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ABSTRACT
Hu14.18K322A is a humanized anti-GD2 monoclonal antibody with a single point mutation that reduces 
complement-mediated cytotoxicity, with a maximum tolerated dose (MTD) of 60 mg/m2 daily for 4 days in 
children with recurrent/refractory neuroblastoma. We report additional results of a Phase 1 trial to determine 
the MTD and safety profile of hu14.18K322A in patients with osteosarcoma, and of an alternative schedule of 
weekly hu14.18K322A administration in patients with neuroblastoma or osteosarcoma. Eligible patients with 
recurrent/refractory osteosarcoma received hu14.13K22A daily x4 every 28 days in a Phase 1 traditional 3 + 3 
dose escalation design. Additional patients with osteosarcoma were then enrolled to receive hu14.18K322A 
once weekly for 4 weeks per course. Patients with recurrent/refractory neuroblastoma were also enrolled on 
the weekly schedule at 50 mg/m2/dose. Six patients with osteosarcoma treated on the daily schedule received 
a median of 2 (range 1–6) courses; the recommended daily dose was established as 60 mg/m2. Three patients 
had stable disease (SD) as best overall response. Five patients (3 neuroblastoma, 2 osteosarcoma) enrolled on 
the weekly schedule received a median of 1 (1–3) course; 2 achieved SD as best overall response. Pain, fever, 
hematologic toxicities, hyponatremia, and ocular/visual abnormalities were common toxicities among both 
schedules. Dose-limiting toxicities attributed to hu14.18K322A included anorexia and fatigue (n = 1). 
Pharmacokinetic profiles were similar between daily and weekly schedules. The recommended dose for 
patients with osteosarcoma receiving daily hu14.18K322A x4 is 60 mg/m2. Patients receiving the weekly 
schedule experienced similar pharmacokinetics and toxicity profile as the daily schedule.
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Introduction

Treatment of children with high-risk neuroblastoma now 
incorporates the use of agents targeting disialoganglioside 
GD2, a surface molecule uniformly expressed on most neuro-
blasts, resulting in improved survival rates.1 Currently, the 
chimeric monoclonal antibody dinutuximab (ch14.18) is the 
only U.S. Food and Drug Administration-approved product 
targeting GD2. Dinutuximab induces cell lysis via antibody- 
dependent cell-mediated cytotoxicity (ADCC), but also 
induces complement-mediated cytotoxicity and is associated 
with significant toxicities, including pain and hypersensitivity 
reactions. Alternative infusion schedules of anti-GD2 antibo-
dies have been proposed to reduce toxicity profiles.2

Hu14.18K322A is a novel anti-GD2 monoclonal antibody that 
retains the antigen-binding specificity of dinutuximab but is 98% 
human, and has a single point mutation to reduce complement 
cascade-associated pain.3 Additionally, hu14.18K322A is pro-
duced in a YB2/0 rat myeloma cell line that reduces fucosylation 
and enhances ADCC activity.4,5 We have previously reported the 
results of 38 patients with recurrent/refractory neuroblastoma 
treated on a Phase 1 trial with hu14.18K322A given daily for 4 

consecutive days of a 28-day course.6 Simulations using popula-
tion pharmacokinetic modeling from the daily schedule suggested 
that a weekly schedule of hu14.18K322A may provide higher 
sustained plasma and tissue concentrations while lowering the 
plasma Cmax concentration, potentially resulting in less toxicity.

In this new study, we sought to define the maximum tolerated 
dose (MTD) and dose-limiting toxicities (DLTs) of 
hu14.18K322A when administered once weekly for 4 weeks per 
course in patients with recurrent or refractory neuroblastoma or 
osteosarcoma. Since expression of GD2 has also been observed 
in frozen samples of osteosarcoma,7 and early phase studies of 
anti-GD2 antibodies included responses in osteosarcoma 
patients,8,9 we included patients with osteosarcoma to investigate 
the role of anti-GD2 therapy on a daily schedule as well as on the 
weekly schedule of administration in that patient population.

