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Key Points

• A phase 1 trial of the
anti-CD22 immunotoxin
moxetumomab pasudotox
was conducted in children
with ALL.

• A 32% objective response
rate was observed, including
11 composite complete
responses (23%), 5 of which
were minimal residual disease
negative.

Novel therapies are needed to overcome chemotherapy resistance for children with

relapsed/refractory acute lymphoblastic leukemia (ALL). Moxetumomab pasudotox is

a recombinant anti-CD22 immunotoxin. A multicenter phase 1 study was conducted

to determine the maximum-tolerated cumulative dose (MTCD) and evaluate safety,

activity,pharmacokinetics, and immunogenicityofmoxetumomabpasudotox inchildren,

adolescents, and young adults with ALL (N 5 55). Moxetumomab pasudotox was

administered as a 30-minute IV infusion at doses of 5 to 50 mg/kg every other day for 6

(cohorts A and B) or 10 (cohort C) doses in 21-day cycles. Cohorts B and C received

dexamethasone prophylaxis against capillary leak syndrome (CLS). The most common

treatment-related adverse events were reversible weight gain, hepatic transaminase

elevation, and hypoalbuminemia. Dose-limiting CLS occurred in 2 of 4 patients receiving

30 mg/kg of moxetumomab pasudotox every other day for 6 doses. Incorporation of

dexamethasoneprevented furtherdose-limitingCLS.Sixof14patients receiving50mg/kg

of moxetumomab pasudotox for 10 doses developed hemolytic uremic syndrome (HUS),

thrombotic microangiopathy (TMA), or HUS-like events, exceeding the MTCD. Treatment

expansion at 40mg/kg for 10 doses (n5 11) exceeded theMTCDbecause of 2 HUS/TMA/HUS-like events. Dose level 6B (ie, 50mg/kg3

6 doses) was the MTCD, selected as the recommended phase 2 dose. Among 47 evaluable patients, an objective response rate of

32% was observed, including 11 (23%) composite complete responses, 5 of which were minimal residual disease negative by flow

cytometry.Moxetumomabpasudotox showedamanageable safetyprofile andevidenceof activity in relapsedor refractory childhood

ALL. This trial was registered at www.clinicaltrials.gov as #NCT00659425. (Blood. 2017;130(14):1620-1627)

Introduction

Despite substantial progress in the curative treatment of childhoodacute
lymphoblastic leukemia (ALL), the outlook is guarded for patientswith
high-risk features and those who relapse, and ALL remains a leading
cause of cancer-related mortality in children.1-3 Current therapies have
considerable treatment-associated morbidity and mortality risks.4 New
therapeutic approaches are needed to overcome chemotherapy re-
sistance and reduce nonspecific toxicities.

Monoclonal antibody–based therapies have the potential to achieve
these goals.5 CD22, a B-lymphoid differentiation antigen expressed on
the surface ofB-lineageALLblasts,6 is awell-characterized therapeutic
target for B-lineage ALL.7 On antigen binding, anti-CD22–directed
agents are rapidly internalized by receptor-mediated endocytosis,
making CD22 a particularly relevant target for immunotoxins.7,8

Previously, we constructed the recombinant immunotoxin RFB4
(dsFv)-PE38 (BL22; CAT-3888) consisting of the variable do-
mains of the murine anti-CD22 monoclonal antibody RFB4 fused
to a 38-kDa fragment of Pseudomonas exotoxin A.9 The first-
generation agent, BL22, had an acceptable safety profile but only
modest activity in a pediatric phase 1 trial.10 A second-generation
agent with higher affinity for CD22 (moxetumomab pasudotox
[CAT-8015, HA22]) showed increased in vitro cytotoxicity against
childhood ALL.11,12 Here, we report the results of a phase 1 clinical
trial in which moxetumomab pasudotox displayed a manageable and
acceptable safety profile and induced complete responses (CRs) in
children, adolescents, and young adults with multiply relapsed or
chemotherapy-refractory ALL.
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Patients and methods

This trial was conducted at the National Institutes of Health Clinical Center
(Bethesda, MD), St Jude Children’s Research Hospital (Memphis, TN), Dana-
Farber Cancer Institute/Boston Children’s Hospital (Boston, MA), Hospital for
SickChildren (Toronto,ON,Canada), andChildren’sHospital LosAngeles (Los
Angeles, CA) in compliance with the Declaration of Helsinki. The protocol was
approved by the investigational review boards at all sites. All patients or their
legal guardians provided written informed consent.

