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Abstract

Objective The aim of this study was to evaluate the

pharmacokinetics (PK) of trastuzumab emtansine (T-DM1)

and relevant analytes in patients with human epidermal

growth factor receptor 2 (HER2)-positive metastatic breast

cancer and hepatic impairment.

Methods Patients were enrolled in three independent par-

allel cohorts based on hepatic function per Child–Pugh

criteria: normal hepatic function, mild hepatic impairment,

and moderate hepatic impairment. Patients received

T-DM1 3.6 mg/kg intravenously every 3 weeks. PK sam-

ples were collected during cycles 1 and 3, and the PK of

T-DM1 and relevant analytes were characterized and

compared across cohorts.

Results Compared with patients with normal hepatic

function (n = 10), T-DM1 clearance at cycle 1 was 1.8-

and 4.0-fold faster in the mild (n = 10) and moderate

(n = 8) cohorts, respectively. The trend of faster clearance

was less apparent in cycle 3, with similar T-DM1 clearance

across cohorts (mean ± standard deviation 8.16 ± 3.27

[n = 9], 9.74 ± 3.62 [n = 7], and 8.99 and 10.2 [indi-

vidual values, n = 2] mL/day/kg for the normal, mild, and

moderate cohorts, respectively). T-DM1 clearance at cycle 1

correlated significantly with baseline albumin, aspartate

aminotransferase, and HER2 extracellular domain con-

centrations (p\ 0.05). Plasma concentrations of DM1 and

DM1-containing catabolites were low and were compara-

ble across cohorts.

Conclusions No increase in systemic DM1 concentration

was observed in patients with mild or moderate hepatic

impairment versus those with normal hepatic function. The

faster T-DM1 clearance observed at cycle 1 in patients

with hepatic impairment appeared to be transient. After

repeated dosing (three cycles), T-DM1 exposure in patients

with mild and moderate hepatic impairment was within the

range seen in those with normal hepatic function.
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Key Points

This phase I study was undertaken to characterize

T-DM1 pharmacokinetics in patients with hepatic

impairment given the high incidence of liver

metastases in metastatic breast cancer, the clinical

association between liver metastasis and hepatic

impairment, and recognition of the liver as the

primary organ for eliminating DM1 and DM1-

containing catabolites.

Plasma concentrations of DM1 and DM1-containing

catabolites (Lys-MCC-DM1 and MCC-DM1) were

low and were comparable between patients with and

without hepatic impairment.

The faster T-DM1 clearance observed at cycle 1 in

patients with hepatic impairment appeared to be

transient. After repeated dosing (three cycles),

T-DM1 exposure in patients with mild or moderate

hepatic impairment was within the range observed in

patients with normal hepatic function.

1 Introduction

Trastuzumab emtansine (T-DM1) is a novel antibody–drug

conjugate (ADC) comprised of the potent microtubule

disrupting agent DM1 covalently bound to the human

epidermal growth factor receptor 2 (HER2)-targeted

humanized monoclonal antibody, trastuzumab, via a

stable linker. T-DM1 is designed to selectively deliver

DM1 into HER2-overexpressing tumor cells. Once inter-

nalized, T-DM1 undergoes lysosomal degradation, leading

to the release of DM1 and DM1-containing catabolites,

which induce apoptosis by inhibiting microtubule poly-

merization [1]. Like trastuzumab, T-DM1 induces anti-

body-dependent cellular cytotoxicity, inhibits cell signaling

through the phosphatidylinositol-3-kinase/AKT pathway,

and inhibits HER2 shedding [2]. T-DM1 is approved for

use in patients with HER2-positive metastatic breast cancer

(MBC) previously treated with trastuzumab and a taxane

either sequentially or in combination.

Given the structural complexity of T-DM1, multiple

analytes were measured across phase I–III studies in

patients with adequate baseline hepatic function, including

T-DM1 conjugate, total trastuzumab (sum of T-DM1

conjugate and unconjugated trastuzumab), DM1, and

DM1-containing catabolites [3]. Non-compartmental anal-

ysis (NCA) showed that pharmacokinetics (PK) for the

T-DM1 conjugate at 3.6 mg/kg every 3 weeks, the

clinically recommended dose, was characterized by mean

clearance values of 7–13 mL/day/kg, a volume of distri-

bution limited to the plasma volume, and a terminal half-

life (t�) of approximately 4 days.

Following T-DM1 administration (3.6 mg/kg every

3 weeks), total trastuzumab and DM1 were detected in

human serum and plasma, respectively [3]. Maximum

systemic plasma DM1 concentrations averaged approxi-

mately 6 ng/mL. Low concentrations of the linker-con-

taining catabolites, MCC-DM1 (B122 ng/mL) and Lys-

MCC-DM1 (B6 ng/mL), were detected in exploratory

analyses of plasma samples [4]. Total trastuzumab had a

slower clearance (approximately 3–6 mL/day/kg) and

longer t� (approximately 9–11 days) versus T-DM1

conjugate.