Results

Patient characteristics are summarized in Table 1. Six 
patients (1–6) with recurrent or refractory osteosarcoma 
were treated on the daily schedule, and 5 patients (7–11; 3 
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with neuroblastoma, 2 with osteosarcoma) were treated with 
weekly administration of antibody. Patients on the osteosar-
coma daily treatment cohort, as expected, were older [med-
ian age 18.6 years (range 12.2–20.9 years)] and primarily 
presented with macroscopic pulmonary nodules; other 
involved sites included bone, hilar lymph nodes, and med-
iastinal/pleural soft tissue disease. Patients on the weekly 
treatment were more heavily pre-treated (3 with >3 prior 
lines of therapy) and included two patients with neuroblas-
toma with marrow-positive disease. Three patients on the 
weekly schedule (1 neuroblastoma and 2 osteosarcoma) and 
four patients on the daily schedule had a history of prior 
thoracic surgery. Enrollment to the weekly schedule was 
limited due to both slow accrual and lack of availability of 
hu14.18K322A.

Osteosarcoma patients who were treated on the daily schedule 
received a total of 14 courses (median 2, range 1–6). Three 
patients achieved stable disease (SD) as best overall response. 
Five of 6 patients experienced progressive disease (PD) while on 
study; one patient with SD after six courses refused further treat-
ment and was taken off therapy. Patients treated on the weekly 
schedule cumulatively received seven total courses (median 1, 
range 1–3) of hu14.18K322A. Best overall response for the weekly 
patients included 2 SD and 3 PD. One patient with neuroblas-
toma who had persistent iodine-123 metaiodobenzylguanidine 
(MIBG)-avid disease in the orbit and scapula after completion 
of standard high-risk therapy (chemotherapy, stem cell transplan-
tation, radiation and cis-retinoic acid) received one course of 
weekly treatment but was taken off therapy after 3 weeks due to 
toxicity; best response was SD at discontinuation of study treat-
ment. Six months later the known MIBG findings had resolved, 
and the patient remains disease-free 7 years off therapy.

Significant treatment-related toxicities (≥Grade 3) are listed in 
Table 2. Pain was the most common toxicity; all patients in both 
daily and weekly cohorts experienced grade 3 pain during initial 
courses, typically during infusion. Hyponatremia and hematologic 

toxicities (lymphopenia and neutropenia) were also observed in 
both the daily and weekly schedules of administration. Fever, 
tachycardia and tachypnea were experienced with antibody infu-
sions regardless of schedule. Patients receiving weekly administra-
tion of hu14.18K322A were less commonly observed to have 
fatigue, hypertension, cough and hypoxia (Supplemental 
Table 1). Ocular or visual abnormalities such as Adie’s pupil 
(mydriasis, photophobia, poor accommodation) were common 
among both treatment cohorts (10 of 11 total patients), but were 
typically mild, persistent, and did not worsen with subsequent 
exposures. DLTs observed with weekly hu14.18K322A therapy 
included anorexia (n = 1) and fatigue (n = 1) in a single patient 
with neuroblastoma treated at a dose of 50 mg/m2 (Table 3). 
Following discontinuation of hu14.18K322A due to poor toler-
ance, the patient experienced additional unrelated DLTs within 
the study evaluation period due to an extravasation of parenteral 
nutrition from the patient’s central venous access, with resultant 

Table 1. Patient characteristics.

Variables
Weekly dosing 

(NBL)
Weekly dosing 

(OS)
Daily dosing 

(OS)
Daily dosing 

(NBL)*

Number 3 2 6 39
Age (years)

Median (range) 6 (3.8–16.1) 11.6 (10.1–13.2) 18.6 (12.2–20.9) 7.2 (2.6–16.2)
Sex

Male 1 0 5 24
Female 2 2 1 15

Race
White 2 1 4 26
Black 1 0 1 4
Other 0 1 1 9

Weight (kg)
Median (range) 22.3 (21.5–60.7) 38.3 (31–45.5) 77.3 (42.9–110.9) 22.1 (12.2–84.9)
Body Surface Area

Median (range) 0.84 (0.83–1.64) 1.26 (1.07–1.45) 1.96 (1.36–2.27) 0.87 (0.56–2.02)
Sites of disease

Bone 3 0 2 31
Bone marrow 2 0 0 23
Lungs 1 2 5 0
Lymph nodes 0 0 1 15
Soft tissue 2 0 2 14

Prior lines of therapy
1–3 1 1 5 13
>3 2 1 1 26

*Navid F et al. J Clin Oncol 2014; 32: 1445–52.