Eligibility

Patients age 6 months to 25 years with multiply relapsed or chemotherapy-
refractory ALL who had received $1 standard and 1 salvage regimen or
allogeneic stem-cell transplant were eligible. Bone marrow involvement with
$5% blasts was required, with blasts being CD221 (ie, $30% of blasts
expressing CD22 by flow cytometry). Patients could not receive chemotherapy
within 14 days before first moxetumomab pasudotox dose, except for intrathecal
or ALL maintenance chemotherapy. Individuals with isolated testicular relapse
or active central nervous system involvementwere excluded. Eligibility required
aspartate aminotransferase and alanine aminotransferase #5 times the normal
upper limit, total bilirubin #2 times the normal upper limit, and age-adjusted
normal creatinine.

Flow cytometry and antigen-binding site determination

CD22 antigen expression was determined by flow cytometry at the National
Cancer Institute. Antigen-site density was quantified by determining the anti-
CD22 antibody–binding capacity per cell using the QuantiBRITE system for
fluorescence quantitation (BD Biosciences, San Jose, CA) as previously
described.13 Determination of minimal residual disease (MRD) in patients
who achieved CR was performed by flow cytometry on bone marrow aspirate
samples using standard methodology.14

Study design

The objectives were to estimate the maximum-tolerated cumulative dose
(MTCD), defined as the highest dose and number of doses per cycle that
could be administered safely (based on the safety profile); to describe the
pharmacokinetics and immunogenicity; and to evaluate the antitumor
activity of moxetumomab pasudotox in patients with relapsed/refractory
ALL. Moxetumomab pasudotox 5 to 50 mg/kg was administered via IV
infusion over 30 minutes every other day in a 21-day cycle (dose levels
summarized in Table 3 in “Results”). During the trial, the treatment schedule
was modified to increase the number of doses per cycle from 6 to 10 to
reduce early progression or relapse by eliminating the treatment-free
interval of the 6-dose cycle. The dose-limiting toxicity (DLT) period
comprised the first 21-day cycle or lasted until resolution of toxicity to meet
criteria for next treatment cycle initiation. Treatment cycles were repeated
after $21 days in patients who did not have DLT (defined in “Toxicity
grading and definition”) until progressive disease, grade 3/4 allergic events,
or other reason for discontinuation. Dosing delays of#1week for resolution
of grade 2 toxicity or #2 weeks for scheduling conflict were permitted.

The initial cohort (cohortA) comprised an accelerateddose-escalation phase,
with 1 patient each receiving 5, 10, and 20 mg/kg for 6 doses per cycle without
dexamethasone. Subsequent cohorts (cohorts B and C) received prophylaxis
against capillary leak syndrome (CLS) with dexamethasone 2.5 mg/m2 every 12
hours before and after the first 6moxetumomab pasudotox doses during cycle 1.
Cohort B comprised standard 313 escalation groups at 20, 30, 40, and 50mg/kg
for 6 doses per cycle. Cohort C used 10 doses per cycle. The final dose level (5C)
used drug product developed using a new manufacturing process (ie, process
3),15with greater bioactivity comparedwith the prior product (processes 1 and 2)
based on in vitro cytotoxicity assays. Consequently, dose level 5C was adjusted
to a dose of 32mg/kg, 80%of the 40-mg/kg dose of prior drug product (hereafter
referred to as 32 [40] mg/kg), to account for the difference in bioactivity and
comprised 10 doses of moxetumomab pasudotox.

