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Abstract
Brentuximab vedotin is an antibody-drug conjugate (ADC) that selectively delivers monomethyl
auristatin E (MMAE) into CD30-expressing cells. This study evaluated the CYP3A-mediated
drug-drug interaction potential of brentuximab vedotin and the excretion of MMAE. Two 21-day
cycles of brentuximab vedotin (1.2 or 1.8 mg/kg intravenously) were administered to 56 patients
with CD30-positive hematologic malignancies. Each patient also received either a sensitive
CYP3A substrate (midazolam), an effective inducer (rifampin), or a strong inhibitor
(ketoconazole). Brentuximab vedotin did not affect midazolam exposures. ADC exposures were
unaffected by concomitant rifampin or ketoconazole; however, MMAE exposures were lower with
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rifampin and higher with ketoconazole. The short-term safety profile of brentuximab vedotin in
this study was generally consistent with historic clinical observations. The most common adverse
events were nausea, fatigue, diarrhea, headache, pyrexia, and neutropenia. Over a 1-week period,
~23.5% of intact MMAE was recovered after administration of brentuximab vedotin; all other
species were below the limit of quantitation. The primary excretion route is via feces (median 72%
of the recovered MMAE). These results suggest that brentuximab vedotin (1.8 mg/kg) and MMAE
are neither inhibitors nor inducers of CYP3A; however, MMAE is a substrate of CYP3A.
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Clinical Pharmacology; Clinical Trials; Biotechnology; Oncology; Pharmacokinetics and Drug
Metabolism

INTRODUCTION
Antibody-drug conjugates (ADCs), consisting of an antibody, a cytotoxic agent, and a stable
linker, are an important modality to increase the therapeutic index of potent cytotoxic
agents. Conjugation to the antibody results in a longer apparent half-life and altered
biodistribution of the cytotoxic agent.1,2 Stable in circulation, the ADC releases the
cytotoxic agent after internalization into antigen-expressing cells, resulting in targeted
delivery to tumors while sparing normal tissues exposure to high systemic concentrations of
the cytotoxic agent.2,3

Brentuximab vedotin (ADCETRIS®) is an ADC directed to human CD30, a cell-surface
protein commonly found on Hodgkin lymphoma (HL) and non-Hodgkin lymphomas such as
anaplastic large cell lymphoma (ALCL), but generally absent on normal cells except for
activated T and B cells.4,5 The microtubule-disrupting cytotoxic agent monomethyl
auristatin E (MMAE) is conjugated to the anti-CD30 antibody cAC106,7 through a protease-
cleavable linker.8 After internalization into CD30-positive cells, lysosomal proteases release
MMAE, which induces cell cycle arrest and apotosis.9,10 In a murine xenograft model,
brentuximab vedotin achieved intratumor MMAE concentrations 1 to 2 orders of magnitude
higher than an equimolar dose of unconjugated MMAE,1 demonstrating the value of
targeted delivery.

In pivotal clinical trials, objective response rates of 75% and 86% were observed for patients
with relapsed/refractory HL and relapsed/refractory systemic ALCL, respectively,11,12 in
conjunction with an acceptable safety profile when 1.8 mg/kg brentuximab vedotin was
administered intravenously every 3 weeks for up to 16 cycles. Brentuximab vedotin
pharmacokinetics (PK) were characterized by monitoring total antibody (TAb, the sum of
ADC and cAC10), ADC, and released MMAE.13–15 The PK of all 3 analytes are
approximately dose proportional in the therapeutic dose range. Peak concentrations typically
occurred at the end of infusion for ADC and approximately 2 to 3 days postdose for MMAE.
TAb had the greatest exposure and a PK profile similar to that of the ADC. MMAE
exposures decreased after the first dose, and were ~2000-fold lower than those of the ADC
on a mass basis.15 Much higher exposures of other ADCs relative to their associated small
molecule components have also been reported,16–19 with the relative exposure ratio likely
driven by clearance rates and drug-linker stability of the individual ADCs.

While brentuximab vedotin is an antibody-based therapeutic and drug-drug interactions
(DDIs) involving antibodies are typically limited,20,21 the cytotoxic agent portion of an
ADC can be subject to metabolism-based DDIs. Nonclinical data suggested that MMAE is a
substrate of CYP3A and P-glycoprotein (P-gp), and that MMAE is a potential inhibitor of
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CYP3A but not other CYP isoforms.22 As CYP3A is involved in the metabolism of most
small molecule drugs, understanding the potential for CYP3A-based DDIs is important to
provide guidance for the administration of brentuximab vedotin to patients with concomitant
medications. This report summarizes the results of a clinical study designed to evaluate the
CYP3A-mediated DDI potential of brentuximab vedotin using a prototypical substrate and
modulators of CYP3A. The primary route of excretion of MMAE in patients with CD30-
positive hematologic malignancies was also determined.

