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Key Points

• Posttransplant
maintenance with
inotuzumab is safe and
feasible for patients
with ALL who are at
high risk of relapse.

• The high progression-
free survival and low
relapse rate for these
patients at high risk is
encouraging.
The curative potential of allogeneic hematopoietic transplantation (allo-HCT) in patients

with acute lymphoblastic leukemia (ALL) is hampered by relapse. Inotuzumab ozogamicin

(INO) is an anti-CD22 monoclonal antibody bound to calicheamicin, which has significant

activity against ALL. We hypothesized that low-dose INO would be safe and feasible after

allo-HCT. Therefore, we conducted a phase 1 study to determine the dose and safety in this

setting. Patients were eligible if they were aged 16 to 75 years, had undergone allo-HCT for

CD22+ ALL, were in complete remission (CR) after allo-HCT, had high risk of recurrence,

were between day 40 and 100 after allo-HCT with adequate graft function, and did not have

a history of sinusoidal obstruction syndrome (SOS). The objectives of this trial were to

define INO maximum tolerated dose (MTD), to determine post–allo-HCT INO safety, and to

measure 1-year progression-free survival (PFS). The trial design followed a “3+3” model.

The treatment consisted of INO given on day 1 of 28-day cycles. Dose levels were 0.3 mg/m2,

0.4 mg/m2, 0.5 mg/m2, and 0.6 mg/m2. Median age was 44 years (range, 17-66 years; n = 18).

Disease status at transplantation was first CR (n = 14) or second CR or beyond (n = 4).

Preparative regimen was of reduced intensity in 72% of patients who received

transplantation. Most common toxicity was thrombocytopenia. There were no instances of

SOS; the MTD was 0.6 mg/m2. One-year nonrelapse mortality was 5.6%. With a median

follow-up of 18.1 months (range, 8.6-59 months) 1-year post–allo-HCT PFS and overall

survival is 89% and 94%, respectively. Low-dose INO has a favorable safety profile and was

associated with high rates of 1-year PFS. This trial was registered at www.clinicaltrials.gov

as #NCT03104491.
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Introduction

Allogeneic hematopoietic transplantation (allo-HCT) is a curative
option for adult and pediatric patients with acute lymphoblastic
leukemia (ALL). Leukemia relapse, however, remains the most
common cause of treatment failure after transplantation, at rates of
20% to 50%.1,2 After relapse, the chemotherapeutic options for
disease control are limited and prognosis is poor, even with second
allo-HCT.3-5 However, chimeric antigen receptor T-cell therapy
after allo-HCT may result in improved outcomes for certain
patients.

Several disease, treatment, and patient characteristics have been
associated with high recurrence rates. Measurable residual dis-
ease (MRD) before transplantation6 is linked to relapse rates as
high as 80%.7-10 Similarly, MRD after allo-HCT is considered a
harbinger of ALL relapse.11,12 Patients who received trans-
plantation in second or third remission are also at high risk of ALL
relapse within a range of 25% to 50%.13-15 Finally, the use of
reduced intensity conditioning (RIC) or nonmyeloablative (NMA)
conditioning regimens is generally associated with less toxicity
but more relapses.16,17 Preparative regimen intensification,
conversely, leads to fewer relapses but higher incidence of non-
relapse mortality (NRM) and major toxicities, including sinusoidal
obstruction syndrome (SOS) of the liver.

This intensity conundrum could be addressed by effective post–
allo-HCT interventions that would eradicate MRD and/or reduce
relapse risk without jeopardizing graft function. Intervening after
preparative regimen toxicities have abated also carries the
potential to minimize the risk of toxicities. As an example, in
Philadelphia chromosome–positive (Ph+) ALL, some studies have
shown a benefit to continuing tyrosine kinase inhibitors (TKIs)
after allo-HCT.18-21 These studies suggest that post–allo-HCT
therapy may be beneficial in controlling or eliminating disease
after allo-HCT if started before overt relapse, ideally allowing time
for the graft-versus-leukemia effect to occur. Currently, there is no
standard post–allo-HCT therapy for patients with ALL other than
TKIs in Ph+ ALL to reduce the likelihood of relapse. Thus, the
development of novel strategies to reduce recurrence is an
important goal.