Supportive care

Hydration at a rate of $90 mL/m2 per hour occurred 3 hours before through
2 hours after each dose, with daily fluid intake approximating 1440 mL/m2 per
day until 18 hours after the last dose of each cycle. Premedication with acet-
aminophen, diphenhydramine, and ranitidine was provided, as was additional
standard supportive care as clinically indicated, such as antimicrobial therapy
and tumor lysis syndrome prophylaxis.

Toxicity grading and definition

The National Cancer Institute Common Terminology Criteria for Adverse Events
(version 3.0) were used for toxicity and adverse event (AE) reporting.16 Dose-
limiting toxicity was defined as nonhematologic toxicity deemed related to
moxetumomab pasudotox of grade 2 lasting.28 days or at least grade 3, with the
following exceptions: tumor lysis syndrome, abnormal electrolytes responding to
supplementation, grade 3 hepatic dysfunction with resolution before the scheduled
start of the next cycle, grade 4 transaminase elevation lasting,72 hours, grade 3
or 4 infection or neutropenic fever, or grade 3 fever, hypertriglyceridemia,
hypercholesterolemia, or hypoalbuminemia in the absence of CLS. Hematologic
DLT was defined as grade 4 hematologic toxicity lasting .5 days or for which
transfusion was required. Patients with abnormal blood counts resulting from
bone marrow infiltration were not evaluable for hematologic toxicity assessment.
Hemolyticuremia syndrome(HUS)wasgradedasdefined in supplementalTable1,
available on the BloodWeb site.

Pharmacokinetics

Plasma levels of moxetumomab pasudotox were determined using a validated
sandwich enzyme-linked immunosorbent assay method. Pharmacokinetic
parameters were estimated using noncompartmental analysis (Phoenix Win-
Nonlin; Certara LP, St Louis, MO).

Immunogenicity and neutralizing antibody assays

Patientswereassessedfor immunogenicity tomoxetumomabpasudotoxusingasolid-
phase enzyme-linked immunosorbent assay that measures the capacity of antidrug
antibodies to inhibit thebindingofmoxetumomabpasudotox toCD22.Sampleswere
obtained precycle, before the sixth dose of each cycle, and at end of treatment.

Response criteria

Standard clinical and laboratory response criteria were employed (Table 1).17

Responses were assessed before each cycle.

Statistical analyses

Fifty-five patients who were enrolled and received$1 dose of study drug were
included in the statistical summaries and safety analyses. The DLT-evaluable
population comprised patients who received any treatment with moxetumomab
pasudotox and completed the DLT evaluation period or discontinued study drug
because of DLT. Those who did not complete the disease assessment period in
thefirst cycle of therapywerenot evaluable for responseunless theydiscontinued
treatment because of progressive disease.

Data analyses were conducted using the SAS System (version $8.2;
SAS Institute Inc., Cary, NC). Pharmacokinetic analyses were performed using
WinNonLin software (Pharsight, Princeton, NJ). Time to response and duration of
responsewerecalculated for thesubgroupofpatientswithCRsandPRs.Categorical
data were summarized by the number and percentage of patients in each category.
Continuous variables were summarized by descriptive statistics, including mean,
standard deviation,median, andminimumandmaximumvalues. Fisher’s exact test
was used in statistical comparisons in proportions between 2 groups.

Results

Fifty-five patients age 1 to 25 years (median, 13 years) with ALL
received moxetumomab pasudotox (Table 2). All had received prior
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chemotherapy, 26 (47%) had undergone allogeneic hematopoietic
stem-cell transplantation, 2 had received blinatumomab, and 2 had
received CD19-targeting chimeric antigen receptor (CAR) T cells. The
median number of administered cycles was 1 (range, 1-4 cycles); the
mean was 1.6; 40% of patients received$ 2 cycles of treatment.