A population PK model further characterized T-DM1

conjugate PK based on single-agent T-DM1 PK data across

phase I–III studies [5]. T-DM1 conjugate PK at the clinical

dose (3.6 mg/kg every 3 weeks) is adequately described by

a linear, two-compartment model with first-order elimina-

tion from the central compartment. Over 30 covariates

considered likely to impact T-DM1 conjugate exposure

were tested. Body weight, sum of the longest dimension of

target lesions (TMBD), serum HER2 shed extracellular

domain concentration (HER2 ECD), baseline serum

aspartate aminotransferase (AST), serum albumin, and

baseline trastuzumab levels (TBL) were identified as sta-

tistically significant covariates for T-DM1 PK.

Following proteolytic degradation of T-DM1, elimina-

tion of DM1 and DM1-containing catabolites in rats occurs

primarily via the hepatobiliary route [4]. After intravenous

dosing with radiolabeled T-[3H]DM1, [50% of the

administered radioactivity was recovered in bile/feces over

7 days, and up to 80% was recovered in feces in a longer

14-day study. In vitro studies with human liver microsomes

suggest that DM1 is metabolized mainly by cytochrome

P450 (CYP) isoenzymes CYP3A4 and CYP3A5 [6].

Together, these data show the liver is the primary organ for

eliminating DM1 and DM1-containing catabolites.

Previous clinical studies of T-DM1 were restricted to

patients with adequate baseline hepatic function. Given the

high incidence of liver metastases in MBC [7], the frequent

correlation of liver metastasis with hepatic dysfunction [8],

and hepatic elimination of DM1-related catabolites, a PK

study of T-DM1 in patients with HER2-positive MBC and

hepatic impairment is warranted. The primary objective of

the present phase I study was to evaluate the PK of T-DM1

and relevant analytes in HER2-positive MBC patients with

mild or moderate hepatic impairment. Patients with severe

hepatic impairment were not included since they typically

have rapidly progressive end-stage disease, limiting the

possibility of enrolling and retaining these patients in a

clinical trial.
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2 Methods

2.1 Study Design and Objectives

This phase I, multicenter, open-label, parallel-group study

(BO25499/NCT01513083) assessed the PK, safety, toler-

ability, and efficacy of single-agent T-DM1 in patients with

HER2-positive MBC and normal or reduced hepatic

function, based on US FDA guidance for hepatic impair-

ment studies [9]. Patients were enrolled in three indepen-

dent parallel cohorts according to Child–Pugh criteria at

screening: normal hepatic function, mild hepatic impair-

ment (Child–Pugh class A, score 5–6), or moderate hepatic

impairment (Child–Pugh class B, score 7–9). Planned

minimum enrollment was at least eight PK-evaluable

patients per cohort who received one or more doses of

T-DM1 and had adequate blood sampling for at least one

PK parameter at cycle 1.

2.2 Eligibility Criteria

Eligible patients were C18 years of age, with centrally

confirmed HER2-positive (immunohistochemistry 3? or

in situ hybridization-positive) MBC, Eastern Cooperative

Oncology Group (ECOG) performance status (PS) of 0–2,

and a left ventricular ejection fraction volume C50%

(echocardiogram or multiple-gated acquisition scan).

Exclusion criteria included prior T-DM1 treatment;

chemotherapy or trastuzumab B21 days, lapatinib

B14 days, or hormonal therapy B7 days before the first

study treatment; treatment with strong CYP3A4 inhibitors;

history of grade 3 or higher infusion reaction, hypersensi-

tivity reaction, or pneumonitis in response to trastuzumab;

grade 2 or higher encephalopathy; severe hepatic impair-

ment (Child–Pugh class C, C10 points); active hepatitis A,

B, and/or C; or a history of hepatitis B and/or C or drug/

alcohol addiction in patients with normal hepatic function.

All patients provided written informed consent. This

study was reviewed and approved by the relevant Institu-

tional Review Board or Ethic Committee at each site and

was carried out in accordance with International Confer-

ence on Harmonisation Good Clinical Practice standards

and the Declaration of Helsinki and/or local laws and

regulations.

2.3 Treatment and Assessments

Participants received three cycles of T-DM1 (3.6 mg/kg

every 3 weeks intravenously). After three cycles, patients

were eligible to continue treatment in an extension study

(NCT00781612/BO25430/TDM4529g), or, if they did not

meet the inclusion criteria for that study, to continue

receiving T-DM1 in the current study until disease pro-

gression, unmanageable toxicity, withdrawal, or study

completion. PK samples were collected during cycle 1

(day 1: predose, 30 min, and 4 h post-infusion; and days 2,

3, 4 or 5, 8, 11, 15, and 18 or 19); cycle 2 (day 1: predose

and 30 min post-infusion); and cycle 3 (day 1: predose and

30 min post-infusion; and days 8, 15, and 22) (Online

Resource 2). Blood samples for serum HER2 ECD con-

centrations were taken in cycles 1 and 3 (predose) and

assayed using validated enzyme-linked immunosorbent

assays (ELISAs). Child–Pugh classification measurements

were performed at screening (repeated within 24 h before

first dose), day 1 of cycles 1–3 (predose), and as clinically

indicated.

