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Abstract

Purpose—Because of the observed success of phase I/11 trials, the novel anti-CD30 agent
brentuximab vedotin is now being evaluated as a frontline agent in the high-risk pediatric Hodgkin
lymphoma trial HLHR13. The objectives of this study were to evaluate the pharmacokinetic
variability during weekly dosing of 1.2 mg/kg of brentuximab vedotin, determine factors that may
explain this variability, compare our drug exposure with published data, and evaluate toxicity of
brentuximab vedotin in the pediatric population.

Methods—Brentuximab vedotin, MMAE and anti-therapeutic antibody levels were measured in
the serum samples of 16 pediatric patients with Hodgkin lymphoma. A compartmental
pharmacokinetic model was fit to the data by using non-linear mixed-effects modeling.

Results—Clearance and volume of brentuximab vedotin were significantly correlated with
weight (p<.001), which was responsible for over 60% of the parameters inter-individual
variability. Clearance and volume were higher in boys compared to girls (p=0.08 and p=0.03,
respectively). Brentuximab vedotin’s AUC and Cp,ax Were lower in our pediatric study than those
reported in adult studies (25% and 11% respectively). Toxicity was comparable to that of the
standard-of-care backbone using vincristine instead of brentuximab vedotin. The sera of all 16
patients remained negative for anti-therapeutic antibodies during and at the end of therapy.

Conclusions—As in previous studies, weight continues to be the most significant factor
explaining brentuximab vedotin’s pharmacokinetic variability in pediatric patients. Exposure to
weekly dosing appears to be safe and tolerable in pediatric patients.
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Introduction

Although pediatric Hodgkin lymphoma (HL) remains one of the most curable forms of
cancer with 5-year survival rates greater than 90%,[1] 30% to 40% of patients have disease
that is either refractory to initial therapy or relapse[2] and long-term side effects of therapy
continue to cause morbidity and early mortality in survivors. To help overcome these
challenges, antibody-drug conjugates (ADCs) were created to target the delivery of
anticancer drugs directly to tumor cells with increased specificity and decreased toxicity.[3]
The novel agent brentuximab vedotin (SGN35) is an ADC containing an anti-CD30 murine/
human chimeric monoclonal antibody (cAC10; brentuximab) linked to monomethyl
auristatin E (MMAE).[4, 5] After binding CD30, a transmembrane receptor highly expressed
on the malignant Reed-Sternberg cells in HL, [5, 6] brentuximab vedotin is internalized and
MMAE is released. Both vincristine and MMAE exert their antineoplastic effect by
inhibiting tubulin polymerization, leading to M-phase arrest and apoptosis.[7] The efficacy
of brentuximab vedotin was demonstrated in the treatment of patients with relapsed classical
HL as well as systemic anaplastic large cell lymphoma (ALCL), which also highly expresses
CD30. [2, 8-12] Because of the safety and activity observed in these trials, brentuximab
vedotin is now being evaluated as a frontline agent for pediatric patients with high-risk HL.

The treatment protocol HLHR13, an investigator initiated study, was developed with the
goal of preserving the vincristine, etoposide, prednisone and doxorubicin (OEPA)-
cyclophosphamide, vincristine, prednisone and dacarbazine (COPDac) backbone, a well-
established pediatric HL treatment regimen widely used throughout the world. This
combination of agents first demonstrated success in the GPOH-HD-2002 study.[13] The
HLHR13 protocol uses brentuximab vedotin (ADCETRIS®) in place of vincristine, which
has a similar mechanism of action, to form the treatment regimen AEPA/CAPDac.

