 4.4 months) 

Figure 3. Kaplan–Meier plot of progression-free survival among Philadelphia chromosome–positive patients with acute 
lymphoblastic leukemia in (A) study 1022 and (B) study 1010. Abbreviations: HR, hazard ratio; InO, inotuzumab ozogamicin; mPFS, 
median progression-free survival; SC, standard chemotherapy.
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TABLE 2. Efficacy Endpoints Stratified According to Whether Ph+ Patients Received Follow-up HSCT

Study 1022 Study 1010

+ Follow-up HSCT No Follow-up HSCT + Follow-up HSCT No Follow-up HSCT

InO (n = 9) SC (n = 5) InO (n = 13) SC (n = 22) InO (n = 3) InO (n = 13)

PFS, mo, median 
(95% CI)

9.2 (1.3-NE) 6.5 (2.2-NE) 2.4 (0.6-6.3) 2.4 (1.0-6.2) 5.4 (4.3-NE) 3.5 (1.7-5.9)

OS, mo, median 
(95% CI)

16.5 (4.7-43.6) 16.4 (11.6-30.6) 4.4 (1.1-8.0) 6.9 (4.1-9.1) 11.3 (4.3-NE) 7.4 (3.5-11.3)

Abbreviations: HSCT, hematopoietic stem cell transplantation; InO, inotuzumab ozogamicin; NE, not evaluable; OS, overall survival; PFS, progression-free survival; 
Ph+, Philadelphia chromosome–positive; SC, standard chemotherapy.
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(CRi).�Measurable�residual�disease�(MRD)�negativity�was�defined�by�
BCR::ABL1/ABL1�ratio�<0.01%�in�bone�marrow.�The�start�date�of
ASC�was�used�to�determine�overall�survival�(OS)�and�event�free
survival�(EFS)�with�events�defined�by�treatment�failure,�relapse,�or
death�from�any�cause.�Survival�curves�were�estimated�using�the�
Kaplan-Meier�method�and�compared�using�the�log-rank�test.�Hazard
ratios�with�95%�confidence�intervals�(CIs)�were�estimated�using�the
Cox�regression�model.�Qualitative�parameters�were�described�using
frequency� and� percentage,� and� continuous� parameters� using�
median�with�range�(min-max).�Categorical�variables�were�compared
using�the�χ�2�test�or�Fisher�exact�test�when�expected�counts�were�low.
Continuous�variables�were�analyzed�using�the�Student�t�test�if�nor-
mally�distributed�or�the�Mann-Whitney�U�test.�Analyses�were�per-
formed�using�Stata�and�RStudio�(version�2024.09.0+375)�software.

A�total�of�41�patients�(Ph�+�ALL,�n�=�33;�LBC-CML,�n�=�8)�were
retrospectively�registered�from�November�2019�to�April�2024.
Median�age�was�56�(range,�19-84)�years.�Comorbidities�(mainly
cardiovascular�risk�factors)�were�present�in�14�patients�(34%).
Twenty-three�patients�received�ASC�in�the�context�of�early�access
program�and�18�patients�received�ASC�off-label.

At�the�time�of�ASC�initiation,�5�patients�were�refractory�to�their
previous�line�of�treatment,�24�were�in�hematological�relapse,�1
patient�had�a�central�nervous�system�(CNS)�restricted�relapse,�and
7�were�in�molecular�relapse.�Four�patients�in�complete�remission�
received�ASC�due�to�intolerance�to�all�available�TKIs�and�were
excluded�from�the�efficacy�analysis�(supplemental�Figure�1).�Most
patients�(n�=�32,�78%)�received�ASC�as�a�third�or�subsequent�line�
of�therapy�(median�3),�and�93%�(n�=�38)�were�previously�treated
with�ponatinib.�Eighteen�patients�experienced�relapse�after�allo-
geneic� hematopoietic� stem� cell� transplantation� (allo-HSCT),
including�4�patients�after�a�second� transplant.�Two�patients
relapsed�after�CAR�T-cell�therapy�(Table�1).

TKD�mutation�screening�was�performed�before�ASC�initiation�in
35�cases�and�was�positive�in�27�samples�(77.1%).�T315I�mutation

Table�1.�Patients’�characteristics

Parameters Value�(%)�or�range�(min,�max)

Age,�median�(min-max) 56�(19-84)

Sex�male,�n�(%) 20�(49)

Disease�type,�n�(%)

R/R�Ph�+�BCP-ALL 33�(80.5)

LBC-CML 8�(19.5)

No.�of�previous�TKIs,�median�(min-max) 3�(2-5)

Previous�use�of�ponatinib,�n�(%) 38�(92.7)

Prior�CAR�T-cell�therapy,�n�(%) 2�(4.8)

Prior�allo-HSCT,�n�(%) 18�(43.9)

Previous�line�of�therapy,�n�(%) 41

First�line�(LBC-CML) 2�(4.9)

Second�line�of�treatment 7�(17.1)

Third�line�of�treatment�or�more 32�(78)

Disease�status,�n�(%)

Hematological�relapse 24�(58.5)

Refractory 5�(12.2)

CNS-only�relapse 1�(2.4)

Molecular�relapse 7�(17.1)

Complete�remission�(intolerance) 4�(9.8)

CNS�involvement�at�time�of�ASC�initiation,�n�(%) 8�(19)

ABL�mutations�analyzed�before�ASC�
treatment,�n�(%)

35�(85.4)

Absence�of�mutations,�n�(%) 8�(22.9)

Presence�of�mutations,�n�(%) 27�(77.1)

T315I 14�(51.9)

E255V/K 2�(7.4)

T315I�+�E255V 3�(11.1)

T315I�+�E255K�+�M244T 1�(3.7)

T315I�+�V299L 1�(3.7)

E255K�+�G250E�+�Y253H 1�(3.7)

F311L 1�(3.7)

F317L 1�(3.7)

Y253H 1�(3.7)

E255K�+�E255V 1�(3.7)

T315A�+�V299L 1�(3.7)

ASC�dose,�n�(%)

High�dose�(200�mg�twice�daily) 34�(82.9)

Low�dose�(40�mg�twice�daily) 7�(17.1)

Associated�treatment,�n�(%) 41

ASC�monotherapy,�including�2�patients�with�ITT,�
n�(%)

20�(48.8)

ASC�in�combination,�n�(%) 21�(51.2)

High�dose�chemotherapy 2�(4.9)

Low�dose�chemotherapy 8�(19.5)

Immunotherapy�(blinatumomab�or�InO) 6�(14.6)

Other�TKI 3�(7.3)

DLI 1�(2.4)

CAR�T�cell 1�(2.4)

Table�1�(continued)

Parameters Value�(%)�or�range�(min,�max)

Hematological�response�rate
(efficacy�population),�n�(%)

36

CR 28�(77.8)

CRi 2�(5.6)

Failure 6�(16.7)

MRD�response�in�CR�+�CRi�patients�with
evaluable�bone�marrow�samples,�n�(%)

23

No�CMR 10�(43.5)

CMR�(BCR�ABL�<0.01%�in�bone�marrow) 13�(56.5)