2.4 Pharmacokinetic Assessment

T-DM1 conjugate and total trastuzumab concentrations

in serum were quantified using validated indirect sand-

wich ELISAs [10]. The T-DM1 conjugate assay mea-

sured all conjugated trastuzumab containing one or more

covalently bound DM1 molecules, while excluding

unconjugated trastuzumab. The total trastuzumab assay

quantified all forms of conjugated and fully unconju-

gated trastuzumab. Plasma samples were assayed for

DM1, MCC-DM1, and Lys-MCC-DM1 concentrations

using validated liquid chromatography tandem mass

spectrometry methods.

PK parameters at cycles 1 and 3, including area under

the concentration–time curve (AUC), clearance, maximum

observed concentration (Cmax), t�, and steady-state volume

of distribution, were estimated with NCA using WinNonlin

5.2.1 (Pharsight Corporation, Mountain View, CA, USA)

when data permitted. Relationships between T-DM1

clearance and measures of hepatic function (i.e. Child–

Pugh score and laboratory components of Child–Pugh

score, including AST, alanine aminotransferase [ALT],

albumin, total bilirubin, and prothrombin time) and disease

severity (i.e. tumor burden and HER2 ECD) were assessed

graphically and by simple linear regression (for continuous

variables) or analysis of variance (ANOVA) testing (for

categorical variables).

Visual predictive check (VPC) plots were constructed to

evaluate whether observed PK profiles in hepatically-impaired

patients were within the prediction interval generated from

model simulations using the published T-DM1 population PK

model [5] and patient-specific pathophysiological covariates,

dosing history, and PK sampling times. Overall, 1000 T-DM1

concentration–time profiles were simulated for each patient

included in the current study. Median and 90% prediction

intervals of simulated concentration–time data were plotted

and overlaid with the observed data. Simulated concentrations

included residual variability. Missing covariate values were
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imputed to reference values from the published T-DM1

population PK model (corresponds to no covariate effect) [5].

In cycle 1, TMBD and HER2 ECD were missing for two

patients, and, in cycle 3, AST and albumin were missing for

one patient, HER2 ECD was missing for two patients, and

TMBD was missing for three patients.

2.5 Analysis

PK analyses included all patients who underwent T-DM1

dosing and adequate blood sampling for at least one PK

parameter at cycle 1. Data were summarized by cohort

using descriptive statistics.

3 Results

3.1 Study Population

Twenty-eight patients were enrolled from 27 February

2012 through 25 September 2014 (normal hepatic function,

n = 10; mild hepatic impairment, n = 10; moderate hep-

atic impairment, n = 8). While demographic data such as

age and sex were largely comparable across cohorts

(Table 1), patients with moderate hepatic impairment had

numerically lower median body weight (56.8 [range

45–66] kg) compared with those with normal hepatic

function or mild hepatic impairment (69.4 [range 57–96]

Table 1 Baseline patient and disease characteristics

Normal hepatic

function [n = 10]

Mild hepatic

impairment [n = 10]

Moderate hepatic

impairment [n = 8]

Median age, years (range) 52 (42–76) 53.5 (46–83) 58.5 (46–84)

Female, n (%) 10 (100) 10 (100) 8 (100)

Median body weight, kg (range) 69.4 (57–96) 64.5 (46–107) 56.8 (45–66)

Race, n (%)

White 10 (100) 8 (80) 3 (37.5)

Unknown 0 (0) 2 (20) 5 (62.5)

Alcohol use, n (%)

Current 3 (30) 1 (10.0) 0 (0)

Previous 2 (20) 3 (30) 2 (25)

Never 5 (50) 6 (60) 6 (75)

ECOG performance status score, n (%)

0 7 (70) 4 (40) 1 (12.5)

1 3 (30) 6 (60) 4 (50)

2 0 (0) 0 (0) 3 (37.5)

Child–Pugh assessment score, n (%)

5 NA 7 (70) 0 (0)

6 NA 3 (30) 0 (0)

7 NA 0 (0) 5 (62.5)

8 NA 0 (0) 1 (12.5)

9 NA 0 (0) 2 (25)

Median albumin, g/L (range) 42.4 (35–47) 37.5 (28–48) 26 (16–34)

Median ALT, U/L (range) 15.5 (9–32) 60.5 (31–214) 74 (26–521)