Despite the increasing use of brentuximab vedotin, knowledge of its pharmacokinetics is
limited in pediatric patients. Published studies report the ADC and MMAE
pharmacokinetics since the total antibody and the ADC have similar pharmacokinetic
profiles.[3] A retrospective analysis of 9 pediatric patients treated with brentuximab vedotin
provided safety and efficacy pilot data for use in pediatrics.[14] The safety and efficacy of
brentuximab vedotin has been evaluated in adults with relapsed classical HL or systemic
ALCL and the maximum tolerated dose (MTD) was determined to be 1.8 mg/kg (max dose
of 1800 mg) every 3 weeks.[4] Although less commonly used, weekly dosing was studied in
an adult phase | dose-escalation trial that determined the maximum tolerated weekly dose in
44 patients (38 of which had HL) to be 1.2 mg/kg.[2]

Given the promising results of brentuximab vedotin in previous studies, [9, 11] more data
are needed to establish the drug’s pharmacokinetics and safety for use in pediatric patients.
We evaluated brentuximab vedotin pharmacokinetics in 16 pediatric patients with HL. The
primary goals of this study were to evaluate the variability of the pharmacokinetics,
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determine factors that may affect pharmacokinetics, compare pediatric pharmacokinetics and
drug exposures with published data on the recommended 1.8 mg/kg every 3 week dosing,
and evaluate the toxicity of this novel agent as part of a frontline regimen in the pediatric
population.[9, 15]

Materials and methods

Pediatric patients with newly diagnosed high-risk Hodgkin lymphoma were eligible for
enrollment on a single-arm phase 11 study at St. Jude Children’s Research Hospital after
approval from the institutional review board. Enrollment of all patients took place after
written informed consent, as well as assent when appropriate, were obtained. All procedures
performed involving human participants were in accordance with the ethical standards of the
institutional and/or national research committee and with the 1964 Helsinki declaration and
its later amendments or comparable ethical standards.

Eligibility
Eligible patients were those 18 years old or younger at the time of diagnosis who had
previously untreated CD30* classical HL with confirmed histology and an Ann Arbor stage
of 1B, HIB, IVA, or IVB. Patients were excluded if their disease was CD307, if they had
received prior therapy for HL or had inadequate organ function (glomerular filtration rate
<70 ml/min/1.83m?2, total bilirubin >1.5 x upper limit of normal for age, and aspartate
aminotransferase or alanine aminotransferase = 2.5 x upper limit of normal for age).

Dosing

In this high-risk Hodgkin lymphoma trial (HLHR13), brentuximab vedotin (ADCETRIS®)
was substituted for vincristine in the OEPA/COPDac backbone [13] because of its similar
anti-microtubule mechanism of action, leading to the new combination AEPA/CAPDac.

Treatment

As previously described, treatment was given according to the GPOH-HD-2002 study except
for the addition of a maximum prednisone dose (60mg/m2/day during the AEPA cycles and
40 mg/m2 during the CAPDac cycles) and the substitution of brentuximab vedotin for
vincristine at the same schedule.[13] Brentuximab vedotin was therefore administered on
days 1, 8, and 15 of each 28-day cycle for the first 2 cycles and then on days 1 and 8 of the 4
subsequent cycles. The dose was 1.2 mg/kg (maximum dose of 120 mg) and was rounded to
the nearest whole number of milligrams. It was administered via outpatient IV infusion over
approximately 30 minutes.[2] Routine premedication was not given prior to the first dose of
brentuximab vedotin and only planned to be given with subsequent doses in patients who
experienced a Grade 1 or 2 infusion-related reaction.

Toxicity

All toxicities were assessed and documented at each patient encounter, coded according to
the common terminology criteria for adverse events CTCAE version 4.0 and entered
prospectively into a database
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Pharmacokinetic Studies

Serum samples to measure brentuximab vedotin levels were collected during the first cycle
of therapy at day 1 pre-Brentuximab vedotin infusion, end of infusion, 48 hours post-
infusion, and day 8 pre-infusion. Antibody-drug conjugate and MMAE levels were
evaluated by an independent vendor using an ELISA assay.