METHODS
Patients

Patients were required to have measurable, histologically-confirmed, CD30-positive
hematologic malignancies. Patients with relapsed, refractory, or progressive disease
following at least 1 prior systemic chemotherapy regimen, as well as treatment-naïve
patients unable to tolerate intensive or potentially curative regimens, could be eligible.
Patients were excluded from study participation if they had allogeneic stem cell transplant
within 100 days or autologous stem cell transplant within 4 weeks prior to first dose of study
drug; concurrent therapy with corticosteroids ≥20 mg/day prednisone equivalent; or active
systemic viral, bacterial, or fungal infection requiring antimicrobial therapy within 2 weeks
prior to first dose of study drug. Patients were not eligible for study participation if they had
current primary cutaneous ALCL, New York Heart Association Class III or IV congestive
heart failure, or active acute or chronic graft-versus-host disease; or if they required
hemodialysis or chronic ambulatory peritoneal dialysis. Patients were also excluded if they
had absolute neutrophil count <1000/μL, platelets <50,000/μL, serum bilirubin or creatinine
>1.5 times the upper limit of normal, alanine aminotransferase (ALT) or aspartate
aminotransferase (AST) >2.5 times the upper limit of normal, or Eastern Cooperative
Oncology Group (ECOG) performance status >1. Effective inducers and strong inhibitors of
CYP3A were prohibited beginning 4 weeks before the first dose of study drug and
continuing throughout the study. Written informed consent was obtained from all patients
prior to any study-specific procedures, in accordance with the Declaration of Helsinki.

Study Design
This phase 1 study (ClinicalTrials.gov NCT01026415) was conducted at 7 clinical sites in
the United States. The protocol was reviewed and approved by the local Institutional Review
Boards at City of Hope National Medical Center (Duarte, CA), Healthcare Corporation of
America (HCA)-HealthONE (Glendale, CO), New York University Medical Center (New
York, NY), St. Francis Hospital and Health Center (Beech Grove, IN), and Wayne State
University (Detroit, MI), and by the Western Institutional Review Board (Olympia, WA).

The study used an open label, parallel arm, one-sequence crossover design (Figure 1). The
primary objectives were to assess the effect of brentuximab vedotin on the PK of a sensitive
CYP3A substrate (midazolam); to assess the effect of a CYP3A inducer (rifampin) on the
PK of brentuximab vedotin (ADC and MMAE); to assess the effect of a CYP3A inhibitor
(ketoconazole) on the PK of brentuximab vedotin (ADC and MMAE); and to determine the
primary route of excretion of MMAE. Secondary objectives were to assess safety and
tolerability, to assess the incidence of antitherapeutic antibodies (ATA), and to identify the
excreted metabolite(s) of MMAE. Efficacy was not evaluated in this 2-cycle study.

Each treatment arm was to enroll approximately 12 evaluable patients, and treatment
assignment was planned to be carried out sequentially beginning with the midazolam arm,
then the rifampin arm, then the ketoconazole arm. In most cases, treatment arm assignment
was as planned. However, due to rapid enrollment, the 3 treatment arms were not enrolled in
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discrete stages. Determination of patient evaluability was ongoing during the study, and
when a previous treatment arm was found to need another patient because of non-
evaluability, the next available patient was assigned to that treatment arm as a replacement
patient.

The excretion analysis was conducted in a subset of patients from the rifampin arm, with a
target of 6 excretion-evaluable patients. After initial treatment with brentuximab vedotin
(1.8 mg/kg) and prior to administration of rifampin, all urine and fecal samples were
collected for 1 week (24-hour pools of each) in an in-patient setting, and the concentrations
of MMAE and related metabolites in the samples were determined.

Study Treatment
Brentuximab vedotin was administered on Day 1 of two 21-day cycles as an IV infusion
over ~30 minutes (1.8 mg/kg in the midazolam and rifampin arms; 1.2 mg/kg in the
ketoconazole arm). Patients received a maximum of 2 cycles of brentuximab vedotin on this
study; however, those with clinical benefit and free from unacceptable toxicity could receive
extended treatment in a separate trial.

Based on their assigned treatment arm, patients also received midazolam, rifampin, or
ketoconazole. Concomitant midazolam (1 mg) was administered intravenously over a period
of at least 2 minutes on Day -3 and Day 3 of Cycle 1. Concomitant rifampin (600 mg) was
taken orally once daily from Cycle 1, Day 14 through Cycle 2, Day 21. Concomitant
ketoconazole (400 mg) was taken orally once daily from Cycle 1, Day 19 through Cycle 2,
Day 21.

Patient compliance with administration of brentuximab vedotin and midazolam was well
controlled, as both were administered intravenously at the study site. Compliance with
rifampin and ketoconazole was assessed at each scheduled clinic visit by review of patient
diaries and reconciliation with unused tablets or empty bottles. Additionally, home
healthcare nursing services were provided to help ensure compliance with the PK blood
collection schedule, assess compliance with oral medication administration, and reinforce
the importance of compliance with the protocol.

Safety Assessments
Safety assessments included evaluation of adverse events, routine hematology and serum
chemistry tests (conducted at local laboratories), and assessment of ATA (conducted at a
central laboratory). Adverse events were summarized using the Medical Dictionary for
Regulatory Activities (MedDRA), version 13.0. Peripheral neuropathy events were defined
by a standardized MedDRA query (SMQ). Adverse events and laboratory results were
graded using the National Cancer Institute’s Common Terminology Criteria for Adverse
Events, version 3.0.

Sample Collection and Handling
In the midazolam arm, blood samples for midazolam analysis were collected prior to each
midazolam infusion, within 1 minute after the end of infusion, at 15, 30, and 45 minutes;
and at 1, 1.5, 2, 3, 4, 6, 8, 12, 16, and 24 hours postdose. Blood samples for brentuximab
vedotin analysis were collected prior to each dose of midazolam as well as prior to and at the
end of infusion for the first dose of brentuximab vedotin.