Post�ASC�treatment,�n�(%) 37

No�HSCT�or�CAR�T�cells 27�(73)

Allo-HSCT 3�(8)

CAR�T�cell 5�(13.5)

Allo-HSCT�+�CAR�T�cell 2�(5.4)

CMR,�complete�molecular�response;�DLI,�donor�lymphocyte�infusion;�InO,�inotuzumab
ozogamicin;�ITT,�intrathecal�therapy;�min,�minimum;�max,�maximum.
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Figure�1.�Outcomes�of�patients�treated�with�ASC.�(A)�OS�of�patients�with�R/R�Ph�+�ALL/LBC-ALL�treated�with�ASC.�(B)�OS�of�patients�with�R/R�Ph�+�ALL/LBC-ALL�treated�
with�ASC�in�combination�(blue)�or�as�monotherapy�(red).�(C)�EFS�of�patients�with�R/R�Ph�+�ALL/LBC-ALL�treated�with�ASC.�(D)�EFS�of�patients�treated�with�ASC�in�combination�

(blue)�or�as�monotherapy�(red).
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formed�using�Stata�and�RStudio�(version�2024.09.0+375)�software.

A�total�of�41�patients�(Ph�+�ALL,�n�=�33;�LBC-CML,�n�=�8)�were
retrospectively�registered�from�November�2019�to�April�2024.
Median�age�was�56�(range,�19-84)�years.�Comorbidities�(mainly
cardiovascular�risk�factors)�were�present�in�14�patients�(34%).
Twenty-three�patients�received�ASC�in�the�context�of�early�access
program�and�18�patients�received�ASC�off-label.

At�the�time�of�ASC�initiation,�5�patients�were�refractory�to�their
previous�line�of�treatment,�24�were�in�hematological�relapse,�1
patient�had�a�central�nervous�system�(CNS)�restricted�relapse,�and
7�were�in�molecular�relapse.�Four�patients�in�complete�remission�
received�ASC�due�to�intolerance�to�all�available�TKIs�and�were
excluded�from�the�efficacy�analysis�(supplemental�Figure�1).�Most
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4.1 CML patients

In a cohort of 19 patients with CML-BP, 12 (63.2%) achieved
CR/CRi by day 28. Among them, two (10.5%) attained MMR with a
median duration of 5.5 months, and five (26.3%) achieved CCyR
with a median duration of 2.9 months. Five patients received

olverembatinib alone, two were treated in combination with
hypomethylating agents, 11 underwent systemic chemotherapy in
combination, and one received olverembatinib with blinatumomab.
Their CR/CRi rates after 28 days of treatment were 60.0%, 0%,
72.7%, and 100.0%, respectively. All patients who had prior
ponatinib treatment received olverembatinib in combination with
chemotherapy, achieving a CR/Cri rate of 55.6%. Only one
ponatinib-resistant patient attained MMR. A total of five (26.3%)
patients underwent allo-HSCT, including one individual with BCR::
ABL1 transcript levels (IS) > 10%, who experienced relapse within 3
months posttransplantation. The 12-month probabilities of OS,
EFS, and DFS in patients with CML-BP were 75.6% (95%
confidence interval (CI): 37.7%–92.3%), 23.0% (95%CI, 4.2%-
50.6%), and 52.0% (95% CI, 17.7%–78.0%), respectively (Figure 1).

4.2 ALL patients

In a cohort of 40 patients with Ph+ ALL, 37 (92.5%) achieved
CR/CRi by day 28, and 30 (75.0%) attained MRD negativity.
Additionally, 22 (55.0%), including one patient with the T315I
mutation, reached CMR. Of these, eight patients received
combination therapy with blinatumomab, while 31 underwent

TABLE 2 Patient disposition.

Total Ph+ ALL CML-BP

Patient number 59 40 19

Treatment duration month;
median (IQR)

7.8 (4.1–11.3) 8.3 (5.5–12.5) 5.6 (4.1–11.9)

Ongoing n (%) 37 (62.7) 29 (72.5) 8 (42.1)

Discontinuation n (%) 22 (37.3) 11 (27.5) 11 (57.9)

Adverse events 0 0 0

Treatment failure 6 (10.2) 4 (10.0) 2 (10.5)

Death 5 (8.5) 2 (5.0) 3 (15.8)

Other reasons unrelated
to efficacy

11 (18.6) 5 (12.5) 6 (31.6)

CR/CRi at day 28 n (%) 49 (83.1) 37 (92.5) 12 (63.2)

CR/CRi of pre-ponatinib
n (%)

14 (73.7) 9 (90.0) 5 (55.6)

CR/CRi, T315I-mutated
population n (%)

5 (55.6) 1 (100.0) 4 (50.0)

MRD negative by FCM – 30 (75.0) –

Receive HSCT after CR/CRi
n (%)

18 (30.5) 13 (32.5) 5 (26.3)

Receive CAR-T after CR/
CRi n (%)

3 (5.1) 3 (7.5) 0

Receive DLI after CR/CRi
n (%)

3 (5.1) 3 (7.5) 0

IQR, interquartile range; CR, complete response; CRi, complete response with incomplete
hematological recovery; CR/CRi of pre-ponatinib, CR/CRi of patients who had prior
ponatinib treatment; MRD, measurable residual disease; HSCT, hematopoietic stem cell
transplant; CAR-T, chimeric antigen receptor T cell; DLI, donor lymphocyte infusion.

TABLE 1 Patient characteristics.

Total Ph+ ALL CML-BP

Patient number 59 40 19

Age (year; median (IQR)) 39 (30–48) 38 (28–48) 45 (33–48)

Male (n (%)) 36 (61.0) 22 (55.0) 14 (73.7)

Female (n (%)) 23 (39.0) 18 (45.0) 5 (26.3)

ECOG performance status (n (%))

≤ 1 56 (94.9) 38 (95.0) 18 (94.7)

=2 3 (5.1) 2 (5.0) 1 (5.3)

Time from diagnosis to
olverembatinib treatment
(month; median (IQR))

6.3 (2.5–20.1) 8.2 (2.6-10.8) 20.1 (10.2–87.5)

BCR::ABL1 transcript (n (%))

p210 32 (54.2) 13 (32.5) 19 (100)

p190 27 (45.8) 27 (67.5) 0 (0)

Number of lines of prior TKI therapy (n (%))

0 10 (16.9) 10 (25.0)* 0 (0)

1 22 (37.3) 20 (50.0) 2 (10.5)

2 16 (27.1) 8 (20.0) 8 (42.1)

3 7 (11.9) 1 (2.5) 6 (31.6)

4 4 (6.8) 1 (2.5) 3 (15.8)

Type of prior TKI therapy (n (%))

Imatinib 12 (20.3) 3 (7.5) 9 (47.4)

Nilotinib 10 (16.9) 1 (2.5) 9 (47.4)

Dasatinib 41 (69.5) 26 (65.0) 15 (78.9)

Flumatinib 9 (15.3) 3 (7.5) 6 (31.6)

Ponatinib 19 (33.9) 10 (25.0) 9 (47.4)

BCR::ABL1 mutation status (n (%))

Non-T315I BCR::
ABL1 mutation

8 (13.6) 2 (5.0) 6 (31.6)

T315I mutation 9 (15.3) 1 (2.5) 8 (42.1)

Receive HSCT before
olverembatinib n (%)

12 (20.3) 11 (27.5) 1 (5.3)

With CNSL (n (%)) 12 (20.3) 9 (22.5) 3 (15.8)

IQR, interquartile range; ECOG, Eastern Cooperative Oncology Group; TKI, tyrosine kinase
inhibitors; HSCT, hematopoietic stem cell transplant; CNSL, central nervous system leukemia.
*Ten patients without TKI maintenance therapy post-HSCT experienced disease relapse (Pre-
HSCT: 3 imatinib, 7 dasatinib).
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olverembatinib-based treatment is a potent and effective induction
therapy for patients with CML-BP.