MTCD determination

The MTCD was defined as the highest dose and number of
moxetumomab pasudotox doses that could be administered safely
based on safety assessments (Table 3). Six patients developed DLTs:
2 of 4 patients receiving dose-level 4A (30 mg/kg every other day for
6doses) haddose-limitingCLS(grade3or4); 1of8 receivingdose-level
5B (40mg/kg every other day for 6 doses) had refractory hypercalcemia
in the setting of active leukemia (patient died as a result of cardiac
arrhythmia; no other cases of hypercalcemia were observed); 1 of
11 receivingdose-level 5C (32 [40]mg/kg everyother day for 10doses)
had a DLT of grade 4 hepatobiliary disorder (with subsequent death
resulting frommultiorgan failure); and 2 of 14 receiving dose-level 6C
(50 mg/kg every other day for 10 doses) had a DLT of grade 4 HUS.
AdditionalHUS/thromboticmicroangiopathy (TMA)/HUS-like events
occurredduring treatment during the expansionphasesof dose-level 5C
(32 [40]mg/kg every other day for 10 doses; 2 of 11 patients) and dose-
level 6C (50 mg/kg every other day for 10 doses; 6 of 14 patients;
supplemental Table 2). Although these events did not meet criteria
for DLT, and they occurred beyond cycle 1, these dose levels were
deemed to have exceeded the MCTD based on the additional HUS-
related events. Because administration ofmoxetumomab pasudotox on
a 10-dose schedule exceeded the MTCD at 2 dose levels that were

tolerable according to the 6-dose schedule, the 10-dose schedule was
abandoned. Dose-level 6B (50 mg/kg every other day for 6 doses) was
determined to be the MTCD and was the recommended phase 2 dose
for further evaluation in relapsed or refractory pediatric ALL. After
a protocol amendment to include dexamethasone prophylaxis, no
additional cases of dose-limiting CLS were observed after cohort A.

Safety

Most treatment-related AEs were grade 1 or 2 in severity (78%) and
reversible (Figure 1); the most common treatment-related AEs included
elevatedALT andAST,weight increase, hypoalbuminemia, and edema.
Most of the patients with hypoalbuminemia and/or edema were not
classified as havingCLS.Asnoted in “MTCDdetermination,”2patients
in cohortAdevelopedCLS thatwas dose limiting. In total, 4 patients had
anAEofCLS,2ofwhomhadhypoalbuminemia, 1ofwhomhadedema,
and 1 of whom had both hypoalbuminemia and edema.

In total, 96 seriousAEs occurred in 37 patients (67%); 32 of these in
14 patients (25%) were treatment related. Diagnostic criteria for HUS
were met in 5 (13%) of 55 patients, with 2 more patients experiencing
anAEof TMAand 3 additional patientsmanifestingHUS-like features
(supplemental Table 2).Althoughdoses of 50mg/kg every other dayon
a 10-dose schedule were tolerated by some patients for as many as 4
cycles,HUSwasmore frequent at higher dose levels andon the 10-dose
schedule. Plasmapheresis was employed in both cases of grade 4HUS;

Table 1. Response criteria

Response Criteria

cCR Patients achieving criteria for either CR or CRi:

CR: M1 marrow,* absence of peripheral blasts

(morphologic), absence of extramedullary sites

of disease,† peripheral blood neutrophil count

$1000/mL, and platelet count $100 000/mL

CRi: above CR criteria without specified blood

counts

PR M2 marrow* and decrease in percentage of

marrow blasts by $50%, absence of peripheral

blasts (morphologic), absence of extramedullary

sites of disease†

Hematologic activity Does not meet criteria for CR or PR, with any of

the following:

$50% decrease in percentage of marrow blasts

$50% decrease in absolute peripheral blast count

Improvement of peripheral blood neutrophil count

to $1000/mL or platelet count to $100 000/mL

Stable disease Does not meet criteria for CR, PR, HA, or PD

Progressive disease or relapse Deterioration in marrow classification (ie, M

status*) with $50% increase in percentage of

marrow blasts compared with best response OR

No change in marrow classification (ie, M status*)

but $50% increase in absolute peripheral blast

count or extent of extramedullary disease†

compared with best response

cCR, composite CR; CRi, CR with incomplete blood count recovery; HA,

hematologic activity; PD, progressive disease; PR, partial response.