In the rifampin and ketoconazole arms, blood samples for brentuximab vedotin analysis
were collected for both treatment cycles. MMAE samples were collected predose; at the end
of infusion; at 2, 4, 8, 12, 24, and 36 hours; and at 2, 3, 4, 7, 10, 14, 17, and 21 days post-

Han et al. Page 4

J Clin Pharmacol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



infusion. Blood samples for ADC and TAb assays were collected predose; at the end of
infusion; at 2, 4, and 36 hours; and at 3, 7, 14, 17, and 21 days post-infusion. Blood samples
for trough rifampin and ketoconazole analysis were collected prior to each dose of
brentuximab vedotin, 14 days (rifampin) or 19 days (ketoconazole) post-infusion in cycle 1,
and 7, 14, and 21 days post-infusion in cycle 2.

In all 3 treatment arms, blood samples for ATA analysis were collected on Day 1 of each
treatment cycle prior to brentuximab vedotin administration, and at the end-of-treatment
visit. ADC, TAb, and ATA were measured in serum and MMAE was measured in plasma,
using samples processed within 1 hour of collection.

In addition to blood samples, urine and fecal samples were collected from patients who
participated in the excretion portion of the study. All urine and fecal samples were collected
into separate containers and refrigerated within 30 minutes. At the end of each 24-hour
period, urine samples were pooled and mixed thoroughly, the total volume was recorded,
and aliquots were frozen. All fecal samples for each 24-hour period also were frozen; prior
to analysis, combined 24-hour fecal samples were weighed and homogenized in water. Both
urine and fecal samples were shipped frozen to a central laboratory for evaluation.

Bioanalytical Methods
All analytes were measured using validated assays at Covance, Inc. (Chantilly, VA and
Madison, WI). ADC concentrations in serum were measured with an enzyme-linked
immunosorbent assay (ELISA) in a sandwich format, using a monoclonal anti-MMAE
antibody for capture and a monoclonal anti-idiotypic-cAC10 (anti-ID30, specific for the
antigen-combining site of brentuximab vedotin) for detection. TAb concentrations in serum
were measured with an ELISA immunoassay in a bridging format, using anti-ID30 for both
capture and detection. The limits of quantitation for both assays were 12.5 to 400 ng/mL.
Concentrations of unconjugated MMAE were measured in plasma, urine, and fecal
homogenates by liquid chromatography and tandem mass spectrometry (LC-MS/MS). Free
MMAE and the internal standard D8-MMAE were extracted from the biological matrix by
solid-phase extraction (plasma) or liquid-liquid extraction (urine and fecal homogenates).
Extracts were separated on a 50 × 3 mm Betasil silica-100 or Aquasil C18 (Thermo
Scientific, Waltham, MA) column using gradients containing 0.1% formic acid in water and
acetonitrile. Detection was on an API5000 (Sciex, Framingham, MA) with multiple reaction
monitoring transitions of 718 to 686 (MMAE) and 726 to 694 (D8-MMAE). The limits of
quantitation were 0.025 to 1 ng/mL for plasma, 0.1 to 50 ng/mL for urine, and 5 to 2500 ng/
g for feces. Metabolites of MMAE were identified by LC-MS/MS of neat and 10-fold
concentrated urine and feces liquid-liquid extracts, with structures confirmed by parent ion
fragmentation and high resolution mass analysis. ATA in serum was detected with an
electrochemiluminescence assay that had a sensitivity of 4 ng/mL anti-brentuximab vedotin
monoclonal antibody and drug tolerance of 3125 ng/mL brentuximab vedotin. ATA titer and
specificity were evaluated for samples that were positive in the screening assay, and ATA
was subsequently confirmed by pre-exposure to saturating concentrations of brentuximab
vedotin before assay. Midazolam in plasma was analyzed by LC-MS/MS; the lower limit of
quantitation was 0.1 ng/mL.

Pharmacokinetic and Statistical Analyses
PK parameters (AUC, Cmax, Tmax, and t1/2) were estimated by noncompartmental analysis.
WinNonlin 5.2 Enterprise Edition (Pharsight, Mountain View, CA) was used for all
pharmacokinetic calculations. Drug interactions were evaluated by summarizing geometric
mean ratios (GMRs) of the AUC and Cmax with 90% confidence intervals (CIs). The GMR
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and 90% CIs were derived from log-transformed PK parameters and back-transformed for
presentation.

An exploratory analysis was performed to estimate the period effect on MMAE PK. An
analysis of covariance (ANCOVA) model was developed that combined data from this study
and the initial brentuximab vedotin clinical trial.13 Covariates including sex, weight, and
baseline albumin were considered in the model; baseline albumin was included in the model.
Key assumptions for the model were that the GMR of Cycle 2 to Cycle 1 is independent of
brentuximab vedotin dose level, with or without rifampin/ketoconazole; the error variance-
covariance is the same across studies and dose levels; and the errors are normally
distributed.

Descriptive statistics were used to summarize continuous variables. Geometric mean and the
coefficient of variation for the geometric mean (CV) were provided for selected PK
parameters. Frequencies and percentages were used to summarize categorical variables.
Summary statistics and ANCOVA results were calculated using SAS® version 9.2 (SAS
Institute Inc, Cary, NC).