Immunogenicity Samples

Serum concentrations of anti-brentuximab vedotin antibody were measured prior to the first
dose of cycles 1, 2, and 3 and at the end of therapy by an ELISA-based assay, and samples
were analyzed by an independent vendor.

Pharmacokinetic Analysis Methods

The population pharmacokinetic and individual post-hoc estimates of brentuximab vedotin
ADC and MMAE were determined by using non-linear mixed-effects modeling via Monolix
(version 4.3.0, www.monolix.org) using the Stochastic Approximation Expectation-
Maximization (SAEM) approach. A linear 2-compartment model with first-order elimination
was used to model ADC, a linear 1-compartment model with first-order formation from
ADC and first-order elimination was used to model MMAE. The parameters estimated
included brentuximab vedotin clearance (CL [L/h, mL/h/kg]), volume of brentuximab
vedotin (V1 [L, mL/kg]), brentuximab vedotin intercompartmental clearance (Q [L/h, mL/h/
kg]), brentuximab vedotin peripheral compartment volume (V> [L, mL/kg]), MMAE
apparent clearance (CLM [L/h, L/h/kg]), and MMAE apparent volume (VM [L, L/kg]).
MMAE formation occurred via the ADC elimination rate constant (CL/V1). In addition, the
individual post-hoc parameter values were used to estimate the brentuximab and MMAE
area under the concentration curve (AUC) and estimated maximum concentration (Cpay)-
The inter-individual variability of the parameters was assumed to be log-normally
distributed. A proportional residual error model was used with assumed normal distribution
of the residuals.

The covariates were evaluated to determine their significance in explaining pharmacokinetic
variability. A covariate was considered to be significant in a univariate analysis if their
addition to the model reduced the objective function value (OFV) by at least 3.84 units (p <
0.05, based on the - 2 test for the difference in the —2 log-likelihood between 2 hierarchical
models that differ by 1 degree of freedom) and the covariate term was significantly different
from zero (p < 0.05, £test).

Simulations of different doses and schedules of brentuximab vedotin and MMAE were

performed by using the post-hoc individual estimates of the study population.

Results

Patients

Sixteen patients with high-risk classical HL consented to pharmacokinetic testing and had
blood samples obtained prior to infusion, at the end of infusion, 48 hours post-infusion and 8
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days prior to the subsequent infusion. Table 1 summarizes the characteristics of the 16
patients.

Safety Profile

The toxicity profile of weekly dosing of brentuximab vedotin in combination with the
standard backbone chemotherapy for the first 2 cycles of AEPA is reported in Table 2. The
categories listed are the grades 3 and 4 toxicities found in our study compared to published
toxicities from the GPOH-HD-2002 standard backbone chemotherapy as described above.
No significant differences were observed between the two groups (p=0.89). [13]

Pharmacokinetics

The pharmacokinetics of brentuximab vedotin and MMAE were described with the model
outlined in the methods (Figure 1 and Supplemental Figures 1 and 2). The population
pharmacokinetic model parameters are summarized in Table 3. Because of the strong
relationship between patient weight and clearance (Figure 2), we considered weight as a
covariate using weight-normalized dosing. The inclusion of weight significantly improved
the model fit (decrease in =2 log-likelihood=91.7; p<.001) and explained 75%, 84%, 61%,
and 94% of the inter-individual variability in the ADC clearance, ADC volume, MMAE
apparent clearance, and MMAE apparent volume, respectively.

In addition, the ADC clearance and volume also differed by sex (Supplemental Figures 3
and 4). Specifically, clearance and volume were both 17% higher (p=0.08 and p=0.03,
respectively) in boys compared to girls. These differences explained an additional 11% and
36% of the inter-individual variability in the ADC clearance and volume, respectively,
between these patients and the weight-normalized model.