*Bone marrow classification (blast percentage, $200 cells counted): M1, ,5%;

M2, 5% to 25%; M3, .25%.

†Central nervous system classification (cerebrospinal fluid cell count and

cytology): CNS1, 0 blasts on cytospin; CNS2, white cell count ,5/mL and blasts on

cytospin; CNS3, white cell count $5/mL and blasts on cytospin.

Table 2. Patient demographics and baseline characteristics

Parameter

Moxetumomab
pasudotox (n 5 55)

No. %

Age, y

Median 13

Range 1-25

Age category, y

#3 4 7

.3 to #12 21 38

.12 to #19 21 38

.19 9 16

Male sex 31 56

Race

White 45 82

Black 7 13

Asian 1 2

Other 2 4

Ethnicity

Hispanic 13 24

Non-Hispanic 42 76

Time from diagnosis to study entry, months

Median 29

Range 7-145

ECOG performance status (‡12 y) n 5 32

0 5 9

1 15 27

2 or 3 8 15

Lansky scale score (<12 y) n 5 20

Normal range 18 33

Mild to moderate restriction 2 24

Prior treatment

Chemotherapy 55 100

Transplantation 26 47

Radiation therapy 10 18

Biologic 3 6

Other 8 15

ECOG, Eastern Cooperative Oncology Group.
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1 case resolved gradually, whereas the other patient, with rapidly
progressive ALL, had persistent renal insufficiency at time of death
resulting from leukemia. In all other cases, the HUS and HUS-related
events resolved with supportive measures (excluding plasmapheresis)
and discontinuation of moxetumomab pasudotox.

Pharmacokinetics

A dose-dependent increase in exposure was observed across the 20- to
50-mg/kg dose range,withwide interpatient variation in pharmacokinetic

parameters (Figure 2; supplemental Table 3). No systemic accumu-
lation was observed after multiple doses. There was no obvious
correlation of pharmacokinetic parameters with toxicity.

Immunogenicity

Twelve of 55 patients had a positive neutralizing antibody screen,
defined as the capacity to inhibit$50% of moxetumomab pasudotox
binding to CD22 before moxetumomab pasudotox dosing. Six of
these 12 patients maintained neutralizing antibody-positive status
during drug treatment. Five additional patients developed neutralizing
antibodies with moxetumomab pasudotox treatment after a median of
1.0 treatment cycle (range, 1-3 cycles). Development of neutralizing
antibodies did not seem to correlate with disease response or toxicity
(supplemental Table 4).

Clinical activity

Forty-seven patients were evaluable for response; 8 patients received
study drug but were removed from the study early and did not have
posttreatment disease reassessment (because of DLT in 4 patients,
underlying complications of ALL in 3 patients, and use of corticoste-
roids as part of management of HUS-like symptoms in 1 patient).
Eleven patients (23%) achieved aCRc, 5 ofwhomwereMRDnegative
by flow cytometry (Table 4; Figure 3; supplemental Table 4). Three of
the 5 patients who achievedMRD-negative CRc proceeded directly to
second stem-cell transplantation. Of the other 2 patients, 1 became
MRD positive and proceeded to CAR T-cell therapy followed by
second stem-cell transplantation. The other, who had relapsed after
receiving 2 prior transplants, developed neutralizing antibodies and

Table 3. DLT

Dose
level

Dose and
schedule

Number
treated DLT

1A 5 mg/kg 3 6 1 None

2A 10 mg/kg 3 6 1 None

3A 20 mg/kg 3 6 1 None

3B 20 mg/kg 3 6 4 None

4A 30 mg/kg 3 6 4 Grade 3 and 4 CLS (1 case each*)