Evaluability Criteria
The PK analyses included all PK-evaluable patients and the excretion analyses included all
excretion-evaluable patients. For determination of evaluability, doses of brentuximab
vedotin and midazolam within 10% of the intended dose level were considered acceptable,
prohibited medications were manually identified, and missing PK samples and missing
rifampin/ketoconazole doses were manually reviewed to assess the potential impact on PK
results. Patients were replaced if they were not evaluable.

Evaluable patients in the midazolam arm received the first dose of brentuximab vedotin and
both doses of midazolam at the intended dose levels, had no protocol-prohibited medications
during the evaluation period (study entry through Cycle 1, Day 4), and had adequate
samples available for estimation of PK parameters. If a patient met all the evaluability
criteria and if the AUC0-∞ ratio and/or Cmax ratio for midazolam was estimable, the patient
was included in the analysis.

Similarly, evaluable patients in the rifampin and ketoconazole arms received both doses of
brentuximab vedotin at the intended dose level, received sufficient doses of rifampin/
ketoconazole for PK evaluation, had no protocol-prohibited medications during the
evaluation period (study entry through Cycle 2, Day 22), and had adequate PK samples
available for estimation of PK parameters. In the rifampin and ketoconazole arms, if a
patient met all the evaluability criteria and if the AUC0-∞ ratio and/or Cmax ratio for MMAE
and/or ADC was estimable, the patient was included in the analyses.

Evaluable patients for the excretion portion of the study received the first dose of
brentuximab vedotin at the intended dose level, did not receive any protocol-prohibited
medications during the evaluation period (study entry through Cycle 1, Day 8), and provided
sufficient matched urine and fecal samples for evaluation. In order for a patient to be
included in the excretion analysis, matched urine and fecal samples were required for all
collection days.

RESULTS
Patients

Data were collected from December 2009 to June 2010. Fifty-six patients enrolled, received
at least 1 dose of study drug, and were evaluated for safety. For the study population overall
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(N = 56), the median age of patients was 33.5 years (range, 16 to 71 years), 59% were male,
and 86% were White. Patients entering the study were generally ambulatory and able to
perform normal activities without assistance, as indicated by an ECOG performance status
of 0 (57%) or 1 (43%). Fifty-two patients (93%) had relapsed/refractory HL, 3 patients (5%)
had relapsed/refractory systemic ALCL, and 1 patient (2%) had a relapsed/refractory
peripheral T-cell lymphoma not otherwise specified. Median time from initial diagnosis to
initial dose of brentuximab vedotin was 38 months (range, 9 to 162). Patients had received a
median of 3 prior systemic chemotherapy regimens (range, 1 to 13), and 43 patients (77%)
had received prior autologous and/or allogeneic hematopoietic stem cell transplant.

Forty-five patients were evaluable for PK: 15 in the midazolam arm, 14 in the rifampin arm,
and 16 in the ketoconazole arm and 8 patients in the rifampin arm were evaluable for the
excretion analysis (Figure 1). Eleven patients were not evaluable for PK due to inadequate
PK samples (n=4); insufficient doses of rifampin or ketoconazole (n=4); use of prohibited
concomitant medications (n=2); and early discontinuation due to an adverse event, resulting
in no criteria being met (n=1). Four of 12 patients who participated in the excretion portion
of the study were not evaluable due to inadequate urine and fecal samples. In general,
demographics and baseline characteristics for the evaluable patients (Table 1) were similar
to those of all enrolled patients in the corresponding treatment arm.

Of the 56 patients treated with brentuximab vedotin, 54 (96%) received both doses of
brentuximab vedotin and completed the study per protocol. Two patients discontinued
treatment early, 1 due to disease progression and 1 due to Grade 5 (fatal) adverse events.
Fifty patients (89%) went on to receive extended treatment in a separate trial. In the
midazolam arm, all 16 patients received both midazolam doses as planned. Three of 21
patients in the rifampin arm and 2 of 19 patients in the ketoconazole arm were not evaluable
for PK because they did not receive sufficient doses of rifampin or ketoconazole.

Effect of brentuximab vedotin (MMAE) on midazolam PK
The effect of brentuximab vedotin on the PK of midazolam was evaluated by comparing the
midazolam PK parameters between midazolam administered alone vs. 2 days following
brentuximab vedotin infusion (the expected Tmax for MMAE) (Table 2 and Figure 2). The
midazolam AUC0-∞ GMR (midazolam + brentuximab vedotin/midazolam alone) and the
corresponding 90% CI were 0.94 and 0.81–1.10 and the Cmax GMR and corresponding 90%
CI were 1.15 and 0.76–1.74. The midazolam Tmax was similar with and without
brentuximab vedotin, as was the t1/2.

Effect of rifampin on brentuximab vedotin and MMAE PK
The effect of rifampin on the PK of brentuximab vedotin was evaluated by comparing ADC
and MMAE exposures between brentuximab vedotin alone vs. coadministered with a daily
dose of rifampin (Table 2 and Figure 2).

For ADC, the AUC0-∞ GMR (brentuximab vedotin with rifampin/brentuximab vedotin
alone) and the corresponding 90% CI were 1.04 and 0.87–1.24 and the Cmax GMR and
corresponding 90% CI were 0.93 and 0.81–1.06. The ADC Tmax was similar with and
without rifampin, as was the t1/2.