Inotuzumab ozogamicin (INO) is a CD22-targeted monoclonal
antibody bound to calicheamicin, which has been shown to have
significant activity against ALL.22,23 INO gained regulatory approval
for the treatment of relapsed/refractory ALL based on a random-
ized phase 3 trial that showed an overall complete remission (CR)
rate of 81% in the INO arm as compared with 29% in the standard
arm.24 INO has been used for patients with relapsed/refractory ALL
as a bridge to allo-HCT. In a publication by Marks et al, patients
treated with INO before hematopoietic stem cell transplantation
had an overall survival (OS) at 2 year after transplantation of 41%
(95% confidence interval, 32-51).25 However, SOS was seen in
19% of these patients who were heavily pretreated. Recently,
evidence has emerged of the effectiveness of lower doses of INO
combined with chemotherapy.26,27

We hypothesized that low-dose post–allo-HCT INO will be well
tolerated and safe after allo-HCT. Herein, we present the results of
a phase 1 study designed to test this hypothesis.
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Methods

Clinical trial design

This phase 1 clinical trial was conducted at 3 sites: University
Hospitals of Cleveland, Cleveland Clinic, and Memorial Sloan Ket-
tering Cancer Center (see supplemental Material). The study was
approved by the respective institutional review boards, and all
patients provided consent. Patients were enrolled between trans-
plantation day 40 and 100.

Eligibility criteria included patients aged 16 to 75 years and a
diagnosis of CD22+ ALL or lymphoid blast crisis of chronic myeloid
leukemia that was in CR at day 30 after allo-HCT but were
considered as being at high risk of relapse. High risk of relapse was
defined as having MRD before or after allo-HCT, having received
transplantation in second CR or beyond, or having received RIC or
NMA conditioning. Further requirements included adequate graft
function after transplantation (platelets >50x10^3/uL and absolute
neutrophil count >1x10^3/uL), and absence of active grade 3/4
acute graft-versus-host disease (GVHD) or any active liver GVHD,
and no history of SOS. All donor types were allowed. Pretreatment
tests included a bone marrow biopsy and aspirate to assess dis-
ease state and MRD.

The trial design was a 3+3 model28 with 4 INO dose levels: 0.3 mg/
m2, 0.4 mg/m2, 0.5 mg/m2, and 0.6 mg/m2. Administration of INO was
on day 1 of each 28-day cycle. The first cycle was initiated between
day 40 and 100 after allo-HCT. After enrolling 15 patients, the number
of allowed cycles of INO was increased from 4 to 12. Concomitant
treatment with TKIs was allowed for patients with ALL that was Ph+.

The first 2 cycles were used to determine dose-limiting toxicities
(DLT). Predefined DLT included SOS, prolonged grade >3 cyto-
penia (>28 days), nonhematologic grade >3 adverse events
(graded according to the Common Terminology Criteria for
Adverse Events) ascribed to INO, and death. Delays of 7 days and
50% dose reductions were allowed for cytopenia or unresolved
symptoms. Patients were followed-up for up to 3 years after their
last dose of INO or 1 year after the last enrolled patient completed
the final dose of INO, whichever came first.

MRD was assessed at the following time points per protocol: 14 days
before administration of the first dose of INO; at 3, 6, and 9 months
after allo-HCT; and at 30 days after the end of INO maintenance.

End points and assessments

The primary end point was to determine the maximum tolerated dose
(MTD) of INO. Secondary end points included the safety profile of
INO, the rate of SOS, NRM, progression-free survival (PFS), and OS
at 1-year after allo-HCT, and MRD status after INO. Disease
assessment consisted of bone marrow biopsy and aspirate at 3, 6,
and 9 months after start of therapy; the end of treatment visit; and 1
year after the last dose of INO. MRD was defined as evidence of
disease by flow cytometry, polymerase chain reaction, or clonoSEQ
testing (Adaptive Biotechnologies, Seattle, WA). The study protocol
is included as a data supplement in the supplemental Material.