Table 2. Summary of Grade ≥3 Adverse Events of hu14.18K322A for daily and 
weekly schedules.

Daily dosing Weekly dosing

Course 1 
(n = 6)

Course 2–6 
(n = 3)

Course 1 
(n = 5)

Course 2–3 
(n = 1)

Toxicity N % N % N % N %

Non-Hematologic
Pain 6 100 1 33 5 100 1 100
Fatigue/weakness 1 20
Nausea/vomiting 1 20
Ocular/visual 1 17
Anorexia/weight loss 1 20
Hyponatremia 1 17 1 20
Hypophosphatemia 1 17
Sensory neuropathy 1 20
Skin infection 1 33 1 20

Hematologic
Neutropenia 1 17 1 20
Lymphopenia 4 67 2 67 2 40
Thrombocytopenia 1 20
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local reaction, infection, and gastrointestinal toxicity including 
pancreatitis. A second patient with neuroblastoma was observed 
to have anorexia and hypoxia that were deemed to be related to 
rapid progression of disease by the study team; the patient declined 
further therapy after receiving the third weekly dose and died of 
progressive disease 8 days after the last treatment administration. 
One patient with osteosarcoma on the daily schedule experienced 
aspiration pneumonia and hypoxia secondary to emesis while 
intubated for a sedated procedure, with acute respiratory distress 
syndrome, respiratory failure, and acute renal insufficiency as 
DLTs; these were considered unrelated to the administration of 
hu14.18K322A. The recommended dose for the osteosarcoma 
daily dosing schedule was determined to be 60 mg/m2/dose; the 
MTD could not be established for the weekly schedule due to 
insufficient number of enrolled subjects.

Pharmacokinetics

The pharmacokinetics of hu14.18K322A were best modeled 
using the previously described, two-compartment model with 
clearance and distribution volume as a function of body surface 
area.6 No significant differences in pharmacokinetics were 
observed utilizing hu14.18K322A unit per weight (mg/kg). 
Area under the curve (AUC) increased proportionally with 
dose increases from 40 to 60 mg/m2 (data not shown). 
Inclusion of human anti-human antibody (HAHA) status, 
dose number, or disease did not improve predictions of clear-
ance. One patient with osteosarcoma was excluded from the 
pharmacokinetic analysis because the second dose was delayed 
and pharmacokinetic samples were not taken.

The dose-normalized hu14.18K322A exposure was compared 
between subjects treated for neuroblastoma vs. osteosarcoma 
(Figure 1). No clear differences in dose-adjusted exposure were 
noted with one exception: one subject with neuroblastoma 

treated on the weekly schedule had a clearance approximately 
1/3 that of the other subjects, with correspondingly higher AUC 
from the first 4 doses. Despite this finding, the patient did not 
experience increased toxicity and completed three courses of 
therapy before disease progression.

As shown in Figure 1, there were no observed differences 
when the dose-normalized AUC is assessed by diagnosis. 
Similarly, we did not observe any clear distinctions in 
hu14.18K322A dose-normalized AUC exposure from the two 
dosing schedules (Figure 2). Figure 3 compares the plots of the 
individual subjects, with the fitted data as a red dashed line 
overlaid on the black points representing observed data. The 
pharmacokinetic fits suggest that for most of the subjects, either 
the daily x4 or weekly x4 dosing schedule was able to maintain 
concentrations over the 4 week period above 1 ng/mL, which 
was considered the threshold level for detection of ADCC in 
preclinical studies of hu14.18K322A.10 The exceptions were 
subjects 7 and 11, both treated on the weekly schedule, which 
were also the two subjects who developed HAHA after the start 
of therapy; both had detectable HAHA response at day 15. 
Neither of these two subjects had prior anti-GD2 exposure or 
therapy before enrollment. As shown in Figure 4 for these two 
subjects (the blue vertical line representing the first blood sample 
with detectable HAHA), there is a suggestion that the onset of 
HAHA may decrease the circulating concentrations of 
hu14.18K322A; both subjects had lower than expected 
hu14.18K322A trough levels prior to day 15 dosing, and more 
rapid clearance following subsequent administration.

Discussion

This study investigated alternative schedules for administration 
of anti-GD2 antibody therapy, with the goal of administering 

Table 3. Observed dose-limiting toxicities (DLTs).