Median AST, U/L (range) 24 (15–30) 145 (52–271) 132 (61–501)

Median total bilirubin, lmol/L (range) 7.78 (4.79–12.7) 9.15 (5.47–25.7) 20.6 (5.6–74)

Median prothrombin time, s (range) 11.5 (9.1–13.4) [n = 3] 11.6 (8.5–12.9) [n = 8] 13.1 (11–15.4) [n = 7]

Median baseline trastuzumab, lg/mL (range) 5.2 (0–26.9) 0.0415 (0–5.9) 0 (0–13.7)

Median HER2 ECD, ng/mL (range) 29.5 (10.9–61.4) 219 (39.4–2731) 1999 (23.9–3346) [n = 6]

Liver metastases, n (%) 2 (20) 10 (100) 8 (100)

Median sum of liver lesions, mm (range) 13.5 (10–17) [n = 2] 52 (21–187) [n = 8] 92 (42.5–191)

Median TMBD, mm (range) 35.5 (10–105) [n = 8] 58.5 (21–333) 108 (55–254)

ALT alanine aminotransferase, AST aspartate aminotransferase, ECOG Eastern Cooperative Oncology Group, HER2 ECD serum human epi-

dermal growth factor receptor 2 shed extracellular domain concentration, NA not applicable, TMBD sum of the longest dimension of target

lesions
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and 64.5 [range 46–107] kg, respectively). Compared with

patients with normal hepatic function, those with hepatic

impairment tended to have worse hepatic function and

greater disease severity, as indicated by numerically higher

baseline AST, ALT, total bilirubin levels, and lower

albumin levels, as well as higher ECOG PS score, total or

liver tumor burden, and HER2 ECD levels. In addition, the

hepatic function and disease severity for patients with

moderate hepatic impairment also tended to be worse than

those with mild impairment (Table 1). All patients

received T-DM1 3.6 mg/kg at cycles 1 and 3, except for

one patient with moderate hepatic impairment who

received T-DM1 3.0 mg/kg at cycle 3. Patient disposition

and study drug exposure are shown in Online Resources 3

and 4.

3.2 Pharmacokinetics

3.2.1 Non-Compartmental Analysis (NCA)

for Trastuzumab Emtansine (T-DM1) and Total

Trastuzumab

PK data were evaluable for all patients at cycle 1 (n = 28).

Compared with patients with normal hepatic function,

mean T-DM1 clearance at cycle 1 in patients with mild and

moderate hepatic impairment was approximately 1.8 and

4.0-fold faster, respectively (Fig. 1; Table 2); however, the

trend of faster clearance appeared to be transient. At cycle

3, mean clearance was similar across the three cohorts

(Table 2; Fig. 2). After three-cycle repeated dosing,

T-DM1 exposure (AUC and Cmax) in patients with mild or

moderate hepatic impairment was within the range

observed in patients with normal hepatic function, although

individual exposure values for patients with moderate

hepatic impairment (n B 3) were within the lower half of

the range (Fig. 2). Mean T-DM1 AUC21days ± standard

deviation (SD) at cycle 3 was 488 ± 146 and

418 ± 164 day lg/mL for patients with normal (n = 9)

and mild (n = 7) hepatic function, respectively, and 328

and 348 day lg/mL (individual values) for the two patients

with moderate hepatic impairment (Table 2).

T-DM1 appeared to exhibit time-dependent PK in

patients with hepatic impairment. For patients with normal

hepatic function, T-DM1 clearance at cycle 3 was

approximately the same as at cycle 1; however, for patients

with mild and moderate hepatic impairment, mean T-DM1

clearance at cycle 3 was 46 and 76% slower than cycle 1,

respectively (Table 2). Except for one patient with mild

hepatic impairment, T-DM1 clearance decreased from

cycle 1 to cycle 3 in all patients with hepatic impairment

who had data available at cycle 3 (Online Resource 9).

Compared with the T-DM1 conjugate, the trend of faster

clearance at cycle 1 was more pronounced for total

trastuzumab; mean clearance was 2.6-fold and 6.4-fold

faster in patients with mild or moderate hepatic impair-

ment, respectively (Online Resources 5, 6, and 7). Con-

sistent with T-DM1, the trend of faster clearance became

less apparent at cycle 3.