Olverembatinib more effectively inhibits p-KIT, p-AKT, p-
ERK1/2, and p-STAT3 than ponatinib, targeting markers highly
expressed in hematological malignancies. It suppresses pre-B ALL
cells by inhibiting SRC kinase and the PI3K/AKT pathways,

highlighting its potential as a therapeutic agent for pre-B ALL
(27–29). A recent study by Jabbour et al. (25) demonstrated the
promising efficacy of olverembatinib in patients with heavily
pretreated or refractory CML and Ph+ ALL outside of China. In
the evaluable cohort of ponatinib-failed patients, 53.3% attained
CCyR and 37.5% achieved MMR in the CML-CP group, while

FIGURE 1

Overall survival, event-free survival, and disease-free survival in ALL (A–C) and CML (D–F).

Wen et al. 10.3389/fimmu.2025.1546371
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combination therapy with chemotherapy, with CR/CRi rates of
87.5% and 93.5%, respectively. Among ponatinib-pretreated
patients, seven received combination therapy with chemotherapy,
and three received combination therapy with blinatumomab. In this
subgroup, 90.0% achieved CR/Cri, and 80.0% attained MMR. After
achieving CR/CRi, 13 (32.5%) patients proceeded to undergo allo-
HSCT, while three (7.5%) patients with a history of previous
transplantation received donor lymphocyte infusion (DLI).
Chimeric antigen receptor T-cell (CAR-T) therapy was
administered to three patients with BCR::ABL1 transcripts (IS) >
10%; however, one patient experienced relapse 4 months later. The
12-month probabilities of OS, EFS, and DFS in Ph+ ALL patients
were 93.3% (95% CI: 75.8%–98.3%), 80.2% (95% CI: 61.0%–90.7%),
and 80.3% (95% CI: 61.0%–90.7%), respectively (Figure 1).

5 Safety

Since systemic chemotherapy and immunotherapy can cause
myelosuppression, treatment-related hematological adverse events
were not documented. With a median follow-up of 7.8 months
after olverembatinib initiation, the incidence of adverse events was
comparable between the ALL and CML cohorts (Table 5). The most
commonly reported nonhematologic adverse events were mild (grade
1/2) and resolved either with dosage reduction, supportive therapy, or
spontaneously without intervention. Nonhematologic adverse events
included skin pigmentation (n = 38), proteinuria (n = 32), elevated
liver enzyme levels (n = 25), hypertriglyceridemia (n = 24),
hyperuricemia (n = 8), hyperbilirubinemia (n = 8), rash (n = 6),
arterial occlusion events (n = 2), and elevated creatine kinase (n = 1).

In the study, no patients experienced treatment-related
pancreatitis, hypertension, arrhythmia, prolonged QT interval,
pleural effusion, pericardial effusion, or gastrointestinal adverse
events such as diarrhea and constipation. Among all patients, 37

(62.7%) continued treatment, while 22 (37.3%) discontinued due to
disease progression, intolerance, loss to follow-up, death, or
other reasons.

6 Discussion

This study demonstrated that olverembatinib-based therapy
exhibited significant efficacy in heavily pretreated patients with
advanced Ph+ leukemia who had developed resistance to
multiple TKIs.

The prognosis for newly diagnosed CML-BP patients or those
progressing from CP/AP to BP is notably poor, with a median
overall survival of less than 1-year postdiagnosis (20–23). Third-
generation TKIs have demonstrated the ability to achieve deeper
responses than first- and second-generation TKIs and effectively
overcome resistance (9, 24–26). Olverembatinib is the only third-
generation TKI available in China. However, research on the
efficacy of olverembatinib-based therapy in advanced CML
remains limited. Jiang et al. reported that among 38 patients with
TKI-resistant CML-AP treated with olverembatinib, 18 achieved
MCyR and CCyR at a median time of 3 months (range, 1–9) and 4
months (range, 1–15), respectively. The rates of MMR and MR4.0
were 44.7% and 36.8%, respectively (24). In this study, 12 (63.2%)
patients with CML-BP achieved CR/CRi by day 28. Additionally,
two (10.5%) reached MMR at a median time of 5.5 months, while
five (26.3%) reached CCyR at a median time of 2.9 months. The 12-
month probabilities of OS, EFS, and DFS in patients with CML-BP
were 75.6% (95% CI: 37.7%–92.3%), 23.0% (95%CI, 4.2%-50.6%)
and 52.0% (95% CI: 17.7%–78.0%), respectively. Despite nearly half
of the CML patients in our study having prior treatment with
ponatinib and 3 (15.8%) presenting with CNSL, our outcomes
closely aligned with those reported in the studies by Jiang et al.
and the PACE trial (24, 26). These findings suggest that

TABLE 3 Response of patients with CML-BP to olverembatinib alone or in combination with other drugs.

CML-BP LBP (n = 7) MBP (n = 11) MAL (n = 1) CR/CRi (n (%))

HMA 0 2 0 0

HA 0 6 1 5 (71.4)

VDP 4 0 0 3 (75.0)

Blinatumomab 1 0 0 1 (100.0)

Olverembatinib only 2 3 0 3 (60.0)

TABLE 4 Response of patients with Ph+ ALL to olverembatinib alone or in combination with other drugs.

Ph+ ALL Primary refractory
ALL (n = 26)

Relapse with
CNSL (n = 9)

Relapse without
CNSL (n = 5)

CR/CRi (n (%))

VDP ± venclexta 15 5 2 21 (95.5)

Hyper-CVAD 6 2 1 8 (88.9)

Blinatumomab 5 1 2 7 (87.5)

Radiotherapy 0 1 0 1 (100.0)

Wen et al. 10.3389/fimmu.2025.1546371
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VENETOCLAX

duration of response of only 3 months and a 1-year progression-free

survival rate of <10%. Although our study involves a limited number of

patients with a limited follow-up, the lack of any observed relapses in

our cohort suggests durable clinical benefit of this novel, oral combina-

tion as compared to ponatinib monotherapy. These data are especially

encouraging in the setting of the very heavily pretreated population

enrolled in the present study (≥50% of patients having prior ponatinib

exposure, prior blinatumomab exposure and/or prior alloHSCT).