For MMAE, the AUC0-∞ GMR and the corresponding 90% CI were 0.54 and 0.43–0.68 and
the Cmax GMR and corresponding 90% CI were 0.56 and 0.42–0.76. The median MMAE
Tmax was reduced in the presence of concomitant rifampin (3.00 [range, 0.99–5.01] alone
vs. 1.49 [range, 1.33–4.02] in combination); however, the ranges overlapped extensively.
The MMAE t1/2 was similar with and without rifampin.
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Because MMAE exposures decreased after multiple doses,15 to approximately 50% to 80%
relative to the first dose (data on file), an exploratory analysis that was not prespecified in
the statistical analysis plan was performed to adjust for the period effect on the PK of
MMAE. Using a model-based approach, the adjusted GMR (90% CI) for MMAE AUC0-∞
was 0.69 (0.49, 0.98) with concomitant rifampin.

Effect of ketoconazole on brentuximab vedotin and MMAE PK
The effect of ketoconazole on the PK of brentuximab vedotin was evaluated by comparing
the brentuximab vedotin PK parameters between brentuximab vedotin alone vs.
coadministered with a daily dose of ketoconazole (Table 2 and Figure 2).

For ADC, the AUC0-∞ GMR (brentuximab vedotin with ketoconazole/brentuximab vedotin
alone) and the corresponding 90% CI were 1.07 and 0.95–1.19; the Cmax GMR and
corresponding 90% CI were 0.99 and 0.75–1.31. The ADC Tmax and t1/2 were similar with
and without concomitant ketoconazole.

For MMAE, the AUC0-∞ GMR and the corresponding 90% CI were 1.34 and 0.98–1.84 and
the Cmax GMR and corresponding 90% CI were 1.25 and 0.90–1.72. The MMAE Tmax and
t1/2 were similar with and without concomitant ketoconazole.

Using a model based-approach to account for the MMAE period effect, the adjusted GMR
(90% CI) for MMAE AUC0-∞ was 1.73 (1.22, 2.46) with concomitant ketoconazole.

Effect of ATA on brentuximab vedotin PK
Five of 14 PK-evaluable patients in the rifampin arm and 8 of 16 PK-evaluable patients in
the ketoconazole arm had at least 1 positive postbaseline ATA result. An analysis was
performed to determine whether exclusion of these patients would affect the GMR analyses
for brentuximab vedotin. For both treatment arms, the GMRs with and without patients with
positive postbaseline ATA results were generally consistent (data not shown). As expected,
variability was higher when these patients were excluded, due to the smaller numbers of
patients.

Safety
During the 2 treatment cycles of this study, 53 of 56 patients (95%) experienced at least 1
treatment-emergent adverse event. The most commonly reported treatment-emergent
adverse events were nausea (30%); fatigue (29%); diarrhea, headache, and pyrexia (23%
each); and neutropenia (20%). A total of 22 patients (39%) in the study experienced at least
1 adverse event ≥ Grade 3. One post-allogeneic transplant patient died due to intracranial
hemorrhage, CMV reactivation, and pancytopenia complicated by Streptococcus
pneumoniae sepsis and pneumonia, and concurrent multisystem organ failure after 1 dose of
brentuximab vedotin. The clinical significance of CMV reactivation was unclear. Seven
percent of patients had a most severe adverse event of Grade 4 during the study (neutropenia
and/or thrombocytopenia), and 30% had a most severe adverse event of Grade 3. The most
common adverse events ≥ Grade 3 were neutropenia (18%) and anemia (7%). No other
adverse events ≥ Grade 3 were observed in more than 2 patients each.

Pre-existing Grade 1 peripheral neuropathy was reported for 27% of patients and treatment-
emergent peripheral neuropathy occurred in 18% of patients during the 2 treatment cycles of
this study. With one exception, Grade 1 gait disturbance, all treatment-emergent peripheral
neuropathy was sensory in nature. One patient’s pre-existing peripheral neuropathy
worsened to Grade 2 during the study, all other peripheral neuropathy was Grade 1
(asymptomatic).
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Laboratory abnormalities with baseline to postbaseline changes from Grade 1 or 2 to ≥
Grade 3 were most commonly observed for decreased absolute neutrophil count (16 patients,
29%); low white blood cell count (7 patients, 13%); elevated ALT (6 patients, 11%); and for
low hemoglobin, low lymphocyte counts, and low platelet counts (5 patients, 9% each).

Although the study was not designed to quantitatively evaluate differences between
treatment arms, some numeric differences were noted. For example, the incidence of adverse
events ≥ Grade 3 during the study was higher in the rifampin and ketoconazole arms (9
patients, 43% and 9 patients, 47%, respectively) compared to the midazolam arm (4 patients,
25%). Additionally, the incidence of gastrointestinal disorders (e.g., nausea, diarrhea, and
vomiting) was higher in the ketoconazole arm (13 patients, 68%) compared to the
midazolam and rifampin arms (7 patients, 44% and 10 patients, 48%, respectively). Post hoc
analyses were performed to determine whether these observations were potentially
associated with co-administration of rifampin or ketoconazole (Table 3).

For the rifampin arm, no difference was observed in the incidence of adverse events overall
between Cycles 1 and 2 (18 patients, 86% in Cycle 1 vs. 17 patients, 85% in Cycle 2), and
the incidence of adverse events ≥ Grade 3 was similar during Cycles 1 and 2 (6 patients,
29% vs. 4 patients, 20%, respectively).