Statistical analysis

OS was defined as the time from date of first dose to death due to
any cause and was censored at the date of last follow-up for those
alive.
MAINTENANCE THERAPY AFTER TRANSPLANTATION FOR ALL 1385



PFS was defined as the time from allo-HCT dose to the date of
disease relapse (ie, ≥5% blasts in blood or bone marrow, or evi-
dence of extramedullary disease after CR/CR with incomplete
count recovery), or death due to any cause, whichever occurs first.
OS was defined as the time from allo-HCT to death due to any
cause. PFS and OS at 1-year were estimated using the Kaplan-
Meier method.29 Time-to-event end points (PFS and OS) were
summarized using the Kaplan-Meier method and displayed graph-
ically when appropriate. Difference in time-to-event end points was
tested using a 2-sided log-rank test at a significance level of .05.

NRM was defined as the time from date of first dose to death due
to any cause without prior relapse, with death from relapse as
competing risk, and NRM was censored at the date of last follow-
up for those alive. For the analysis of NRM, the cumulative inci-
dence rate was computed using a method by Fine and Gray,
adjusting for competing risks.30

Results

Nineteen patients were enrolled between 31 July 2017 and 18
October 2021 (Figure 1). One patient was not treated because
they did not meet safety criteria before dosing, and is not included
in this report (Table 1). All patients completed follow-up with a
median time of 18.1 months (range, 8.6-59 months). Thirteen
Ineligible (n = 1)
progressive
disease

During 1-year FU
1 Death
1 Relapse

Consented patients
n = 19

Enrollment

18 Patients entered follow-up:
• completed treatment (n = 8)
• stopped treatment due to AE/Covid-19 (n = 6+1)
• patient withdrawal (n = 2)
• physician decision (n = 1)

One-year OS: 94% (n = 17)

One-year PFS: 89% (n = 16)

Follow-up

Results

Treated patients (n = 18)
• dose level 0 (n = 4)  • dose level 2 (n = 6)
• dose level 1 (n = 3)  • dose level 3 (n = 5)

Treatment

Figure 1. Consent diagram. AE, adverse event; FU, follow-up.
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patients qualified on the basis of undergoing RIC/NMA condition-
ing, but many patients had overlapping qualifying characteristics.
For example, in those that underwent RIC/NMA conditioning, 2
were in second CR and 4 had MRD. Further descriptive information
is available in supplemental Table 1.

Patient characteristics

Median age was 44 years (range, 17-66 years), with an equal dis-
tribution of men and women (Table 1). Fourteen patients (78%)
were in first CR, whereas 3 were in second CR and 1 in third CR at
allo-HCT. Nine (50%) patients had adverse cytogenetics and 6
(33%) patient had Ph+ ALL.31 Patients had received a median of 2
lines of therapy before transplantation (range,1-5). Nine patients
received blinatumomab before allo-HCT, and 3 patients received
INO (dose not available) before allo-HCT. In patients with Ph+ ALL, 4
received dasatinib (in combination with hyperfractionated cyclo-
phosphamide, vincristine, doxorubicin, and dexamethasone), 3
received ponatinib, and 1 received nilotinib; some patients were
sequentially treated with 2 TKIs. MRD was detected before (n = 4),
after allo-HCT but before INO maintenance (n = 1), or both before
and after transplantation but before INO maintenance (n = 1), as
measured by flow cytometry, polymerase chain reaction, or next-
generation sequencing. The most common allo-HCT donor type
was a matched unrelated donor in 67% and peripheral blood was
the most common donor source in 67%. The majority of patients
(n = 13; 72%) received RIC/NMA conditioning, and a calcineurin
inhibitor combined with methotrexate was the most common GVHD
prophylaxis (n = 13; 72%). The median age for those receiving
myeloablative conditioning (MAC) was 29 years (range, 17-32
years) and the median age for those receiving RIC was 56 years
(range, 27-67 years). The median time to first INO dose was 84 days
(range, 47-100 days) after allo-HCT, and the median number of INO
doses was 3 (range, 1-9). The median platelet count before the first
cycle of INO was 133 × 109/L. The following is a list of the number
of patients at each dose level and the number of cycles received: 4
patients received 0.3 mg/m2 (1 patient was replaced because this
patient only received 1 dose of INO and 2 doses were required to
assess the MTD; the patient was followed-up for safety and out-
comes), 2 of whom received 4 cycles, 1 received 3 cycles, and 1
patient 1 cycle; 3 patients received 0.4 mg/m2 doses, of whom 2
received 4 cycles and 1 received 3 cycles; 6 patients received a
0.5 mg/m2 dose (expanded to 6 patients because of 1 DLT), 1 of
whom received 4 cycles, 3 received 3 cycles, 1 received 2 cycles,
and 2 patient received 1 cycle (because of DLT); and 5 patients
received doses of 0.6 mg/m2, 1 of whom received 8 cycles, 3
received 4 cycles, and 1 patient received 2 cycles. The most com-
mon reasons for INO discontinuation were patient or physician
decision to withdraw (n = 8) and cytopenias (n = 6).