Dose and schedule Patient DLT
Related to 

hu14.18K322A Comments

50 mg/m2, weekly 7 Grade 3: anorexia, fatigue Yes
50 mg/m2, weekly 7 Grade 3: Diarrhea, injection site reaction 

Grade 4: amylase
No Extravasation of intravenous 

parenteral nutrition
9 Grade 3: Anorexia, hypoxia No Disease progression

60 mg/m2, daily 6 Grade 3: Hypoxia, acute renal insufficiency, 
GGT, lipase 
Grade 4: Aspiration, acute respiratory 
distress syndrome, hypotension, muscle 
weakness

No Aspiration pneumonia 
requiring aggressive 
resuscitation

Figure 1. Dose-normalized hu14.18K322A area under the curve (AUC) based on 
diagnosis of neuroblastoma (n = 3) vs. osteosarcoma (n = 7).

Figure 2. Dose-normalized area under the curve (AUC) based on dosing schedule 
(daily vs. weekly).
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treatment with similar efficacy based on predicted pharmacoki-
netic models while exploring differences in toxicity profiles. We 
also report on the use of anti-GD2 therapy in patients with 
osteosarcoma, who have previously been shown to express 
GD2 but whose outcomes have not been described in 
a prospective clinical trial. We determined that the recom-
mended dose for patients with osteosarcoma receiving 
hu14.18K322A daily for 4 days was 60 mg/m2, consistent with 
the MTD in children with refractory neuroblastoma treated on 
the same schedule.6 Although these patients did not experience 
DLTs attributable to hu14.18K322A, they were perceived to have 
poor tolerance of the antibody primarily due to pain. As a result, 
osteosarcoma patients enrolled on the weekly schedule received 
40 mg/m2 per dose. All patients receiving weekly treatment also 
experienced grade 3 pain, equivalent to those patients who 
received the daily schedule. Correlation of hu14.18K322A dose 

and maximum pain score was previously established;11 it is 
unclear whether the older age, larger body surface area or prior 
opioid use of osteosarcoma patients may have contributed to the 
higher severity of reported pain. Overall patterns of toxicity were 
similar to those previously reported for patients with neuroblas-
toma receiving a daily x 4 schedule of hu14.18K322A.6 One 
patient with neuroblastoma on the weekly schedule experienced 
anorexia and fatigue as DLTs, both commonly experienced 
toxicities in our current report (6 of 11 reporting both in 
course 1) and in the previously reported neuroblastoma cohort. 
Other DLTs were either related to unexpected clinical events or 
reflective of significant disease burden. For those patients 
reported here, we noted similar patterns of toxicity between 
the daily and weekly schedules of administration, specifically 
for pain, fever and inflammatory responses, and hematologic 
abnormalities. While limited ≥grade 3 toxicites other than pain 

Figure 3. Concentration-time curves of individual subjects receiving hu14.18K322A based on daily (a) vs. weekly (b) schedules. Predicted curves are demonstrated by 
continuous red lines; circles represent observed data.

Figure 4. Expanded concentration-time curves [patients 7(a) and 11(b)] with human-anti-human antibody (HAHA) response to hu14.18K322A. Predicted curves are 
demonstrated by dashed red lines; blue line represents timepoint of first detection of HAHA response; circled points indicate hu14.18K322A concentrations below 
threshold level of activity (1 ng/mL).
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were experienced in both schedules, patients who received the 
weekly schedule appeared to experience fewer episodes of grade 
1–2 fatigue, hypertension, respiratory symptoms and hypoxia. 
Respiratory distress is a common indication for escalation of 
care to a critical care setting for patients receiving anti-GD2 
therapy, frequently secondary to capillary leak syndrome. 
A reduction of respiratory symptoms via weekly administration 
would support clinical feasibility of providing hu14.18K322A in 
an outpatient setting with less need of aggressive supportive 
interventions. However, our findings are limited by the small 
number of subjects enrolled on the weekly schedule, which likely 
occurred due to a combination of factors, including concomitant 
efforts to combine GD2 therapy with cytotoxic chemotherapy 
for neuroblastoma,12–14 general acceptance of the daily schedule 
based on prior experience, and limited availability of 
hu14.18K322A. We therefore cannot readily assess whether 
these results represent a difference of toxicity between the two 
schedules, or a difference of tolerance in osteosarcoma patients 
for daily administration compared to a mixed histology group 
receiving weekly dosing, and further study is needed in a larger 
cohort.