3.2.2 NCA Analysis for DM1 and DM1-Containing

Catabolites (MCC-DM1 and Lys-MCC-DM1)

Mean plasma concentration–time profiles of DM1 at

cycle 1 were generally comparable across cohorts (Fig. 3),

while mean DM1 concentrations were slightly lower in the

moderate impairment cohort compared with the normal and

mild impairment cohorts. The Cmax of DM1 was attained

for most patients at the first post-infusion timepoint

(30 min after infusion end). Mean Cmax values for DM1 at

cycle 1 were similar across the three cohorts (range

4.05–5.51 ng/mL) (Table 3). Because PK sampling at
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Fig. 1 Mean concentration–time profile of serum T-DM1 at a cycle 1

and b cycle 3. All patients received 3.6 mg/kg of T-DM1 at cycles 1

and 3, except for one patient with moderate hepatic impairment who

received 3.0 mg/kg of T-DM1 at cycle 3. Error bars indicate standard

deviation. T-DM1 trastuzumab emtansine
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cycle 3 was limited, DM1 was only detectable at the first

two post-infusion timepoints (30 min and 7 days after

infusion end). Nevertheless, cycle 3 DM1 plasma concen-

trations were largely comparable across the cohorts. No

increase in plasma DM1 concentrations was observed in

patients with mild and moderate hepatic impairment

(Table 3).

Low concentrations of plasma MCC-DM1 and Lys-

MCC-DM1 were detected. The highest plasma concentra-

tion observed for MCC-DM1 and Lys-MCC-DM1 in the

study did not exceed 20 and 9.13 ng/mL, respectively.

MCC-DM1 Cmax for most patients occurred at the first

post-infusion timepoint. Mean Cmax values of MCC-DM1

were largely comparable across cohorts and treatment

cycles (range 3.01–7.34 ng/mL) (Table 3). At cycle 1, all

plasma concentrations of Lys-MCC-DM1 in patients with

normal hepatic function were below the lower limit of

quantification (LLOQ); these concentrations were low and

were comparable in patients with mild and moderate hep-

atic impairment (Table 3). Mean Cmax values for Lys-

MCC-DM1 in cycle 1 were 2.90 and 4.23 ng/mL for

patients in the mild and moderate impairment cohorts.

Median time for Lys-MCC-DM1 to achieve Cmax in cycle 1

was approximately 2 days post-infusion. Plasma concen-

trations at cycle 3 were below the LLOQ for most patients

in the three cohorts, except for one patient with moderate

hepatic impairment who had one detectable concentration

of 1.28 ng/mL at cycle 3 day 8. The AUCs for DM1, MCC-

DM1, and Lys-MCC-DM1 were not determined as most of

the measured concentrations were below assay quantitation

limits at later timepoints (e.g. 4–7 days).

3.2.3 Correlations with Measures of Hepatic Function

and Disease Severity

As shown in Fig. 4, a trend of faster T-DM1 clearance was

observed in patients with higher Child–Pugh scores. The

faster T-DM1 clearance seen at cycle 1 was significantly

associated with higher baseline HER2 ECD (r2 = 0.589,

p\ 0.001), higher AST (r2 = 0.568, p\ 0.001), and

lower albumin (r2 = 0.224, p = 0.01). T-DM1 clearance

increased with higher tumor burden (r2 = 0.134,

p = 0.065), higher total bilirubin (r2 = 0.114, p = 0.080),

and higher ALT (r2 = 0.0815, p = 0.141) (Online

Table 2 Mean pharmacokinetic parameters for T-DM1 at cycles 1 and 3a

Parameter, mean ± SD (CV%) No. of patients Cycle 1 No. of patients Cycle 3

Cmax (lg/mL)

Normal 10 80.9 ± 15.5 (19.2) 9 77.9 ± 27.0 (34.7)

Mild 10 75.6 ± 16.3 (21.6) 8 71.0 ± 25.5 (36.0)

Moderate 8 60.9 ± 12.8 (21.0) 3 66.5 ± 4.30 (6.47)

AUC (day lg/mL)

Normal 10 377 ± 88.5 (23.5) 9 488 ± 146 (30.0)

Mild 10 232 ± 96.1 (41.4) 7 418 ± 164 (39.3)

Moderate 8 126 ± 67.9 (53.7) 2 328; 348b

t� (days)

Normal 10 3.32 ± 0.678 (20.4) 9 3.82 ± 0.698 (18.3)

Mild 10 2.23 ± 0.782 (35.1) 7 3.23 ± 0.856 (26.5)

Moderate 8 2.57 ± 1.65 (64.4) 2 2.67; 2.05b

CL (mL/day/kg)

Normal 10 9.94 ± 2.10 (21.2) 9 8.16 ± 3.27 (40.1)

Mild 10 18.2 ± 7.93 (43.5) 7 9.74 ± 3.62 (37.2)

Moderate 8 39.7 ± 26.2 (66.1) 2 8.99; 10.2b

Vss (mL/kg)

Normal 10 52.1 ± 9.61 (18.4) 9 40.5 ± 30.1 (74.2)

Mild 10 53.5 ± 10.7 (20.1) 7 36.2 ± 31.3 (86.4)

Moderate 8 78.4 ± 42.9 (54.7) 2 20.4; 21.2b

AUC area under the serum concentration–time curve from time zero extrapolated to infinity for cycle 1, or from time zero to 21 days for cycle 3,