For the ketoconazole arm, the overall incidence of adverse events was 84% (16 patients)
both pre- and post-ketoconazole; the incidence of adverse events ≥ Grade 3 was higher after
ketoconazole dosing began (4 patients, 21% before vs. 7 patients, 37% after). Anemia (n=2;
1 patient pre- and 1 patient post-ketoconazole) and neutropenia (n=3 patients; all post-
ketoconazole) were the only events ≥ Grade 3 reported for more than 1 patient in the
ketoconazole arm. Investigation of gastrointestinal disorders showed that the incidence of
diarrhea (1 patient, 5% pre- vs. 6 patients, 32% post-) and vomiting (3 patients, 16% pre- vs.
6 patients, 32% post-) increased after initiation of ketoconazole dosing, but the incidence of
nausea did not (5 patients, 26% both pre- and post-ketoconazole) (Table 3). No consistent
pattern was observed pre- vs. post-initiation of ketoconazole dosing for adverse events
commonly observed in clinical studies of brentuximab vedotin, including peripheral
neuropathy events (2 patients, 11% before vs. 1 patient, 5% after), elevated ALT (1patient,
5% both before and after), elevated AST (1 patient, 5% before vs. 2 patients, 11% after),
neutropenia (0 patients, 0% before vs. 3 patients, 16% after), fatigue (4 patients, 21% before
vs. 5 patients, 26% after), pyrexia (6 patients, 32% before vs. 2 patients, 11% after), and
nausea (5 patients, 26% both before and after). No clear contributing factors to the numeric
differences were identified.

Eighteen patients were free of confirmed ATA at baseline but tested positive at one or both
postbaseline timepoints. With one exception, the titers of all confirmed positive ATA results
in this study were ≤ 125. One patient had ATA titers of 3125 prior to the second dose of
brentuximab vedotin and 125 at the end of treatment. This patient’s second dose was
interrupted due to Grade 2 events of dyspnea, back pain, and chills, and Grade 1
hypertension. Four other patients had their second brentuximab vedotin infusion interrupted
by infusion-related reactions: 3 patients were negative at baseline but had positive ATA
titers at both postbaseline timepoints and 1 patient was negative for ATA at all 3 timepoints.

Excretion
Approximately 23.5% of the MMAE received during a brentuximab vedotin infusion was
recovered in both urine and feces over a 1-week period. Of the MMAE recovered, the
median percentage of MMAE excreted in feces was 72% (range, 59% to 77%), with the
remainder excreted in urine. Figure 3 presents the mean and cumulative excretion of MMAE
over time.
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MMAE metabolites in urine and feces were identified by tandem and high resolution mass
spectrometry. MMAE was the only observed species in unconcentrated urine and feces
liquid-liquid extracts. However, after concentrating the liquid-liquid extracts ten-fold, 8
metabolites of MMAE were detected. The metabolites and metabolic pathways are shown in
Supplemental Figure S1.

DISCUSSION
This report describes the results of a clinical trial that evaluated the CYP3A-mediated drug
interaction potential of brentuximab vedotin. As CYP3A is one of the major enzymes in
drug metabolism, characterizing this interaction is essential to providing guidance for the
administration of brentuximab vedotin to patients with concomitant medications.
Additionally, the primary route of excretion of MMAE in humans was determined.

Challenges that are both similar to and distinct from those associated with traditional
antibody or small molecule drug development are encountered in the development of an
ADC. In terms of DDIs, the ADC is not expected to be subject to P450 hepatic metabolism,
similar to other antibody-based therapeutics;23 however, the small molecule component of
an ADC can be metabolized.24 Because of the formation-limited kinetics, the apparent half-
life of the cytotoxic agent is on the order of days following administration of an ADC. This
long apparent half-life complicates the clinical assessment of DDI potential and necessitates
continued dosing of a DDI perpetrator on the order of weeks, as performed in this study, as
opposed to a few days for the development of small molecule drugs.

Although in vitro studies suggested that MMAE does not induce CYP3A, the potential for
inhibition of CYP3A was identified at concentrations several orders of magnitude higher
than those achieved clinically, and MMAE was a time-dependent inhibitor. Thus, the
potential for brentuximab vedotin (MMAE) to modulate CYP3A was evaluated using
midazolam as a probe substrate. A low dose of midazolam was used in this study to
minimize the risk of substantial sedation and amnesia that may be seen in the presence of a
CYP3A inhibitor.25,26 Brentuximab vedotin did not affect the AUC0-∞ of midazolam when
midazolam was administered at the approximate Tmax for MMAE: the 90% CI for the
AUC0-∞ GMR was within bioequivalence bounds (0.80, 1.25). The 90% CI for the Cmax
GMR extended past both the upper and lower bioequivalence bounds, thus the Cmax
variability does not exclude the possibility of an interaction; however, the point estimate for
the Cmax GMR was close to 1. These results support the conclusion that brentuximab
vedotin, administered at a dose of 1.8 mg/kg, and resultant MMAE levels neither inhibit nor
induce CYP3A.