4B 30 mg/kg 3 6 5 None

5B 40 mg/kg 3 6 8 Grade 5 hypercalcemia (1 case)

5C 32† [40] mg/kg3 10 11 Grade 4 hepatobiliary disorder

(1 case)

6B 50 mg/kg 3 6 6 None

6C 50 mg/kg 3 10 14 Grade 4 HUS (2 cases)

Cohorts: A: every other day 3 6, no steroids; B: every other day 3 6,

dexamethasone prophylaxis cycle 1; C: every other day 3 10, dexamethasone

prophylaxis in cycle 1, doses 1 to 6.

*DLT preferred terms: vascular leak syndrome in 1 patient and bilateral pleural

effusions, hypoxia, and hypertension in the other patient.

†Manufacturing process change: 32 mg/kg equivalent to 40 mg/kg of prior product.
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Figure 1. Treatment-emergent AEs (by preferred term) reported in ‡15% of patients in the DLT-evaluable population, regardless of attribution. Each AE was

counted only once per patient, regardless of the number of events observed in an individual patient. Events are rank ordered by overall frequency, and maximum event grade

is displayed. *AEs were coded by preferred term by the reporting investigator according to MedDRA, which includes edema and peripheral edema.

BLOOD, 5 OCTOBER 2017 x VOLUME 130, NUMBER 14 MOXE FOR CHILDHOOD ALL 1623

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/130/14/1620/1402658/blood749101.pdf by guest on 18 M

ay 2024



remained MRD negative during chemotherapy. Median time to CRc
was 0.72 months (range, 0.49-1.61 months), and median CRc duration
was 1.64 months (range, 0.03-1.97 months). Four of 47 evaluable
patients achieved PR, yielding an overall objective response rate of
32% (Table 4). Among patients who relapsed after prior stem-cell
transplantation (n522), 9 (41%) achievedCRc, 5 ofwhomwereMRD
negative, and 1 achieved PR, for an overall objective response rate of
45%. No association was observed between baseline CD22 expression
on leukemic blasts and clinical response (supplemental Table 4).
Median progression-free survival among the 55 treated patients was
1.6 months (range, 0.2-17.3 months).

Discussion

Moxetumomab pasudotox, a second-generation recombinant immu-
notoxin, targets CD22.11,12 It is highly active, with an acceptable safety

profile in adults with hairy cell leukemia, wherein a phase 3 dose of
40 mg/kg (process 3) every other day for 3 doses every 28 days has
been defined.18 Our pediatric phase 1 trial demonstrated activity
in chemotherapy-resistant ALL, with a 32% objective response rate in
47 evaluable patients. Notably, 5 of 11 of those who achieved CRc
became MRD negative; 4 of these patients subsequently underwent
second allogeneic stem-cell transplantation, indicating the potential
utility ofmoxetumomab pasudotox as a bridge to transplantation. Also
notable was the high response rate in patients who had relapsed after
prior stem-cell transplantation, with a CRc rate of 41% (5 of 9 MRD
negative) and an overall objective response rate of 45%. The outlook
for relapsed ALL after transplantation is guarded, and new therapies
are needed to improve outcomes.19,20 These results support studies of
moxetumomab pasudotox in the setting of posttransplantation relapse.

The basis for the observedvariability in patient responses in this trial
is largely unexplained. CD22 expression is a determinant of response
to BL22 in vitro21; however, there was no apparent influence of
antigendensity in our trial,with the exceptionof 2patientswithKMT2A
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Figure 2. Mean concentration-time profiles for cycle 1

(dose 1). Error bars represent standard error of the mean. LLOQ,
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32 mg/kg bioactively equivalent to 40 mg/kg of prior product.