We compared the exposures in this study (observed at 1.2 mg/kg and simulated at 1.8
mg/kg) to those reported in adult studies.[9, 15] Overall, the ADC AUC and Cp,y in our
pediatric study were lower than those reported in adult studies (25% and 11%, respectively
at 1.2 mg/kg and 35% and 16%, respectively, at 1.8 mg/kg) (Table 4). These results
correspond with a higher ADC clearance (46%, p<.001) in children than in adults.[15]

We also simulated the expected exposure for several different doses/schedules in our
pediatric population. The median ADC AUC (day 0-21, normalized per week) for 1.2 mg/kg
given weekly for 3 doses was 48% higher (p<.001) than a single dose of 1.8 mg/kg
(Supplemental Figure 5). In addition, we observed a 7% higher ADC AUC (day 0-21,
normalized per week) with 3 weekly 1.2 mg/kg doses (Supplemental Figure 6) and a 23%
lower ADC AUC (day 0-21, normalized per week) with 2 weekly 1.2 mg/kg doses
compared to a single dose of 1.8 mg/kg in adults (Supplemental Figure 7).[15]

Immunogenicity

Of the 16 patients, 1 patient had a positive ATA test prior to the start of therapy that was
negative on all subsequent testing. All 16 patients’ tests remained negative for anti-
therapeutic antibodies during therapy and at the end of therapy (i.e., after 14 doses of
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brentuximab vedotin). The patient with a positive ATA test prior to the start of therapy had
the same drug metabolism as did baseline patients.

Discussion

Our results demonstrate a constant relationship between age and brentuximab vedotin
clearance when normalized for weight, as seen in the adult data, suggesting that the drug is
safe to administer to younger patients at the same dosing (1.2 mg/kg weekly dosing or 1.8
mg/kg every 3 week dosing).[15] This relationship was also validated in a pediatric phase
I/11 study that included 12 patients treated in the phase | portion and 16 patients in the phase
Il portion for the treatment of relapse or refractory HL or systemic ALCL.[16, 17] Patients
received either 1.4 mg/kg every 3 weeks or 1.8 mg/kg every 3 weeks for a median of 7
cycles.[16, 17] The pharmacokinetic analysis was combined with five phase 1 and 2 studies
that included adult patients and found the pharmacokinetics of ADC and MMAE to be
linear, MMAE exposures to be lower than ADC exposure, and body weight to be the only
significant covariate.[15]

The clearance and volumes were found to be 17% higher in boys than in girls, and no
difference was detected for age or race. There are no confounding factors inherent in the
study, as both sexes received the same chemotherapy at identical per-kilogram dosing. This
difference was also observed in a phase 1 and 2 analysis in which female subjects were
found to have a 14% lower volume than male subjects.[18]

None of the patients in our cohort developed an anti-therapeutic antibody to brentuximab
vedotin with a weekly dosing schedule, much lower than published data.[4] Specifically, the
development of anti-therapeutic antibodies has been demonstrated in up to 37% of patients,
but the majority, 30%, were transiently positive, only 7% were persistently positive and the
development of antibodies had minimal effect on pharmacokinetics.[2], [4, 11, 18] In our
cohort, the development of antibodies may have been suppressed by daily steroid doses
given concomitantly with brentuximab vedotin. Although there has been no correlate
between the formation of anti-therapeutic antibodies and outcomes, there has been a
correlation with increased infusion reactions and decreased exposure.[2] Therefore, it is
promising that anti-therapeutic antibodies did not develop in any of the 16 patients in our
cohort. Of note, one individual had a low level of anti-therapeutic antibody prior to the start
of therapy but did not have detectable anti-therapeutic antibody in any subsequent samples.
The pharmacokinetics of this patient’s sample were comparable to those of all other patient
samples. This same scenario was observed in the SG035-003 and SG035-004 studies, in
which 2 patients had anti-therapeutic antibodies at baseline, but none were detected after
initiation of brentuximab vedotin.[18]