CL clearance, Cmax maximum concentration, CV coefficient of variation, SD standard deviation, t� terminal half-life, T-DM1 trastuzumab

emtansine, Vss volume of distribution at steady-state
a All patients received 3.6 mg/kg of T-DM1 at cycles 1 and 3, except for one patient with moderate hepatic impairment who received 3.0 mg/kg

of T-DM1 at cycle 3
b Individual pharmacokinetic parameters for both patients are reported

C. Li et al.



Resource 8), but none of these correlations reached sta-

tistical significance. No statistically significant correlation

was observed between T-DM1 clearance at cycle 1 and

prothrombin time (r2 = 0.0113, p = 0.675), and there

were no apparent correlations between the Cmax of DM1,

MCC-DM1, or Lys-MCC-DM1 and measures of hepatic

function or disease severity (data not shown).

3.2.4 Exploratory Population PK Analysis for T-DM1

Exploratory analyses were conducted to evaluate whether

significant covariates identified by the historic population

PK model (i.e. body weight, HER2 ECD, TMBD, AST,

albumin, and TBL [5]) could explain the PK observations

at cycles 1 and 3 across the cohorts. VPC plots showed that

T-DM1 serum concentrations in patients from the normal

and mild impairment cohorts were largely within the 90%
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3.0 mg/kg of T-DM1 at cycle 3. The median is represented by the
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plot represent the 25th and 75th percentile (the lower and upper

quartiles, respectively). The bars extending from the box to the
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interquartile range, if observed values exist. AUC area under the

serum concentration–time curve from time zero extrapolated to

infinity for cycle 1, or from time zero to 21 days for cycle 3, Cmax

maximum concentration, T-DM1 trastuzumab emtansine

Fig. 3 Mean concentrations of DM1 at cycle 1. Error bars indicate

SD. Concentration values less than LLOQ (0.737 ng/mL) were set to

half LLOQ for plotting. All patients received 3.6 mg/kg of T-DM1 at

cycles 1 and 3, except for one patient with moderate hepatic

impairment who received 3.0 mg/kg of T-DM1 at cycle 3. The second

peak observed for mean concentration–time profiles in the mild

impairment cohort is mainly driven by one detectable concentration

of 7.41 ng/mL in one patient; concentrations from the remaining

patients were below the LLOQ. LLOQ lower limit of quantification,

SD standard deviation, T-DM1 trastuzumab emtansine
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prediction intervals simulated using the historic population

PK model (Fig. 5). In patients with moderate impairment,

the historic population PK model was unable to fully

capture the central tendency of the PK data observed at

cycle 1; however, the limited data for patients with mod-

erate impairment at cycle 3 did fall within the 90% pre-

diction interval.

4 Discussion

In this dedicated hepatic impairment study, the PK of

T-DM1 and relevant analytes in patients with normal

hepatic function was consistent with historic PK data col-

lected from phase I–III studies [3]. Specifically, mean

clearance of T-DM1 and total trastuzumab across cycles

(8–10 mL/day/kg and 4–6 mL/day/kg, respectively) was

within the clearance ranges reported previously

(7–13 mL/day/kg and 3–6 mL/day/kg, respectively [3]). In

addition, VPC plots showed that the population PK model

developed using data from previous phase I–III studies

adequately predicted the central tendency and variability of

serum T-DM1 concentration–time profiles in patients with

normal hepatic function (Fig. 5).

Compared with patients with normal hepatic function,

patients with mild or moderate hepatic impairment exhib-

ited a trend of faster T-DM1 clearance at cycle 1. This

trend diminished with repeated dosing. By cycle 3, mean

T-DM1 clearance in patients with hepatic impairment had

fallen to within the range of clearance observed in patients

with normal hepatic function (Table 2; Fig. 2a), although

patient numbers were small. It should be noted that mean

T-DM1 exposure and concentration–time profiles at cycle

3 were numerically lower for patients with moderate

impairment relative to those with normal hepatic function

or mild hepatic impairment (Fig. 1; Table 2); however, the

data are limited (n B 4), and the observed differences were

within the intersubject variability of T-DM1 PK.

T-DM1 appeared to exhibit time-dependent PK in

patients with hepatic impairment. For patients with normal

hepatic function, T-DM1 clearance at cycle 3 was

approximately the same as that observed at cycle 1

(Table 2), which is consistent with previously published

reports [3, 5]. However, for patients with mild or moderate

hepatic impairment, mean T-DM1 clearance at cycle 3 was

approximately 46 and 76% slower than in cycle 1,

respectively (Table 2). Given that mean clearance changes

may be confounded by a drop-off in patients with lower

exposures at early cycles, clearance changes were also

explored across cycles at the individual level. With the

exception of one patient in the mild hepatic impairment

cohort, T-DM1 clearance decreased from cycle 1 to cycle 3

in all patients with hepatic impairment who had PK data

available at cycle 3 (Online Resource 9), confirming that

there is an apparent time-dependent PK for T-DM1 in

patients with hepatic impairment.