Alternative schedules of administration of anti-GD2 ther-
apy remain of interest to clinical investigators in efforts to 
achieve efficacious treatment for high-risk neuroblastoma 
while mitigating significant inflammation-induced co- 
morbidities of therapy such as hypersensitivity reactions. 
Recent prospective clinical trials of newly diagnosed high-risk 
neuroblastoma patients conducted by a European neuroblas-
toma collaborative group have assessed the tolerability and 
efficacy of a 10-day continuous infusion of dinutuximab beta 
(ch14.18-CHO).2,15 Estimated 2-year event-free survival was 
similar to standard dosing.16 Predictive population pharmaco-
kinetic modeling from neuroblastoma patients treated on the 
daily schedule6 suggested that a weekly schedule of 
hu14.18K322A may provide higher sustained plasma and tis-
sue concentrations of antibody while lowering the plasma Cmax 
concentration. However, in our study, pharmacokinetic analy-
sis did not reveal substantial differences in AUC based on 
schedule of administration. We also did not observe evidence 
of differences in AUC between the two enrolled disease histol-
ogies. Given the relative stability in outcomes observed 
between standard and long-term infusions of anti-GD2 ther-
apy in recent SIOPEN and COG trials,1,15,16 altered adminis-
tration schedules could be evaluated further with a goal to 
demonstrate non-inferiority of efficacy with potential reduc-
tion of toxicity profile. While interpretation of the available 
clinical and pharmacokinetic data are limited by the patient 
sample size, the similarity in AUC among schedules suggests 
that it may be possible to safely administer hu14.18K322A on 
a weekly basis without limiting the patient’s overall drug expo-
sure. With a suggestion of potential reduction in respiratory 
symptoms, which necessitates close observation and potential 
transfer to critical care settings, a weekly schedule may offer 
a logistical convenience for certain patients residing within 
a closer radius to their treatment facility. Minimizing their 
length of inpatient admission may allow them to attend school, 
participate in additional outpatient activities and improve 
health-related quality of life. Conversely, patients who reside 
beyond proximity to their treating institution may be better 

served by completing all therapy in a single inpatient setting on 
the daily schedule. Caution is warranted with interpretation of 
our results; however, as data suggesting less pulmonary toxicity 
with weekly administration may reflect important differences 
in the six patients that received the daily schedule versus the 
five that received the weekly schedule (rather than a difference 
in the schedule itself); this study is not powered to be able to 
make this distinction.

We previously demonstrated a HAHA response during the 
first course of therapy in 40% of patients with neuroblastoma on 
the daily schedule of hu14.18K322A, and that no correlation of 
HAHA existed with dose or toxicity.6 However, in this study the 
presence of HAHA may have influenced pharmacokinetic para-
meters in their first course, as observed in two patients with 
detectable HAHA whose serum hu14.18K322A levels declined 
below threshold levels of activity following the detection of 
HAHA in their weekly serum samples. While only two patients 
on the weekly schedule developed HAHA response and none 
was observed among the daily cohort in this analysis, we cannot 
infer differences in likelihood of development of HAHA between 
schedules. Both patients had detectable HAHA after day 8 dos-
ing, similar to those who developed HAHA in the prior study 
with most occurring at ≥day 10.6 The increased clearance of 
hu14.18K322A in these 2 subjects after detection of HAHA 
raises concern for potential impact on drug efficacy, and high-
lights the importance of monitoring for immune response 
against monoclonal antibody-based therapy.

Heterogeneity in our study population, which was com-
posed of two histologies with distinct patterns of clinical pre-
sentation, resulted in wide variation of patient age and size 
(weight/body surface area). Two separate dosing schedules 
were studied with multiple dose levels, creating additional 
heterogeneity. In order to limit the impact on results, pharma-
cokinetic data for AUC were dose-normalized by weight and 
administered dose (Figures 1 and 2).