Safety and MTD

There was 1 DLT (prolonged thrombocytopenia) at the 0.5 mg/m2
–

dose level resulting in a cohort expansion to 6 patients. Subse-
quently, the study reached the final predefined dose of 0.6 mg/m2.
No SOS was observed. The most common toxicity was thrombo-
cytopenia (42% of patients; 32% grade 3/4), neutropenia (32% of
patients; 16% grade 3/4), and nausea/vomiting (42% of patients,
all grade 1/2; Table 2). There was no statistically significant dif-
ference in the number and grade of adverse events between dose
levels.
26 MARCH 2024 • VOLUME 8, NUMBER 6



Table 1. Patient characteristics

Characteristics Patients (N = 18)

Age, y

Median (range) 44 (17-67)

Distribution, n (%)

15-39 7 (38.9)

40-49 4 (22.2)

50-59 4 (22.2)

60-69 3 (16.7)

Sex, n (%)

Male 9 (50.0)

Female 9 (50.0)

Race, n (%)

White 15 (83.3)

Black 1 (5.6)

Asian 1 (5.6)

Other or unreported 1 (5.6)

Cytogenetics risk, n (%)

Adverse* 9 (50)

Ph+ 6 (33.3)

Therapy before transplantation, n (%)

Median lines of therapy (range) 2 (1-5)

ASPNase-containing regimen 6 (33.3)

Blinatumomab 8 (44.4)

INO 3 (16.7)

CAR T-cell therapy 2 (11.1)

Allo-HCT 1 (5.6)

Disease status before HCT, n (%)

CR1 14 (77.8)

CR2 3 (16.7)

CR3 or more 1 (5.6)

HCT-CI, n (%)

0 1 (5.6)

1-2 7 (38.9)

≥3 10 (55.6)

Donor type, n (%)

Matched sibling 2 (11.1)

Haploidentical 3 (16.7)

Matched unrelated 12 (66.7)

Cord blood 1 (5.6)

Donor source, n (%)

Bone marrow 5 (27.8)

Peripheral blood 12 (66.7)

Cord blood 1 (5.6)

Conditioning regimen, n (%)

MAC 5 (27.8)

Busulfan based 1 (5.6)

Other + TBI 4 (22.2)

RIC 13 (72.2)

Table 1 (continued)

Characteristics Patients (N = 18)

Busulfan based 2 (11.1)

Melphalan based 8 (44.4)

Other + TBI 3 (16.7)

ATG use 6 (33.3)

GVHD prophylaxis regimen, n (%)

CNI + MTX 12 (66.7)

CNI + MMF 2 (11.1)

PTCy 4 (22.2)

MRD status

MRD+ before HCT 4 (22.2)

MRD+ after HCT 1 (5.6)

MRD+ before and after HCT 1 (5.6)

MRD− either before or after HCT 12 (66.7)

ASPNase, asparaginase; ATG, antithymocyte globulin; CAR, chimeric antigen receptor;
CNI, calcineurin inhibitor; CR1, first complete remission; CR2, second complete remission;
CR3, third complete remission; HCT-CI, HCT-specific comorbidity index; MMF,
mycophenolate mofetil; MTX, methotrexate; PTCy, posttransplantation cyclophosphamide;
TBI, total body irradiation.
*Adverse cytogenetics including BCR/ABL fusion (breakpoint cluster region/Abelson or