The underlying mechanism of faster clearance of

T-DM1 at cycle 1, and time-varying PK in patients with

hepatic impairment, is not fully understood. However,

faster clearance has also been observed for the CD30-

Table 3 Mean pharmacokinetic parameters for DM1, MCC-DM1, and Lys-MCC-DM1 at cycles 1 and 3a

Analyte, mean ± SD (CV%) No. of patients Cycle 1

Cmax (ng/mL)

No. of patients Cycle 3

Cmax (ng/mL)

DM1

Normal 10 5.51 ± 2.24 (40.6) 10 5.07 ± 2.29 (45)

Mild 10 5.16 ± 1.98 (38.4) 8 5.27 ± 0.96 (18)

Moderate 8 4.05 ± 1.38 (34.1) 4 3.09 ± 1.07 (35)

MCC-DM1

Normal 9 6.86 ± 7.30 (106) 10 7.34 ± 3.67 (50)

Mild 9 6.01 ± 6.21 (103) 8 3.97 ± 3.42 (86)

Moderate 7 5.21 ± 6.25 (120) 4 3.01 ± 3.82 (126)

Lys-MCC-DM1

Normal 7 \LLOQb 10 \LLOQb

Mild 9 2.90 ± 2.67 (92) 8 \LLOQb

Moderate 7 4.23 ± 3.34 (79) 4 \LLOQc

Cmax maximum concentration, CV coefficient of variation, LLOQ lower limit of quantification, SD standard deviation, T-DM1 trastuzumab

emtansine
a All patients received 3.6 mg/kg of T-DM1 at cycles 1 and 3, except for one patient with moderate hepatic impairment who received 3.0 mg/kg

of T-DM1 at cycle 3. LLOQ was replaced by 0
b LLOQ is equivalent to 1.10 ng/mL
c One subject had only one detectable concentration of 1.28 ng/mL at cycle 3, day 8; all others were\LLOQ

C. Li et al.



directed ADC brentuximab vedotin in patients with

hematologic malignancies and hepatic impairment, with

decreases in exposure observed at cycle 1 [11]. Because PK

samples were only collected at cycle 1, the time-dependent

PK of brentuximab vedotin was not assessed. The authors

hypothesized that the increased clearance of brentuximab

vedotin in patients with hepatic impairment may be related

to hypoalbuminemia [11], which is consistent with our

observation of lower serum albumin being significantly

associated with faster T-DM1 clearance at cycle 1

(p = 0.01) (Fig. 4). Clearance of immunoglobulin G anti-

bodies, such as pertuzumab [12], infliximab [13], beva-

cizumab [14], and T-DM1 [5], is usually faster in patients

with low albumin concentrations, a possible consequence

of similar elimination pathways (e.g. neonatal Fc [FcRn]

receptor-mediated recycling) [15]. The lower albumin

levels observed in patients with hepatic impairment

(Table 1) might reflect decreases in the efficiency of FcRn

catabolic/recycling capacity, thus correlating with faster

T-DM1 clearance and lower exposure. However, albumin

changes from cycle 1 to cycle 3 were limited across the

three cohorts (median at cycle 1 vs. cycle 3: 42.4 vs. 40.0,

37.5 vs. 37.0, and 26.0 vs. 24.0 g/L for the normal, mild,

and moderate hepatic impairment cohorts, respectively).

Therefore, low albumin concentrations alone might not

explain the time-dependent PK of T-DM1 in patients with

hepatic impairment.

Another factor that may contribute to faster T-DM1

clearance at cycle 1 is AST. Our analysis showed that

elevated AST was significantly associated with faster

Fig. 4 Correlation plots between T-DM1 clearance at cycle 1 and

measures of baseline hepatic function and disease severity: a Child–

Pugh score; b albumin; c AST; and d HER2 ECD. AST aspartate

aminotransferase, CL clearance, HER2 ECD serum human epidermal

growth factor receptor 2 shed extracellular domain concentration,

T-DM1 trastuzumab emtansine
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clearance of T-DM1 at cycle 1 (p\ 0.001) (Fig. 4). Given

that patients with hepatic impairment usually have elevated

AST levels (median: 24, 145, and 132 U/L for the normal,

mild, and moderate hepatic impairment cohorts, respec-

tively), an association between AST and T-DM1 clearance

may explain the accelerated clearance observed at cycle 1.