Currently, the role of anti-GD2 therapy for osteosarcoma is 
undefined. A recent study of dinutuximab in combination with 
granulocyte-macrophage colony-stimulating factor (GM-CSF) 
has been conducted by the Children’s Oncology Group for 
pediatric patients with completely resected pulmonary recur-
rence of osteosarcoma; tumor GD2 positivity was not included 
as an eligibility criteria for enrollment (NCT02484443). 
Additional studies of GD2-targeted therapy in osteosarcoma 
are ongoing, including a humanized monoclonal antibody 
(Hu3F8) with GM-CSF (NCT02502786). While GD2 has 
been reported to be broadly expressed in newly diagnosed 
and recurrent osteosarcoma,7,17,18 intratumoral heterogeneity 
may result in variable expression on individual cells. Preclinical 
evaluation of [64Cu]Cu-Bn-NOTA-hu14.18K322A, a positron 
emission tomography (PET) radiotracer for GD2, established 
a spectrum of uptake in animal models in vivo that correlated 
with flow cytometry of GD2-positive cells with a higher dimen-
sion of specificity than immunohistochemistry methods.19 The 
demonstration of diverse patterns of GD2 expression in pre-
clinical models suggest an opportunity to explore responses to 
anti-GD2 therapy based on tumor GD2 status. Incorporating 
quantifiable methods of GD2 expression (PET detection, flow 
cytometry, or surrogate methods such as expression of the GD2 
synthase B4GALNT1 via RNA sequencing) as a biomarker for 
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enrollment on prospective clinical trials of GD2-targeted 
agents such as hu14.18K322A could enrich the likelihood of 
response to therapy.

Recent data from a prospective Phase 2 clinical trial now 
demonstrate feasibility of combining hu14.18K322A with cyto-
toxic induction chemotherapy for patients with newly diag-
nosed high-risk neuroblastoma, with resultant improvement in 
rates of tumor response.12 Additional maturation of data will 
elucidate the impact of this combinatorial approach on survival 
outcomes, but these results have spawned additional prospec-
tive efforts incorporating other GD2-targeting therapies such 
as dinutuximab (NCT03686783). While we recognize the small 
size of our current study, we believe it has implications for 
larger collaborative approaches to neuroblastoma therapy by 
providing cues for further hypothesis testing. Broader study of 
alternative schedules of anti-GD2 antibodies in maintenance 
therapy could explore comparisons of efficacy, toxicity, and 
quality of life in a high-risk population. Given the widespread 
acceptance of anti-GD2 therapy as a critical component of 
therapy for high-risk neuroblastoma in the upfront setting, as 
well as its demonstration of activity when administered with 
salvage chemotherapy for patients with recurrent disease,13,14 

future studies of alternative schedules of hu14.18K322A or 
other anti-GD2 agents should be conducted prospectively in 
the context of multimodal therapy rather than single-agent use 
in order to optimize the likelihood of derived benefit for these 
patients.

Methods

Patient population

Two schedules of hu14.18K322A antibody were evaluated in 
our study. Eligibility criteria for patients enrolled on the weekly 
schedule of hu14.18K322A included diagnoses of recurrent or 
refractory neuroblastoma or osteosarcoma. Patients with 
recurrent or refractory osteosarcoma and age ≤21 years were 
eligible for the daily schedule. Additional eligibility criteria 
were reported in a prior publication of neuroblastoma patients 
treated on a daily schedule of hu14.18K322A.6 The protocol 
(ClinicalTrials.gov NCT00743496) was approved by the 
St. Jude Children’s Research Hospital Institutional Review 
Board. Informed consent was obtained from parents or legal 
guardians, and patient assent was obtained as appropriate.

Drug supply and administration

YB2/0 rat myeloma cells transfected with the expression plasmid 
pdHL7 s-hu14.18 (K322A; hu14.18 antibody with lysine-322 in 
the CH2 domain replaced by alanine) were provided by Merck 
Serono (Darmstadt, Germany), and hu14.18K322A was manu-
factured for clinical use by Children’s GMP (Memphis, TN).

For osteosarcoma patients on the daily schedule, 
hu14.18K322A was administered on an inpatient basis intra-
venously over 4 hours daily for 4 consecutive days every 
28 days (one course). For patients on the weekly schedule 
(neuroblastoma or osteosarcoma), hu14.18K322A was admi-
nistered on an inpatient basis intravenously over 4 hours once 
weekly for 4 weeks per course. Patients were premedicated with 

an antihistamine and acetaminophen prior to each infusion. At 
the discretion of the treating physician, premedication with 
morphine sulfate or an alternative analgesic was administered; 
continuous infusions of morphine or alternative opioid were 
provided based on symptoms, if needed.