Table 4. Best protocol response

Dose
level

Dose,
mg/kg

Number
treated

Number
evaluable cCR PR

Hematologic
activity

Stable
disease

Progressive
disease

Not
evaluable

1A 5 1 1 1

2A 10 1 1 1 (CRi)

3A 20 1 1 1

3B 20 4 4 1 2 1

4A 30 4 4 3 1

4B 30 5 4 1 (MRD negative) 1 1 1 1

5B 40 8 7 1 (MRD negative) 3 2 1 1

5C 32* (40) 11 7 2 1 1 1 2 4

6B 50 6 6 2 (1 MRD negative) 1 3

6C 50 14 12 2 CR (1 MRD negative), 1 CRi

(MRD negative)

2 1 5 1 2

55 47 11 (23%) 4 (9%) 11 (23%) 12 (26%) 9 (19%) 8

Response rates based on evaluable population (response criteria listed in Table 1). Cohorts: A: every other day 3 6 doses, no steroids; B: every other day 3 6 doses,

dexamethasone prophylaxis cycle 1; C: every other day 3 10 doses, dexamethasone prophylaxis cycle 1, doses 1 to 6.

CRi, CR with incomplete blood count recovery.

*32 mg/kg process 3 equivalent bioactivity to 40 mg/kg of prior product.
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Figure 3. Responses: patient examples. (A) Flow cytometric

CRc in patients #14 and #37. Pretreatment (left panels) bone

marrow aspirates demonstrated ALL blasts expressing abnor-

mally bright CD20 and CD10. Posttreatment (right panels)

bone marrow aspirates demonstrated only pre–B cells with

a normal maturation profile based on CD20 and CD10

expression. Both patients achieved CRc (#14, CR; #37, CR

incomplete blood count recovery [CRi]) after cycle 1 and were

MRD negative after cycle 2. The limit of detection for this

assay was 0.004%. (B) Patient #2: pretreatment (left panel)

and posttreatment (right panel) bone marrow biopsies

revealed decreased blast infiltration with 1 cycle of therapy

(original magnification 3100; hematoxylin and eosin stain).

Patient achieved PR after cycle 1 and CRi after cycle 2. (C)

Patient #22: pretreatment (left panel) and posttreatment (right

panel) fluorodeoxyglucose positron emission tomography scans

show marked reduction in areas of uptake after 2 cycles of

therapy.
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(MLL)-rearranged infant ALL. Blasts from individuals with 11q23
(KMT2A) rearrangement may have low CD22 site density and/or
subpopulations of CD222 blasts.6 Two such patients in this trial
experienced transient reduction in peripheral blast percentage that was
followedbydiseaseprogression resulting fromexpansionofCD222/dim
populations.CD22 expressionwas otherwisemaintained in patientswith
residual or recurrent disease (data not shown), in contrast to the loss of
surface antigen expression seen after CD19-targeted therapies with
CAR-transduced T cells and bispecific T-cell–engaging antibodies.22,23

We previously showed that disease burden in children with ALL can
influence the pharmacology of anti-CD22 immunotoxins, with binding
by CD221 blasts resulting in rapid drug clearance.10 It is noteworthy
that wide interpatient pharmacokinetic variability was observed in this
trial. Drug neutralization is another known cause of resistance to
immunotoxin therapy.10Notably, intermittent exposure to sublethal doses
of moxetumomab pasudotox in vitro can lead to reversible epigenetic
changes that confer resistance in ALL cell lines.24,25 This potential
mechanismof resistancehas not yet been explored inpatients. Finally,we
recently demonstrated wide interpatient variability in the exposure time
required to induce cytotoxicity of ALL blasts by moxetumomab
pasudotox.26 Thus, the activity of moxetumomab pasudotox in patients
with ALL might be improved by changing administration from bolus to
continuous infusion, especially given the short elimination half-life
observed in this study (supplemental Table 3). Importantly, dexameth-
asone cotreatment is unlikely to have contributed to the antileukemia
activity observed in this trial. Dexamethasone was employed for CLS
prophylaxis around the first 6 doses of moxetumomab pasudotox in
cycle 1 in cohorts B and C only. Thus, the CRc observed in cohort A
occurred without steroid treatment. Furthermore, some patients had
continued objective responses in subsequent cycles, without concurrent
dexamethasone. Finally, all patients had multiply relapsed or refractory
disease and had received corticosteroids as part of prior therapy.