Fig. 5 Visual predictive check plots for concentration–time profiles

of T-DM1 using an historic population PK model. a Normal hepatic

function cohort; b mild hepatic impairment cohort; c moderate

hepatic impairment cohort. The lines and shaded areas represent

median and 90% prediction intervals of T-DM1 concentration–time

profiles simulated using the published T-DM1 population PK model

[5] and patient-specific pathophysiological covariates, dosing history,

and PK sampling times. The open circles and dotted lines show the

observed data. PK pharmacokinetic, T-DM1 trastuzumab emtansine

C. Li et al.



In addition, the numerical decrease in AST from cycle 1 to

cycle 3 in patients with hepatic impairment (median at

cycle 3: 31, 95.5, and 102 U/L for the normal, mild, and

moderate hepatic impairment cohorts, respectively) may

explain the slower clearance observed in cycle 3 compared

with cycle 1; however, the mechanism underlying the

ability of AST to modulate T-DM1 clearance is unknown.

Our study also explored the potential contribution of HER2

ECD to faster clearance of T-DM1 via HER2 target-mediated

clearance, given the significant correlation between the two

(p\0.001). Because HER2 ECD is specific for biologics

targeting HER2, and faster clearance was also observed for

brentuximab vedotin (which targets CD30), HER2 ECD may

not be the main underlying mechanism for faster cycle 1

T-DM1 clearance in patients with hepatic impairment.

Our observation that faster T-DM1 clearance at cycle 1

was significantly associated with higher baseline HER2

ECD, higher AST, and lower albumin (covariates indica-

tive of disease severity) is consistent with results from a

previous population PK model in patients with MBC and

adequate hepatic function [5]. In the present analysis, VPC

plots were constructed to compare observed T-DM1 con-

centrations in patients with mild or moderate hepatic

impairment with expected concentrations, assuming that

T-DM1 PK was the same in patients with hepatic impair-

ment and those with adequate hepatic function. The VPC

plots showed that after adjusting for significant baseline

covariates (including HER2 ECD, albumin, and AST), the

population PK model reasonably described the observed

PK data of T-DM1 at cycles 1 and 3 in patients with mild

hepatic impairment and, to some extent, patients with

moderate hepatic impairment (Fig. 5). The results from the

present analysis suggest that apparent differences in base-

line patient characteristics and disease severity between

cohorts and over cycles may partly contribute to the

observed faster clearance at cycle 1 and time-dependent PK

of T-DM1 in patients with hepatic impairment; further

research into the underlying mechanism is warranted.

Plasma concentrations of DM1 and DM1-containing

catabolites were low and largely comparable across the

three cohorts at cycles 1 and 3, indicating that mild or

moderate hepatic impairment does not impact the PK of

these catabolites. There was an apparent delay for Lys-

MCC-DM1 to reach its Cmax relative to T-DM1

(Tmax: approximately 2 days vs. approximately 30 min

post-infusion), but this was expected as time is needed for

Lys-MCC-DM1 to form following lysosomal internaliza-

tion and degradation of T-DM1 and be released back into

the systemic circulation. In contrast, there was no apparent

delay for MCC-DM1 to reach its Cmax (approximately

30 min post-infusion), and this is likely due to the structure

of T-DM1. Studies of T-DM1 stability, as well as small-

scale models of the modification reaction, have shown that

a small percentage of MCC-DM1 (\6%) is conjugated to

trastuzumab via cysteine or tyrosine residues (rather than

lysine residues) through hydrolytically unstable ester

linkages that readily release MCC-DM1 during storage and

in vivo [16]. The highest plasma concentrations observed

for Lys-MCC-DM1 in our study did not exceed 9.13 ng/

mL, which is consistent with those reported in a phase II

cardiac study of T-DM1 catabolism (B6.4 ng/mL) in

patients with HER2-positive locally advanced breast can-

cer or MBC [4]. In addition, plasma concentrations of

MCC-DM1 (B20 ng/mL) in our study were numerically

lower than those reported in the phase II cardiac study

(B122 ng/mL) [4]. This may partly be due to differences in

T-DM1 drug material and/or the small numbers of patients

in each study.

5 Conclusions

After intravenous administration of T-DM1 3.6 mg/kg

every 3 weeks, the PK of DM1 and DM1-containing

catabolites (Lys-MCC-DM1 and MCC-DM1) were not

altered by mild or moderate hepatic impairment, but

T-DM1 clearance at cycle 1 was increased 1.8- and 4.0-

fold in patients with mild and moderate hepatic

impairment, respectively. The trend of faster clearance

appears to be transient. After repeated dosing (three

cycles), T-DM1 clearance in patients with mild or

moderate hepatic impairment was within the range

observed in patients with normal hepatic function. High

baseline HER2 ECD and AST, and low albumin levels

(p\ 0.05), may have potentially contributed to faster

clearance at cycle 1 and time-dependent PK in patients

with hepatic impairment, although the underlying

mechanism is not fully understood (warranting further

research). Recommendations for the use of T-DM1 in

patients with HER2-positive MBC and mild or moderate

hepatic impairment are provided in locally approved

product labels [17, 18].
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