When brentuximab vedotin was administered as a monotherapy, some of the most common
observed adverse events were peripheral sensory neuropathy, fatigue, nausea, diarrhea,
arthralgia, and pyrexia; and the majority of events were mild to moderate in severity.[2, 4, 9,
11],[19] A small pediatric cohort demonstrated similar results with the most frequent
treatment-related adverse events being fatigue, nausea, and peripheral neuropathy.[14] Three
of 9 patients experienced = Grade 3 toxicity (hyperesthesia, leukopenia, and neutropenia).
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[14] Although the toxicities observed in this study cannot be compared to published
toxicities for treatment with brentuximab vedotin as a single agent, they can be compared to
those of the OEPA/COPDac backbone used in the GPOH-HD-2002 study.[13] The HLHR13
protocol used the same dosing as OEPA/COPDac, and our toxicity should reflect a single
change in this backbone of therapy from vincristine to brentuximab vedotin. Our AEPA
toxicity results are not statistically different (p=0.89) than the OEPA results published from
GPOH-HD-2002 and demonstrate a 4.5% increase in leukopenia; an equivalent percent of
neutropenia; and a decrease in anemia, thrombocytopenia, stomatitis, constipation, and
neurotoxicity (see Table 2).[13] There are several explanations for decreased side effects;
our regimen was given upfront to patients with newly diagnosed disease who had not
received prior chemotherapy rather than to patients with relapsed disease who had already
been given many toxic medications prior to their enrollment.[2, 19] Additionally, daily
steroid dosing on HLHR13 may not only suppress the formation of anti-therapeutic
antibodies, but may also contribute to the decreased nausea and systemic symptoms.

In conclusion in pediatric patients, weight continues to be the most significant factor
explaining brentuximab vedotin pharmacokinetic variability. A higher clearance and lower
exposure was demonstrated in our study compared to published adult data. Sex continues to
be a statistically significant, though minor, factor explaining pharmacokinetic variability.
Further studies are warranted to delineate whether the discrepancy between volumes and
clearance in male and female subjects is substantiated across a large cohort and to
investigate whether these differences correlate with outcomes or toxicity. There was no
development of anti-therapeutic antibodies during or after therapy and no increase in toxicity
seen with the substitution of brentuximab vedotin for vincristine in the standard OEPA/
COPDac backbone. While further studies are warranted to continue to evaluate
pharmacokinetics and demonstrate safety, our results suggest that brentuximab vedotin is
safe to administer to pediatric patients at the same dosing (1.2 mg/kg weekly dosing or 1.8
mg/kg every 3 week dosing) as used in adults.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a.) ADC plasma concentration vs time. b.) MMAE plasma concentration vs time. In each

plot the symbols are the individual concentrations and the black curve, blue shaded region,
and grey shaded region are the median, quartiles, and range of the post-hoc estimated
individual concentration vs time curves respectively.
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Figure 2.
ADC (a.) and MMAE (b.) clearance (L/h) vs weight (kg).
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Patient Demographics

Characteristic

Sex
Female
Male
Ethnicity
White
Black
Hispanic
Age (y)
6-10
11-15
16-18
Weight (kg)
11-20
21-30
31-40
41-50
51-60
61-70
71-80
>80

11

P N O~ N PR O

Cancer Chemother Pharmacol. Author manuscript; available in PMC 2017 December 01.

Table 1

Page 13



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Flerlage et al.

Grade 3 or 4 Adverse Events

Table 2

GPOH-HD-2002 Data for OEPA,

HLHR13 Data for AEPA

Adverse Event % (n=561) (n=16)
Anemia 11.9% (67) 6.3% (1)
Leukopenia 70.5% (396) 75% (12)
Neutropenia 81.5% (457) 81.3% (13)
Thrombocytopenia 2.8% (16) 0%
Stomatitis 8.7% (49) 6.3% (1)
Constipation 7.3% (41) 0%
Neurotoxicity, sensory 1.3% (7) 0%
Neurotoxicity, motor 1.4% (8) 0%
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