One interesting and unexpecting finding was the very notable

activity observed with the 800 mg daily dose of venetoclax (CR/CRi

rate 83%), whereas no patient treated at the 400 mg daily dose

achieved formal response. It is unclear whether the discrepant findings

between these two doses is due to a true dose-dependent effect of

venetoclax in Ph+ ALL or whether this is a chance observation due to

the small numbers treated. Interestingly, in other leukemia (eg, chronic

lymphocytic leukemia and acute myeloid leukemia), combination ther-

apies with 400 mg daily dosing of venetoclax have been shown to be

highly effective.8-12 Future correlative studies evaluating augmenta-

tion of apoptotic proteins across various doses of venetoclax in combi-

nation with ponatinib or other TKIs may help to clarify this issue.

Overall, these results suggest that the addition of venetoclax may

further increase the molecular response rates achieved with TKI-

based therapies. As the therapy of Ph+ ALL continues to evolve, our

findings may have significant implications for both frontline and sal-

vage therapy. For example, blinatumomab-based combinations have

recently shown promise in the treatment of Ph+ ALL, with high rates

of CMR and promising survival.13,14 Future studies combining a TKI

with venetoclax and blinatumomab may provide us with a strategy to

avoid all chemotherapy as well as alloHSCT for most patients with Ph

+ ALL, without compromising long-term efficacy.
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Fig. 1 Clinical response and In vitro results of the VPD regimen. A Trial scheme. B Shown is the clinical outcome for the 19 refractory/
relapsed Ph+ ALL patients with T315I or compound mutation who were treated with a VPD regimen. Response assessments were performed
according to the NCCN guidelines Acute Lymphoblastic Leukemia (version 2. 2021). The indicated responses include a complete response (CR)
and CR with incomplete count recovery (CRi). C Adverse Events of VPD regimen. D Mononuclear cells separated from one Ph+ ALL patient
harboring T315I mutation were treated with venetoclax (VEN), ponatinib (PON), dasatinib (DAS), dexamethasone (DXM) alone or in
combination at the indicated concentrations for 24 h. Apoptosis, as indicated by flow cytometry after Annexin V/PI double staining. E–H BaF3
cells expressing p190 BCR-ABL T315I mutation were treated with VEN, PON, DAS, DXM alone or in combination at the indicated
concentrations for 24 h. Apoptosis, as indicated by flow cytometry after Annexin V/PI double staining (E), combination index (CI) of three
drugs by using CompuSyn software (F), mitochondrial were stained with JC-1 (G), and western-blot analysis of PARP and cleaved-PARP
expression (H). Notes: MRD minimal residual disease, as assessed by flow cytometry. HSCT hematopoietic stem-cell transplantation.
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Table S1. Patient Demographics and Baseline Clinical Characteristics. 
  

Patients 
(N = 75) 

Age, median (range), years 11 (3-23) 

Male, n (%) 43 (57) 

Prior stem cell transplant, n (%) 46 (61) 

Previous line of therapies, median (range), n 3 (1-8) 

Disease status, n (%)  

  Primary refractory 6 (8) 

  Chemo-refractory or relapsed 69 (92) 

Morphologic blast count in bone marrow, median (range), % 74 (5-99) 

CNS status classification, n (%)*  

  CNS-1 63 (84) 

  CNS-2 10 (13) 

  CNS-3 1 (1) 

  Unknown 1 (1) 

High-risk genomic lesions, n (%)† 28 (37) 

Down syndrome, n (%) 6 (8) 

CNS, central nervous system. 
* The most current assessment on or prior to the date of enrollment. † BCR-ABL1, MLL rearrangement, 
hypoploidy, lesions associated with BCR-ABL1-like gene signature, or complex karyotǇƉĞ�;шϱ�ƵŶƌĞůĂƚĞĚ�
abnormalities).  
  

CAR-T

Maude SL et Al. N Engl J Med. 2018 Feb 1;378(5):439-448.
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15 

Figure S3. Subgroup Analysis of Overall Survival Rate at Month 12. The figure shows the analysis of overall 

survival by baseline and clinical covariates. The Clopper-3HDUVRQ�PHWKRG�ZDV�XVHG�WR�FDOFXODWH�WKH�����FRQILGHQFH�

intervals (not adjusted for multiplicity). *Includes one patient who received autologous SCT. CNS=central nervous 

system; NE= not estimable; OS=overall survival; SCT=stem cell transplant. 
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Table 1. Baseline patient and disease characteristics

Characteristic Tisa-cel (n = 50) Brexu-cel (n = 20) P value

Sex, n (%) .35

M 29 (58) 14 (70)

F 21 (42) 6 (30)

Age at CAR T-cell infusion, median (range), y 21 (18-26) 22.5 (18-26)

Race/ethnicity, n (%) .81

Non-Hispanic White 24 (48) 9 (45)

Hispanic 19 (38) 8 (40)

Black 2 (4) 0

Asian/Pacific Islander 0 2 (10)

Other/not reported 5 (10) 1 (5)

ALL subtype, n (%) .8

Ph– ALL* 33 (66) 12 (60)

Ph+ ALL 5 (10) 3 (15)

Ph-like ALL 11 (22) 5 (25)

Unknown 1 (2) 0

Marrow disease before CAR T, n (%) .1

Undetectable MRD 15 (30) 3 (15)

Detectable MRD with <5% blasts† 12 (24) 11 (55)

Flow cytometry 12 6

clonoSEQ 0 3

qPCR 0 1

NGS 0 0

5 to <50% blasts 9 (18) 2 (10)

>50% blasts 11 (22) 3 (15)

Unknown 3 (6) 1 (5)

Extramedullary disease before CAR T, n (%) .11

Present 5 (10) 5 (25)

Not present 45 (90) 3 (15)

Not assessed/unknown 0 12 (60)

CNS disease status before CAR T, n (%) .11

CNS 1 41 (82) 11 (55)

CNS 2 1 (2) 1 (5)

CNS 3 2 (4) 1 (5)

Not assessed/unknown 6 (12) 7 (35)

Therapy before CAR T

Total lines of therapy, median (range) 3 (1-5) 3 (1-9)

Blinatumomab, n (%)‡ 12 (24) 9 (45) .08

Inotuzumab, n (%)‡ 13 (26) 6 (30) .73

Allogeneic HCT, n (%) 20 (40) 3 (15) .04

Bridging therapy between apheresis and
lymphodepletion, n (%)

26 (52) 15 (75) .08

Lymphodepletion regimen, n (%) .22

Fludarabine/cyclophosphamide 47 (94) 17 (85)

Other 3 (6) 3 (15)

F, female; M, male; NGS, next-generation sequencing; qPCR, quantitative polymerase chain reaction.
*Ph– ALL tisa-cel group includes 1 mixed-phenotype acute leukemia.
†MRD methodology unknown in 1 patient with detectable MRD.
‡One patient in brexu-cel group received both blinatumomab and inotuzumab before CAR T.
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11.1 months); 1 patient in the tisa-cel group died at 11 months after
CAR T owing to acute respiratory distress syndrome after HCT. No
deaths were directly attributed to CRS or ICANS.