CYP3A is the primary pathway for the hepatic metabolism of MMAE. Thus, the effect of an
effective inducer (rifampin) and a strong inhibitor (ketoconazole) were evaluated. When
rifampin was coadministered with brentuximab vedotin, the 90% CI for both the AUC0-∞
and Cmax GMRs were within bioequivalence bounds for ADC. MMAE exposures were
~46% lower when rifampin was coadministered, with the upper 90% CI bounds for the
AUC0-∞ and Cmax GMRs being less than 1. When ketoconazole was coadministered with
brentuximab vedotin, the 90% CI for AUC0-∞ GMR of ADC was within bioequivalence
bounds whereas that of the Cmax GMR extended past both bounds, suggesting greater
variability; however, both GMRs for ADC were close to 1. MMAE exposures were ~34%
higher when ketoconazole was coadministered, with the upper 90% CI bounds for the
AUC0-∞ and Cmax GMRs being greater than 1. An exploratory analysis of the period effect
on MMAE PK, based on the reduced concentration of MMAE in later cycles compared to
Cycle 1, estimated that coadministration of ketoconazole has the potential to increase
MMAE AUC0-∞ by ~73% in Cycle 1. Since MMAE levels decrease to 80% or less
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following Cycle 1, the increase in MMAE levels for later cycles is expected to be ~38% or
less relative to Cycle 1 MMAE levels in the absence of concomitant ketoconazole.

In addition to modulating CYP3A, rifampin and ketoconazole can modulate the expression
of P-gp, and Rifampin is a known inducer of P-gp and ketoconazole has been associated
with P-gp inhibition.27 MMAE was identified as a P-gp substrate in in vitro studies, and so
the observed results in this study cannot exclude a potential role of P-gp in altering MMAE
clearance. The contribution of P-gp modulation on the disposition of MMAE relative to that
of CYP3A modulation is unknown.

Taken together, results from the rifampin and ketoconazole arms indicate that the ADC was
not affected by an effective CYP3A inducer or a strong CYP3A inhibitor, and that ADC
exposures were consistent between Cycles 1 and 2. In addition, the data suggest that MMAE
is a substrate of CYP3A. Thus, patients who are receiving strong CYP3A inhibitors
concomitantly with brentuximab vedotin should be closely monitored for adverse reactions.

Results of safety evaluations from this study are generally consistent with those of other
brentuximab vedotin clinical studies.11–14 The most commonly reported treatment-emergent
adverse events were nausea, fatigue, diarrhea, headache, pyrexia, and neutropenia.
Treatment-emergent peripheral neuropathy, reported for 18% of patients during the 2
treatment cycles of this study, was predominantly sensory and Grade 1 (asymptomatic).
Four of 5 patients whose second brentuximab vedotin infusion was interrupted by infusion-
related reactions had positive postbaseline ATA results. A single patient discontinued
treatment due to an adverse event. Fifty-four patients (96%) completed the study per
protocol, and 89% went on to receive extended treatment with brentuximab vedotin in a
separate study.

Although the study was not designed to evaluate differences between treatment arms, post
hoc analyses suggested that numeric differences in safety observations across treatment arms
were unlikely to be due to interaction of brentuximab vedotin with midazolam, rifampin, or
ketoconazole. The higher incidence of vomiting and diarrhea observed in the ketoconazole
arm may have been attributable, at least in part, to individual factors such as pre-existing
gastrointestinal problems and to concomitant use of ketoconazole and other potentially
contributory medications. No consistent patterns were detected for adverse events
commonly observed in clinical studies of brentuximab vedotin, and no clear contributing
factors were identified. This 2-cycle study did not address the safety of long-term
administration of CYP3A modulators during extended therapy with brentuximab vedotin;
however, the observed short-term safety profile was generally consistent with historic
clinical observations.

Mass balance was not achieved in the excretion portion of this study. Based on the data
collected, the primary route of excretion of MMAE in humans is via feces (median 72% of
total excreta), which is consistent with preclinical results in a rat excretion study. MMAE
was the predominant species detected in excreta and MMAE metabolites were only detected
upon 10-fold concentration of the samples. Thus, it is likely that the concentration of
MMAE in excreta is at least 10-fold higher than that of its metabolites. This study
characterized the CYP3A DDI profile of brentuximab vedotin and MMAE. Taken together,
the results suggest that MMAE is neither an inhibitor nor inducer of CYP3A when
brentuximab vedotin is administered to humans at a dose of 1.8 mg/kg; however, MMAE is
a substrate of CYP3A and potentially a substrate of P-gp. Results of this study may also
apply to other MMAE-based ADCs that achieve circulating concentrations of both ADC and
unconjugated MMAE similar to those observed for brentuximab vedotin. Although the
brentuximab vedotin safety profile did not appear to be appreciably affected by concomitant
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administration of rifampin or ketoconazole, patients who are receiving strong CYP3A
inhibitors concomitantly with brentuximab vedotin should be closely monitored for adverse
reactions. The primary route of excretion of MMAE in humans is via feces.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Study design and patient evaluability.
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Figure 2.
Effects of brentuximab vedotin on midazolam (A), rifampin on ADC (B), ketoconazole on
ADC (C), rifampin on MMAE (D), and ketoconazole on MMAE (E) concentration-time
profiles. Data are presented as mean (SD).
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Figure 3.
Mean (A) and cumulative (B) excretion of MMAE over time.
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Table 1

Demographic and baseline characteristics (evaluable patients)

PK Evaluable
Excretion Evaluablea (n = 8)

Mid (n = 15) Rif (n = 14) Ket (n = 16)

Age, median (range), years 39.0 (16,b 68) 37.0 (24, 71) 29.0 (23, 46)

Gender, n (%)

 Male 10 (67) 10 (71) 9 (56) 5 (63)

 Female 5 (33) 4 (29) 7 (44) 3 (38)

Race, n (%)

 White 12 (80) 13 (93) 13 (81) 7 (88)

 Black or African American 2 (13) 0 2 (13) 0

 Asian 1 (7) 1 (7) 0 1 (13)