Although moxetumomab pasudotox was generally well tolerated,
AEs, which were reversible in almost all cases, were common. Most
notably, HUS/TMA developed in 7 patients; another 3 had HUS-like
features. The mechanism of this toxicity remains unknown. HUS has
been observed in adults after treatment with BL22 and moxetumomab
pasudotox.18,27,28 The risk of HUS in our study may have been linked
to dose and dose intensity. Additionally, HUS seemed to occur with
higher frequency in patients who had previously undergone stem-cell
transplantation (8of 26vs2of 29;P5 .0346byFisher’s exact test), and
TMA is a well-described posttransplantation complication.29 Impor-
tantly, HUS/TMA resolved after study drug discontinuation in all but
1 patient. HUS/TMA did not seem to prohibit subsequent treatment
with stem-cell transplantation or T-cell therapy, because 2 patients with
grade 2 HUS/TMA received second allogeneic stem-cell transplants as
next therapy after achieving CRc in this trial, and 1 with grade 4 HUS
subsequently received CAR-transduced T-cell therapy.

The other important treatment-related toxicity observed in this trial,
CLS, was dose limiting in 2 cohort A patients; both cases were fully
reversible. The risk and severity of CLS seemed to be reduced with
dexamethasone prophylaxis during the first 6 doses of cycle 1. Only 1
subsequent patient treated at dose-level 4B developed grade 2 treatment-
related CLS, which was fully reversible despite continuation of mox-
etumomab pasudotox. All CLS cases developed during the first cycle of
therapy. Notably, neither CLS nor CR were observed in the predecessor
BL22 trial.10 This raises the possibility that soluble mediators associated
with blast-cell lysis may have contributed to the development of CLS, as
seen with other agents used in the treatment of childhood ALL.30

Moxetumomab pasudotox is 1 of a growing number of monoclo-
nal antibody–based therapies that target CD22. This recombinant
immunotoxin is composed of an anti-CD22 antibody variable fragment

that has been disulfide stabilized and fused to a fragment of Pseudomo-
nas exotoxinA. In comparisonwithwhole antibodies or larger antibody
fragments (eg, Fab), variable fragment constructs have improved tissue
penetration and reduced immunogenicity.31,32 Single-agent activity of
the unconjugated anti-CD22 antibody epratuzumab against ALL seems
to be limited, with no objective responses (0 of 15) observed in children
with relapsed ALL.33 The anti-CD22 drug conjugate inotuzumab
ozogamicin has shown activity in adults and children with relapsed
ALL, with reported CRc rates of approximately 80% in adults and 60%
(3 of 5 responders, with 1 CR and 2 CRs with incomplete blood count
recovery) in children, although with a relatively high incidence of
hepatic venoocclusive disease.34,35 CAR-transduced T cells targeting
CD22 have been developed and are active in preclinical models of
ALL.36 Importantly,CAR-transducedT-cell therapy is associatedwith a
high risk of severe cytokine release syndrome and requires complex
patient-specificmanufacturing.23 In contrast, moxetumomab pasudotox
represents an off-the-shelf agent.

In conclusion, this trial provides proof of principle that moxetumo-
mab pasudotox is active against CD22-expressing ALL and can
overcome chemotherapy resistance, inducing MRD-negative remis-
sions in children with multiply relapsed or refractory disease, with a
manageable safety profile. Further clinical evaluation of the recom-
mended phase 2 dose and schedule is warranted. Such a study was
recently conducted and will be reported separately.
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