Twelve-month OSwas 84% (95%CI, 81-100) in the brexu-cel group
vs 68% (95% CI, 56-85) in the tisa-cel group (Figure 2; HR, 1.8;
95% CI, 0.62-5.19; P = .35). The median survival was not reached in
the brexu-cel group (95%CI, 18.2 to NA) andwas 23.5months in the
tisa-cel group (HR, 1.7; 95% CI, 0.57-4.80; P = .42).

Eleven patients underwent post-CAR T HCT in remission (brexu-
cel, n = 7 [35%]; tisa-cel, n = 4 [8%]). With DOR censored for the

patients who received HCT in remission, 61% of brexu-cel patients
(95% CI, 41-93) who achieved CR maintained remission at
12 months after infusion compared with 41% of tisa-cel patients
(95% CI, 27-61) (Figure 3; HR, 2.55; 95% CI, 1.01-6.42; P = .12;
DOR not censored for HCT shown in supplemental Figure 2B).
The median DOR was not reached among brexu-cel patients and
was 10.8 months among tisa-cel patients (95% CI, 5 to NA).

There was no reported use of tyrosine kinase inhibitors as post-
CAR maintenance therapy in the brexu-cel group, whereas 1
patient with Ph+ B-ALL received tyrosine kinase inhibitors in the
tisa-cel group.

Predictors of survival

Multivariate analysis was performed to identify factors associated
with OS and RFS (Table 3). Inotuzumab was associated with
inferior OS and RFS with HRs of 6.32 (95% CI, 1.48-27.0;
P = .01) and 3.65 (95% CI, 1.41-9.46; P = .008), respectively.
Lower disease burden at infusion was associated with improved
OS compared to high disease burden (HR, 0.23; 95% CI, 0.06-
0.86; P = .03) and trended toward improved RFS although this did
not reach statistical significance (HR, 0.47; 95% CI, 0.20-1.10;
P = .08). CAR T product was not found to be significantly asso-
ciated with OS (HR, 0.71; 95% CI, 0.18-2.75; P = .62), RFS (HR,
1.01; 95% CI, 0.4-2.52; P = .98), or DOR (HR, 0.85; 95% CI,
0.26-2.74; P = .78). Leukemia subtype and pre-CAR T HCT had
no significant impact on efficacy outcomes in multivariate analysis.

Discussion
CAR T has revolutionized the treatment landscape for children and
adults with R/R B-ALL.13,26-28 Although YAs (aged 18-25 years)
are eligible to receive either tisa-cel or brexu-cel, to our knowledge
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Figure 1. RFS at 12 months among YA patients receiving tisa-cel compared

with those receiving brexu-cel. RFS was 36% for YA patients receiving tisa-cel

(95% CI, 26-52) and 46% for those receiving brexu-cel 46% (95% CI, 31-81); HR,

1.12; 95% CI, 0.50-2.54; P = .79. RFS was censored for allogeneic stem cell

transplant in remission and last follow-up.
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Figure 2. OS at 12 months among YA patients receiving tisa-cel compared

with those receiving brexu-cel. OS was 68% for YA patients receiving tisa-cel

(95% CI, 56-85) and 84% for those receiving brexu-cel (95% CI, 81-100); HR, 1.8;

95% CI, 0.62-5.19; P = .35. OS was censored for the last follow-up.
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Figure 3. DOR at 12 months among YA patients achieving remission who

received tisa-cel compared with those who received brexu-cel. DOR was 41%

for YA patients receiving tisa-cel (95% CI, 27-61) and 61% for those receiving brexu-

cel (95% CI, 41-93); HR, 2.55; 95% CI, 1.01-6.42; P = .12. DOR was censored for

allogeneic stem cell transplant in remission and last follow-up. Time 0 was defined as

day 28 after CAR T infusion, which was the first time point of established remission.
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this is the first multi-institutional analysis examining real-world clin-
ical outcomes of CD19 CAR T among YAs. This work leverages
data from 2 large consortia: ROCCA for adults and PRWCC for
pediatrics.21,23,29 Median age reported in the ZUMA-3 and ELIANA
studies was 40 and 11 years, respectively, limiting the ability to
assess outcomes among YAs enrolled in the registrational
studies.14,30 Our data confirm tolerability, high response rates, and
encouraging survival among YAs, irrespective of the CAR T
construct used.

The patient cohort analyzed here differs from the registrational
studies in several important ways. Most patients in this study were
in morphologic remission at the time of CAR T infusion, whereas
ZUMA-3 and ELIANA required morphologic disease with >5%
blasts.31 This reflects real-world practice to use CAR T in the
context of a lower disease burden. Although limited by a small
number of patients, we observed an ORR of >80% in those with
morphologic disease before CAR T infusion, similar to registrational
studies. Although baseline patient and disease characteristics
were similar between recipients of tisa-cel and brexu-cel, there
were more patients with previous HCT in the tisa-cel cohort,
reflecting the evolving treatment paradigm of R/R B-ALL.

This analysis includes 39% of Hispanic patients (n = 27), mirroring
the ethnic distribution of ALL in the United States. Given that Ph-
like ALL is more common among Hispanic patients, future
studies evaluating outcomes in this patient population are
needed.6,17 Outcomes for adults with B-ALL treated in the frontline
setting are worse than childhood ALL in part because of a higher
incidence of high-risk ALL subsets among adults.32 Despite the
enrichment of Ph-like disease among Hispanic and YA patients,
ALL subtype was not associated with efficacy end points in our
analysis. In a recent study examining outcomes of HCT after CAR
T, the presence of Ph-like genotype was associated with inferior
RFS.22

The rates of any grade CRS were lower than observed in regis-
trational studies, likely reflecting less toxicity in patients with lower
disease burden and improvements in toxicity management.
Although there was a higher rate of CRS among brexu-cel patients,
rates of severe CRS were similar between constructs. Any grade
ICANS was observed in 24% of patients, which is favorable
compared with the 40% and 60% reported in the ELIANA and
ZUMA-3 studies, respectively.13,14 Despite overall lower rates of
ICANS, brexu-cel recipients had higher grade ICANS with 35%

experiencing grade ≥3 neurotoxicity than 4% of tisa-cel recipients.
Toxicities in patients treated with tisa-cel were graded using
various scoring systems, including ASTCT, CAR T cell–related
encephalopathy syndrome, and institutional standards, and may
therefore underestimate rates of severe ICANS.25 Nonetheless, the
ROCCA consortia reported high rates of severe ICANS warranting
further analysis, given that these patients may benefit from novel
approaches for toxicity prevention.22,23 Notably, other key end
points such as duration of grade 4 neutropenia, infection rates, and
hospitalization length were similar between the 2 groups despite
differences in immune-mediated toxicities. Because of the relatively
small number with severe immune-mediated toxicities, we did not
examine variables associated with toxicity. Further studies in this
age group examining the association among toxicities, CAR T-cell
expansion and persistence, and correlation with efficacy end points
are needed. Moreover, survivorship is a particularly pressing issue
for YAs because this age range represents a key stage of physical
and psychosocial development.33 Studies examining patient-
reported outcomes and long-term sequela of immune-mediated
toxicities are warranted for this patient population.