Philadelphia chromosome), MLL-AF4 (mixed-lineage leukemia- transcription elongation
factor 4), MLL (mixed-lineage leukemia) rearrangements, low hypodiploidy, near triploidy,
and complex karyotypes.
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PFS and relapse

One-year PFS was 89% (Figure 2). For patients with MRD
before or after allo-HCT, 1-year PFS was 100%. The 1-year PFS
for recipients of RIC (n = 13) and MAC (n = 5) was 83% and
100%, respectively. One patient, in the 0.5 mg/m2 cohort,
relapsed 7 months after receiving transplantation. This was the
only relapse within 1 year for all patients enrolled in this study.
Another patient relapsed from Philadelphia-like ALL, 23 months
after allo-HCT.
Table 2. Adverse events

Adverse events, n (%) Grade 1/2 Grade 3/4

Patients with ≥1 events 16 (88.9) 7 (38.9)

Neutropenia 3 (16.7) 3 (16.7)

Thrombocytopenia 2 (11.1) 6 (33.3)

Anemia 1 (5.6) 0

Infections and infestations 5 (27.8) 2 (11.1)

Nausea and vomiting 8 (44.4) 0

Fatigue and weakness 5 (27.8) 0

Anorexia 3 (16.7) 0

Headache 3 (16.7) 0

Rash 2 (11.1) 0

Abdominal pain 2 (11.1) 0

Acute GVHD 2 (11.1) 0

Diarrhea 2 (11.1) 0

Elevated bilirubin 1 (5.6) 0

Fever 1 (5.6) 0

MAINTENANCE THERAPY AFTER TRANSPLANTATION FOR ALL 1387
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Figure 2. OS and PFS. (A) OS of the entire cohort. (B) PFS of the entire cohort. (C) PFS of patients who are MRD positive vs those who are MRD negative. (D) PFS of patients

who underwent MAC vs RIC or NMA conditioning.
MRD after treatment with INO

Six of the patients enrolled had MRD as measured by flow cytom-
etry, polymerase chain reaction, clonoSeq testing, or next-generation
sequencing. Of the patients who were MRD positive before trans-
plantation (n = 4), after transplantation (n = 1), and before and after
transplantation (n = 1), 4 became negative after treatment with INO.
Of the 2 patients who did not become MRD negative after INO
maintenance, 1 had Ph+ ALL, remained on a concomitant TKI, and
was in remission at the time of last follow-up; the other patient had
an unknown MRD status after completion of INO but remained alive
and in remission at the time of last follow-up.

OS and NRM

One-year OS was 94% (Figure 1). One-year NRM was 5.6%. For
patients with MRD before or after allo-HCT, 1-year OS was 100%
whereas for those patients who were MRD negative, the 1-year OS
was 90%. For patients who underwent MAC, 1-year OS was
1388 METHENY et al
100%, whereas 1-year OS was 92% for recipients of RIC or NMA
conditioning transplantation.

Acute and chronic GVHD

Acute GVHD was diagnosed in 13 patients (72.2%), of which 5
were grade 1, 7 grade 2, and 1 grade 4. One patient died of acute
GVHD on the 0.6 mg/m2 dose level, accounting for the only NRM
within the first year after allo-HCT. New acute or chronic GVHD,
occurring after the start of INO, was observed in 8 patients
(44.4%). The majority of those diagnoses were mild chronic GVHD
(5 of 8 patients). Chronic severe GVHD occurred in 1 patient after
INO maintenance was completed.

Discussion

We demonstrate that post–allo-HCT INO is feasible, and its use
did not lead to excess toxicity, with no observed SOS or graft
failure. The MTD studied in this setting is 0.6 mg/m2.
26 MARCH 2024 • VOLUME 8, NUMBER 6



Thrombocytopenia is common and should be carefully monitored,
along with other blood counts.