Study design

For the cohorts of patients with neuroblastoma and osteosar-
coma treated on the weekly schedule of hu14.18K322A, the 
planned study design was a traditional Phase 1 with 3 + 3 dose 
escalation. Neuroblastoma patients reported here were all 
enrolled on the weekly schedule at a dose level of 50 mg/m2/ 
dose, one dose level below the MTD of the daily x4 schedule. 
Patients with osteosarcoma were initially enrolled on the daily 
schedule of hu14.18K322A at the MTD of 60 mg/m2/dose 
previously established for daily use in neuroblastoma,6 with 
plans to reduce to 50 mg/m2/dose if ≥2 of 6 patients experi-
enced a DLT. The highest dose at which fewer than 2 of 6 
patients experienced a DLT during course 1 would be consid-
ered the tolerable dose for the osteosarcoma cohort. After six 
osteosarcoma patients showed acceptable tolerance of the daily 
schedule, subsequent osteosarcoma patients were enrolled on 
the weekly schedule starting at a reduced 40 mg/m2/dose.

Toxicities were graded according to the Common 
Terminology Criteria for Adverse Events (version 3.0).20 Pain 
was graded based on the reported pain level per the age- 
appropriate pain scale (e.g., numeric or Faces Pain Scale; pain 
level 1 to 4 was considered grade 1; 5 to 7, grade 2; 8 to 10; 
grade 3). Pretreatment and on-study evaluations to monitor 
toxicity and criteria for subsequent courses and dose modifica-
tions and definitions for duration of response were previously 
described in the publication describing treatment of neurobl-
stoma patients on a daily schedule.6 Tumor response was 
reported using RECIST (version 1.0)21 and, for neuroblastoma 
patients, inclusion of Curie score (mIBG) score).22,23

Pharmacokinetic and human anti-human antibody studies

For patients treated on the weekly schedule, serial blood sam-
ples for pharmacokinetic studies were collected on day 1 (pre-
infusion and 1, 8, and 20 hours after infusion), and on days 4, 6, 
and 8. Additional samples were obtained weekly during sub-
sequent courses on day 1 (preinfusion and 1 and 20 hours after 
infusion) and day 8. Samples were also obtained for HAHA 
prior to each weekly infusion.

For osteosarcoma patients on the daily schedule, serial 
blood samples for pharmacokinetic studies were collected on 
days 1 and 4 of the first two courses (preinfusion and 1, 2, 4, 8 
(day 1 only), 12 and 20 hours after infusion) and on days 8, 11, 
15, 21 and 28. Patients were also monitored for the develop-
ment of HAHA. With each course of treatment, blood samples 
(3 mL) were collected before the first infusion and at days 8, 15, 
and 28. Serum concentration of hu14.18K322A and HAHA 
were measured by enzyme-linked immunosorbent assay, simi-
larly to those used previously.24–26

The NONMEM 7.4 population pharmacokinetic program27 

was used to perform a compartmental analysis of the first course 
hu14.18K322A concentration data. The two-compartment 
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model identified in the previous analysis of Phase 1 dose- 
escalation in neuroblastoma patients6 was used as the basis for 
this evaluation of aggregate data of hu14.18K322A. 
Pharmacokinetic parameters for individual patients such as 
clearance (CL) and volume distribution (Vc) were estimated 
from the empirical Bayesian post hoc in a two-compartment 
model (ADVAN3, TRANS4) that included body surface area 
as a proportional covariate model with first-order conditional 
estimation. The possible effect of the individual studies upon the 
pharmacokinetic model was assessed by adding inter-occasion 
variables to CL and Vc, as well as by examination of diagnostic 
plots.

Cmax was estimated at the end of each infusion using the two- 
compartment model to predict the concentration of a theoretical 
blood sample at that time. Inter-individual variability in phar-
macokinetics was described by an exponential error model, and 
the residual error was modeled as an additive error. Initial (T½α 
= ln(2)/λ1) and terminal (T½ß = ln(2)/λ2) half-lives are derived 
parameters, where λ1 and λ2 are rate constants for the initial 
and terminal phases derived from CL, Q (intercompartmental 
clearance), Vc (central volume), and Vp (peripheral volume).
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