41BB CAR T constructs such as tisa-cel are associated with
longer persistence than CD28 costimulatory domains.15 We did
not observe any differences in efficacy between tisa-cel and brexu-
cel, underscoring that persistence alone may not explain the
durability of response, although we do not have data on CAR T
persistence or duration of B-cell aplasia (BCA) in this study. Loss
of BCA, which has been used as a surrogate measure of loss of
CD19 CAR T persistence, has been associated with a high risk of
relapse in recipients of 41BB products.34,35 However, the signifi-
cance of BCA and CAR T persistence remains unclear for patients
treated with CD28 CAR constructs. In an updated analysis of
ZUMA-3, CAR T cells were undetectable among all 4 patients in
ongoing remission, suggesting that CAR T persistence may not be
required for durable responses.27 However, in another study using
a CD28 CAR, consolidative HCT was associated with significantly
improved outcomes with no observed durable remissions in
patients who did not proceed to transplant.17 In our study, 11
patients underwent consolidative transplants, most of whom were
brexu-cel recipients. Duration of response favored brexu-cel;
however, that benefit was not observed when censoring for HCT.
The role of HCT in those who achieve undetectable MRD CR with
CAR T remains unanswered and is of particular importance for YAs
who are typically fit for HCT. Efforts such as the ongoing CAR

Table 3. Multivariate analysis

Characteristic

OS RFS DOR

HR 95% CI P value HR 95% CI P value HR 95% CI P value

CAR T product: brexu-cel vs tisa-cel 0.71 0.18-2.75 .62 1.01 0.40-2.52 .98 0.85 0.26-2.74 .78

Age, >21 vs ≤21 years 1.08 0.36-3.24 .90 1.59 0.68-3.72 .29 1.36 0.46-4.01 .57

ALL subtype, Ph– vs Ph+ or Ph-like 1.48 0.46-4.81 .51 0.79 0.34-1.80 .57 0.50 0.19-1.32 .16

Marrow disease before CAR T

MRD− or MRD+ vs ≥5% blasts 0.23 0.06-0.86 .03 0.47 0.20-1.10 .08 0.79 0.29-2.15 .64

Therapy before CAR T

Allogeneic HCT, yes vs no 0.54 0.20-2.33 .38 0.47 0.17-1.30 .15 0.43 0.12-1.53 .20

Blinatumomab, yes vs no 0.23 0.05-1.17 .08 0.33 0.11-1.02 .05 0.42 0.10-1.75 .23

Inotuzumab, yes vs no 6.32 1.48-27.0 .01 3.65 1.41-9.46 .008 2.17 0.66-7.18 .21
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had a VPREB1 deletion and the other patient did not 
have a sample available for testing (this patient was 
also non-compliant and relapsed while o! all therapy 
for 11 months). "us, among 9 patients with full clini-
cal and molecular data who relapsed, all relapses could 
be explained by either high WBC at presentation or by 
the presence of a VPREB1 deletion. Neither Pearson nor 
Spearman correlations indicated a statistically signi#cant 
association among WBC ≥ 70 × 109/L, IKZF1plus genotype, 
and VPREB1 deletion. On MVA, only WBC ≥ 70 × 109/L 
at diagnosis was signi#cantly associated with relapse risk 
(sHR 16.29 [95% CI 2.35–113.00]; P = 0.005 (Fig. 2B).

Discussion
Various prognostic factors have been previously 
described in Ph + ALL, including high-risk additional 
chromosomal abnormalities, IKZF1plus genotype, and 
MRD response [10, 11, 12]. However, most studies were 
performed in the context of regimens combining inten-
sive chemotherapy with a #rst- or second-generation 
BCR::ABL1 TKI. In this analysis of patients treated 
uniformly with a chemotherapy-free regimen of blina-
tumomab and ponatinib, only WBC ≥ 70 × 109/L was 
independently associated with an increased risk of 
relapse, superseding the prognostic value of early MRD 
clearance and baseline genomic alterations such as IKZF-
1plus genotype.

"e strong prognostic impact of high WBC in this 
cohort (CIR of 53%) may be at least partially explained 

Fig. 2 Predictors for relapse with blinatumomab and ponatinib in newly diagnosed Ph + ALL. (A) Forest plot for univariate analysis and (B) Forest plot for 
multivariate analysis
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Fig. 3 Cumulative incidence of relapse by subgroup. (A) WBC count at diagnosis and (B) VPREB1 deletion status. The 95% con!dence interval is repre-
sented by the shaded areas. The unadjusted P value is shown
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Only one of the allotranplanted patients relapsed but
four died of graft-related toxicity (two infectious dis-
eases, one secondary cerebral lymphoma, one bron-
chiolitis obliterans). No autologous transplant was
performed after blina/pona. Among the three alive
allotransplanted patients, two are still on ponatinib
maintenance.

With a median follow-up of 34.4months (range,
16.1–58.7) for alive patients, median EFS was

15.3months (range, 1.3–54.2) and the rate of EFS was
estimated to be 30.8% at 2 years (Figure 1(A)). Median
OS was 20months (range, 1.7–58.7) and the rate of OS
was estimated to be 41.4% at 2 years (Figure 1(B)).
EFS and OS were not significantly impacted by HSCT:
median EFS was 14.5months in the non-transplanted
group and 19.55months in the transplanted group
[p¼ 0.37, HR 1.58 (0.62–4.03), median OS was
19.55months in the non-transplanted group and
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Figure 1. (A) Event-free survival (EFS) and (B) overall survival (OS) of the whole cohort, (C) event-free survival (EFS) in the trans-
planted and non-transplanted patients, (D) overall survival (OS) in the transplanted and non-transplanted patients, (E) event-free
survival (EFS) in the groups of patients with or without maintenance therapy with ponatinib.
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diagnosis, while four were documented with chronic
myeloid leukemia (CML) in lymphoid blast crisis.
Moreover, one patient (3.8%) had central nervous sys-
tem (CNS) involvement and two (7.6%) had extra-
medullary disease with lymph nodes enlargement and
splenomegaly. BCR/ABL analysis was initially available
in 25 patients, reporting minor breakpoint transcripts
(e1a2 and e1a3) encoding for the p190 protein in 16
patients (64%), and major breakpoint transcripts
(e12a2 and e14a2) encoding for the p210 protein in 9
(36%). As first-line therapy, 17 younger patients had
received an intensive chemotherapy according to the
GRAAPH2005 trial with imatinib [10] (n¼ 8) or the
GRAAPH2014 trial with nilotinib (n¼ 9)
(ClinicalTrials.gov Identifier: NCT02611492), while 9
older patients had received a low-intensity chemother-
apy according to the EWALL PH1 trial [9] with dasati-
nib (n¼ 6), imatinib (n¼ 2) or ponatinib (n¼ 1). Seven
and four patients were allotransplanted and auto-
grafted in first-line, respectively. A second line or more
therapies were used in 13 patients and consolidation
by allograft or autograft was performed in 2 and 1
cases at this stage.