 Other 0 0 1 (6) 0

ECOG Status, n (%)

 0 10 (67) 7 (50) 6 (38) 3 (38)

 1 5 (33) 7 (50) 10 (63) 5 (63)

Renal function

 Creatinine clearance, median (range), mL/min 142 (85, 281) 127 (60, 185) 124 (62, 211) 134 (101, 185)

Hepatic function

 ALT, median (range), U/L 21 (7, 70) 22 (12, 47) 21 (7, 87) 21 (12, 47)

 AST, median (range), U/L 19 (9, 55) 23 (15, 54) 25 (10, 73) 22 (15, 54)

Disease diagnosis, n (%)

 Hodgkin lymphoma 14 (93) 12 (86) 15 (94) 7 (88)

 Anaplastic large cell lymphomac 0 2 (14) 1 (6) 1 (13)

 Peripheral T-cell lymphoma NOS 1 (7) 0 0 0

Duration of disease, median (range), monthsd 33.0 (10, 162) 35.5 (9, 145) 50.0 (10, 159) 39.0 (13, 145)

Prior Therapies

 Systemic chemotherapy, n (%) 15 (100) 14 (100) 16 (100) 8 (100)

  Median (min, max) number of regimense 3.0 (2, 8) 3.0 (1, 5) 5.0 (2, 13) 3.5 (1, 5)

 Radiotherapy, n (%) 9 (60) 8 (57) 12 (75) 4 (50)

 Prior hematopoietic stem cell transplant, n (%) 12 (80) 8 (57) 13 (81) 6 (75)

  Autologous only, n (%)f 8 (67) 6 (75) 9 (69) 4 (67)

  Allogeneic only, n (%)f 0 1 (13) 2 (15) 1 (17)

  Both autologous and allogeneic, n (%)f 4 (33) 1 (13) 2 (15) 1 (17)

a
Subset of patients enrolled in the rifampin arm.

b
Exceptions were granted for enrollment of patients ≤ 18 years of age.

c
No ALCL patient was ALK positive.

d
Time from initial diagnosis to first dose of brentuximab vedotin.

e
Excludes stem cell mobilization therapy.
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f
Number of patients (percent of patients with any prior stem cell transplant).
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Table 2

Effects of brentuximab vedotin on midazolam PK parameters and effects of rifampin and ketoconazole on
brentuximab vedotin PK parameters

Evaluation Geometric Mean (% CV)a

 Analyte

  PK Parameter n Alone Combination GMR (90% CI)

Midazolam With or Without Brentuximab Vedotin

 Midazolam

  AUC0-∞ (hr·μg/mL) 15 0.079 (92) 0.074 (74) 0.94 (0.81–1.10)b

  Cmax (μg/mL) 14 0.073 (116) 0.084 (176) 1.15 (0.76–1.74)b

  Tmax (hr) 14 0.050 (0.00, 0.27)a 0.042 (0.03, 0.28)a —

  t1/2 (hr) 15 6.40 (48) 5.69 (38) —

Brentuximab Vedotin With or Without Rifampin

 ADC

  AUC0-∞ (d·μg/mL) 11 89.84 (25) 93.40 (42) 1.04 (0.87–1.24)c

  Cmax (μg/mL) 11 36.74 (34) 34.05 (32) 0.93 (0.81–1.06)c

  Tmax (d) 11 0.024 (0.02, 0.09)a 0.024 (0.02, 0.08)a —

  t1/2 (d) 11 5.87 (66) 6.73 (58) —

 MMAE

  AUC0-∞ (d·ng/mL) 14 40.06 (53) 21.54 (38) 0.54 (0.43–0.68)c

  Cmax (ng/mL) 14 4.98 (67) 2.80 (36) 0.56 (0.42–0.76)c

  Tmax (d) 14 3.00 (0.99, 5.01)a 1.49 (0.33, 4.02)a —

  t1/2 (d) 14 3.71 (19) 3.66 (17) —

Brentuximab Vedotin With or Without Ketoconazole

 ADC

  AUC0-∞ (d·μg/mL) 11 52.77 (28) 56.26 (40) 1.07 (0.95–1.19)d

  Cmax (μg/mL) 16 22.57 (23) 22.38 (70) 0.99 (0.75–1.31)d

  Tmax (d) 16 0.02 (0.02, 0.17)a 0.02 (0.02, 0.25)a —

  t1/2 (d) 11 5.70 (33) 5.45 (31) —

 MMAE

  AUC0-∞ (d·ng/mL) 14 26.65 (71) 35.72 (126) 1.34 (0.98–1.84)d

  Cmax (ng/mL) 16 4.11 (71) 5.13 (114) 1.25 (0.90–1.72)d

  Tmax (d) 16 1.97 (0.97, 6.99)a 2.45 (0.22, 4.06)a —

  t1/2 (d) 14 3.06 (13) 3.47 (66) —

GMR, geometric mean ratio; CI, confidence interval; CV, coefficient of variation.

a
Geometric mean (%CV) presented for AUC0-∞, Cmax, and t1/2. Median (range) presented for Tmax.

b
Geometric mean ratio of midazolam + brentuximab vedotin/midazolam alone.
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c
Geometric mean ratio of brentuximab vedotin with rifampin/brentuximab vedotin alone.

d
Geometric mean ratio of brentuximab vedotin with ketoconazole/brentuximab vedotin alone.
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