Lower doses of INO have been investigated in relapsed and
refractory ALL, in an effort to maintain efficacy and reduce toxicity.
Jabbour et al investigated a fractionated induction INO dose of
0.9 mg/m2 and a fractionated consolidation dose of 0.6 mg/m2 in
combination with mini hyperfractionated cyclophosphamide,
vincristine, and dexamethasone, with or without blinatumomab.27

The complete response rate was 57% and the SOS rate was
3%, which compares favorably with studies of standard dose INO
in which the rate of SOS is on the order of 14% to 23%.24,25,32,33

These data suggest that there is a minimal effective dose of INO,
which is significantly less toxic, when compared with standard dose
INO. Similarly, lower doses of INO have been used to eliminate
MRD in patients with Ph+ or Ph− ALL who did not achieve MRD
negativity or had MRD-positive relapse after frontline or salvage
therapy, including allo-HCT.34

Previous attempts at post–allo-HCT maintenance therapy for
patients with ALL have had variable degrees of effectiveness and
toxicity, leading to no change in standard practice. In Ph+ ALL,
small studies have shown a benefit to continuing TKIs after allo-
HCT.18-21 For example, imatinib can be given when neutrophil and
platelet engraftment have been demonstrated, with minimal side
effects. Currently the National Comprehensive Cancer Network
guidelines suggest that practitioners consider post–allo-HCT TKI
maintenance for at least 1 year with periodic monitoring for MRD
for patients with Ph+ ALL.31,35

Cellular therapy after allo-HCT has focused on donor lymphocyte
infusions (DLI). However, DLI has variable effectivity, and acute and
chronic GVHD are serious risks.36 A retrospective analysis of DLIs in
patients with acute leukemia (n = 318; for patients who are MRD
positive after allo-HCT and those with mixed chimerism, or as pro-
phylaxis for patients at high risk) demonstrated an acute or chronic
GVHD rate of 40% with 6% of the patients dying from GVHD
complications. The leukemia-free survival at 5 years was 58%, with a
cumulative incidence of relapse of 29%.37 Additionally, the feasibility
of DLIs is limited by a number of factors including donor availability.
In a prospective trial of prophylactic low-dose DLI for 108 patients
with high-risk leukemia, only 44 were able to receive DLIs.38 In
addition, combinations of DLI and chemotherapy have yielded poor
results in the treatment of relapsed ALL after allo-HCT.39

Regimen intensity is known to affect the rate of relapse in patients
with acute leukemia.40 For patients treated with RIC, retrospective
data suggest a 1-year ALL relapse rate of 30% to 50%.41 Addi-
tionally, MRD before or after transplantation is associated with even
greater relapse.9,10,42 Thus, in this trial, the low relapse rate for
patients undergoing either NMA conditioning/RIC or those with
MRD before or after allo-HCT is encouraging. The change of 4
patients from being MRD positive to being MRD negative after allo-
HCT supports the hypothesis that low-dose post–allo-HCT INO can
eliminate MRD. Furthermore, although this cohort was enriched for
patients with high HCT-specific comorbidity index, the low 1-year
NRM suggests that this maintenance is safe and tolerable.

It is important to note that this phase 1 cohort mostly comprised
recipients of RIC/NMA conditioning regimens, with regimens that
did not contain busulfan, and it is unclear how the doses and
schedules proposed here would apply to patients receiving
26 MARCH 2024 • VOLUME 8, NUMBER 6
myeloablative doses of busulfan. We recognize that the population
of this study is heterogeneous and that the efficacy, in terms of
PFS, may be overinterpreted. Given this heterogeneity, we have
included a supplemental Table 1 that details single patient char-
acteristics, follow-up, and outcomes.

There is an important question that this study does not answer: what
is the maximum or minimum number of INO cycles that can safely and
feasibly be given after HCT? It is not clear a priori what number of
cycles of INO would be safe and effective in reducing relapse after
HCT and eradicating MRD. To answer this question, we will need to
understand the interplay between the pharmacokinetics of INO after
HCT, INO cycle number, PFS, and the rate of MRD eradication. We
hope to obtain the answer to this question in a phase 2 trial.

In conclusion, the low observed relapse rate and favorable safety
profile justify investigating low-dose INO as maintenance therapy
after allo-HCT in a phase 2 trial (www.clinicaltrials.gov identifier:
#NCT03104491) focused on PFS and MRD eradication.
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