At the time of blina/pona administration, the
patients’ median age was 58 years old (range, 17–81).
All but one were in relapse (first n¼ 12; second or
more n¼ 13). One patient had primary refractory dis-
ease. Beside the Philadelphia chromosome, additional
cytogenetic aberrations were identified in 12 patients
(46%): 9 (34.6%) had a p.T315I mutation, 1 a p.Y253H
mutation, 1 a p.E255K mutation and 1 both p.F371L
and p.Y253H mutations. Overall, the patients had
received a median number of 2 TKI (range, 1–3), i.e.
one for 8 patients, two for 14 and three for 4, prior to
blina/pona treatment. Only one patient had previously
been treated with ponatinib. The median time
between the diagnosis and the first cycle of blina/
pona was 14.4months (range, 8–105.2). Patient charac-
teristics are summarized in Table 1 and detailed per
patient in Table 2.

Blina/pona treatment

All patients received at least one cycle of blina/pona,
with a median of 2.5 cycles of blinatumomab (range,
1–6). During the first cycle of blinatumomab, 19 and 7
patients respectively received concomitantly ponatinib
at 45mg/day and 30mg/day. The median duration of
blina/pona administration was 6.4months (range,
1.3–48). After the end of blinatumomab treatment, 19
patients continued to receive ponatinib as a single
agent for a median of 17.3months (range, 3.3–61.1).

At the time of analysis, nine patients are still on pona-
tinib maintenance (seven in CMR and two in molecular
relapse). The reasons to discontinue ponatinib were
relapse (n¼ 8), sepsis (n¼ 1, after allotransplant),
neurologic toxicity (posterior reversible encephalop-
athy syndrome, n¼ 1; noninfectious encephalitis,
n¼ 1), severe arteriopathy (n¼ 1), long term negative
minimal residual disease (MRD > 2 years) (n¼ 1) and
allograft (n¼ 4).

Outcomes after blina/pona

Responses were evaluated after one (n¼ 22), two
(n¼ 3) or three cycles (n¼ 1) of blina/pona. All but
one patients obtained morphological CR (96.2%),
including 23 patients (88.5%) who achieved CMR.
However, although in morphological CR, two patients
were documented with isolated CNS involvement.
Both cases obtained CNS response after intrathecal
chemotherapy and went on with ponatinib mainten-
ance. No cranial irradiation was performed. All 12
patients with ABL1 mutations achieved CR. Among the
nine cases with a p.T315I mutation, seven relapsed
(77.8%). Two of the three other patients with muta-
tions (p.Y253H, p.F371Lþ p.Y253H, p.E255K) also
relapsed. While among the 14 patients without ABL1
mutation, 13 achieved CR and 12 CMR. Five patients/
13 relapsed (38.5%) after blina/pona in this subgroup.

Of the 25 CR responders, 8 (32%) proceeded to
allotransplant. It was the second allograft for 3 cases.

Table 1. Patient characteristics.
N¼ 26 PhþALL
Median age: years (range) 58 (18–81)
Gender
Male/female 14/12

Status at diagnosis
De novo PhþALL/Blast crisis of CML 22/4
Central nervous system disease 1
Extramedullary disease 2
p190 protein/p210 protein/unknown 16/9/1

Status at the time of blina/pona
First relapse 12
Second relapse or more 13
Primary refractory 1
Previous allograft (sibling/MUD) 9 (4/5)
Previous autograft 5

Molecular status
No mutation 14
p.T315I mutation 8
p.T315Iþ p.E255K 1
p.Y253H mutation 1
p.E255K mutation 1
p.F371Lþ Y253H mutations 1

Previous TKI
1 8
2 14
3 4

ALL: acute lymphoblastic leukemia; CML: chronic myeloid leukemia; TKI:
tyrosine kinase inhibitor; MUD: matched unrelated donor; blina: blinatu-
momab; pona: ponatinib.
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Fig. 1. 
Consort diagram of patients treated with inotuzumab and bosutinib.
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Fig. 2. 
Survival outcomes of patients with R/R Ph+ acute lymphoblastic leukemia or lymphoid 
blast phase of chronic myeloid leukemia treated with inotuzumab and bosutinib a. event-free 
survival (EFS), b. duration of response (DOR), and c. overall survival (OS).
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Survival outcomes of patients with R/R Ph+ acute lymphoblastic leukemia or lymphoid 
blast phase of chronic myeloid leukemia treated with inotuzumab and bosutinib a. event-free 
survival (EFS), b. duration of response (DOR), and c. overall survival (OS).
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and Blood Diseases Hospital and were conducted in accor-
dance with the guidelines of the Declaration of Helsinki. All 
patients or their guardians provided written informed consent 
prior to enrollment. Response assessments were performed 
according to the National Comprehensive Cancer Network 
guidelines for acute lymphoblastic leukemia (version 2, 2021). 
Recurrence- free survival was defined as the time from com-
plete remission after transplantation until relapse, death, or 
the last follow- up date. Overall survival (OS) was defined as 
the time from the start of treatment to death or the last fol-
low- up. Adverse events were graded according to the National 
Cancer Institute Common Terminology Criteria for Adverse 
Events, version 5.0. BCR- ABL kinase domain mutation analy-
sis was performed via direct Sanger sequencing. Patient char-
acteristics were compared via the chi- square test or Fisher's 
exact test for binary variables and the Mann–Whitney U test 
for continuous variables. Survival probabilities were assessed 
via the Kaplan–Meier method. Statistical analysis was con-
ducted with SPSS version 24.0 software (SPSS Inc., Chicago, 
IL, USA) and R software (version 2.14.1; http:// www. r-  proje 
ct. org).

The baseline characteristics, treatment details, and responses 
of the 14 enrolled patients are detailed in Table 1 and Figure 1. 
Among these patients, five had hematological relapses, eight 

were persistently positive for MRD, and one had relapsed MRD. 
Three patients did not respond to at least two different TKIs. All 
three patients with hematological recurrence achieved a CMR 
only after one cycle of treatment. Ten of the 14 patients treated 
for MRD clearance achieved a CMR, resulting in an overall 
CMR rate of 76.47%. All three patients for whom treatment for 
MRD clearance failed received only one course of treatment. 
Only one patient received two cycles of treatment and achieved 
MRD negativity.

With a median follow- up time of 564 (268–916) days after treat-
ment, the 2- year OS rate and recurrence- free survival rate were 
83.3% ± 15.2% and 62.9% ± 17.9%, respectively. Nine patients 
(64.3%) successfully underwent bridged HSCT (one autolo-
gous HSCT (auto- HSCT) and eight allo- HSCT) with no cases 
of veno- occlusive disease and a 100- day post- transplantation 
mortality of 0%. Six of these patients achieved a CMR prior to 
allo- SCT. The median time to allo- SCT after starting treatment 
was 93 days (range 52–138). All allogeneic stem cells were from 
related donors, with 2 HLA- matched sibling donors and 7 HLA 
haploidentical donors. The dominant conditioning regimen 
was total body irradiation (TBI)- based therapy (n = 6, 66.7%). 
Hematopoietic stem cells were collected from the peripheral 
blood. Myeloid engraftment and platelet engraftment were 
successfully achieved for all patients. No primary engraftment 

FIGURE 1    |    (A). The swimming plot shows the clinical outcomes of the 14 patients in this study receiving olverembatinib and Inotuzumab 
Ozogamicin treatment. Survival outcomes of patients enrolled, Kaplan–Meier curves for Overall survival (B), Relapse- free survival (C).
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is associated with a high risk of cardiovascular events, including severe 
or fatal arterial occlusions and venous thromboembolism, which led 
to the temporary suspension of sales by the U.S. Food and Drug 
Administration (FDA) (12). Notably, ponatinib remains unavailable 
in China. !e introduction of Olverembatinib provided a viable 
treatment option for this disease.

Elias J et al. (13) conducted the #rst international clinical trial of 
Olverembatinib in TKI-resistant/intolerant CML and Ph + ALL 
patients. Among 13 evaluable advanced Ph + ALL cases, 3 (23%) 
achieved MMR. Two Ph + B-cell precursor ALL patients receiving 
30 mg Olverembatinib combined with blinatumomab for one cycle 
both attained CCyR, with one achieving minimal residual disease 
(MRD) negativity. !is prompted the exploration of Olverembatinib 
in Ph + ALL. A case series reported four newly diagnosed Ph + ALL 
adults achieving complete remission (CR) and CCyR a$er 
Olverembatinib induction, with 100% 3–6 month disease-free survival 
and no severe adverse events (14). Another study described #ve 
relapsed Ph + ALL patients (15): four achieved CR a$er 1–2 cycles of 
Olverembatinib plus chemotherapy, with three attaining CCyR. Li XL 
et  al. (16) treated six pediatric relapsed Ph + ALL cases with 
Olverembatinib, achieving CR with MRD negativity in four patients 
a$er a median 70-day treatment, with no grade 3–4 toxicities. Fan XS 
et  al. (17) combined Olverembatinib with blinatumomab in two 
relapsed T315I-mutated Ph + ALL patients, both achieving CR and 
MRD negativity a$er one cycle.

Zhang XY et al. (18) treated adult patients with Ph + ALL who had 
refractory/relapsed disease or persistent minimal residual disease 
(MRD) with Olverembatinib combined with inotuzumab ozogamicin, 
bridging to hematopoietic stem cell transplantation. With a median 
follow-up of 564 days, the 2-year overall survival rate and recurrence-
free survival rate were 83.3% ± 15.2 and 62.9% ± 17.9%, respectively. 
Nine patients (64.3%) successfully bridged to HSCT. No cases of veno-
occlusive disease (VOD)/sinusoidal obstruction syndrome (SOS) 
occurred, and the 100-day post-transplantation mortality was 0%. Six 
of these patients achieved complete molecular response (CMR) before 
allogeneic HSCT (allo-HSCT).

A prospective clinical study used Olverembatinib combined with 
venetoclax and reduced-intensity chemotherapy to treat patients with 
newly diagnosed Ph + ALL (19). Among 79 patients evaluable a$er 
3 cycles of treatment, the regimen achieved a CMR rate of 62.0% at 
3 months without the use of intensive chemotherapy or 
immunotherapy. No induction deaths occurred. With a median 
follow-up of 12 months, the estimated 1-year OS and EFS rates were 
93.1% (95% CI, 86.4–99.8) and 89.1% (95% CI, 80.3–97.9), 
respectively.

Currently, more clinical studies on Olverembatinib are 
underway (20), including the phase 3 registrational POLARIS-1 
(NCT06051409; in patients with newly diagnosed Philadelphia 
chromosome-positive acute lymphoblastic leukemia), POLARIS-2 
(NCT06423911; in patients with CML with or without the T315I 

TABLE 2 The outcome of treatment with Olverembatinib.

Patient Cycle 1 BM (%) MFC (%) ABL (%) Cycle 2 BM (%) MFC (%) ABL (%)

1 Olv + VIP 0 <0.01 0 Olv + VCP 0 <0.01 2.9*10−7

2 Olv + DCME 9 72.71 73.51 Olv + VCP 72 4.86 56.30

3 Olv + CP 0 <0.01 0 Olv + Bli 0 <0.01 0

4 Olv + Bli 0 <0.01 0 Olv + Bli 0 <0.01 0

5 Olv + VP 2 <0.01 2.45 Olv + VP 0 <0.01 0

6 Olv + VP 50 38.97 41.04 N N N N

7 Olv + CVAD 0 <0.01 1.44 Olv + MA 0 <0.01 0.04

8 Olv + VD 0 <0.01 0.003 N N N N

9 Olv + VP + Bli 0 <0.01 0.13 N N N N

10 Olv 4 1.31 26.5 N N N N

11 Olv + VCP 0 <0.01 0.05 Olv 0 <0.01 0.02

12 Olv + VP 0 <0.01 0.08 Olv + Bli 0 <0.01 0.003

13 Olv + IO 0 <0.01 0.037 Olv 0 <0.01 <0.01

14 Olv + Bli 0 <0.01 0 Olv 0 <0.01 0

15 Olv 2 <0.01 0.34 Olv 0 <0.01 0.011

16 Olv + Bli 0 <0.01 0.1 Olv 0 <0.01 0

17 Olv + MTX 0 <0.01 0.52 Olv 0 <0.01 0

18 Olv + VP 0 <0.01 1.2 Olv + VP 0 <0.01 0

19 Olv + Bli 0 <0.01 0 Olv + Bli 0 <0.01 0

20 Olv + Bli 0 <0.01 0.01 Olv 0 <0.01 <0.01

21 Olv 0 <0.01 0.32 Olv + Bli 0 <0.01 0.12

22 Olv 0 <0.01 <0.01 Olv 0 <0.01 <0.01

Olv, Olverembatinib; Bli, blinatumomab; MA, Methotrexate + Cytarabine; IO, inotuzumab ozogamicin; VIP, Vincristine + Idarubicin + Prednisone; DECM, 
Decitabine + Cyclophosphamide + Etoposide + Mitoxantrone; CVAD, Cyclophosphamide + Vincristine + Doxorubicin + Prednisone; VCP, Vincristine + Cyclophosphamide + Prednisone; N, 
not tested.
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FIGURE 1

Outcome with the treatment of Olverembatinib in two subgroups: (A) CR, MRD-negative, and MMR rates after one treatment cycle for relapsed patients. 
(B) CR, MRD-negative, and MMR rates after two treatment cycles for relapsed patients. (C) Changes in white blood cell count following one cycle of 
Olverembatinib treatment in the relapsed treatment group. (D) Changes in hemoglobin level following one cycle of Olverembatinib treatment in the 
relapsed treatment group. (E) Changes in platelet count following one cycle of Olverembatinib treatment in the relapsed treatment group. (F) MMR rates 
after the first and second treatment cycles in the MRD-positive subgroup. (G) OS for two subgroups. (H) Adverse e!ects for all patients.
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