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Abstract

Background and Objective Trastuzumab emtansine
(T-DM1) is an antibody—drug conjugate recently approved
by the US Food and Drug Administration for the treatment
of human epidermal growth factor receptor 2 (HER2)-
positive metastatic breast cancer previously treated with
trastuzumab and taxane chemotherapy. It comprises the
microtubule inhibitory cytotoxic agent DM1 conjugated to
the HER2-targeted humanized monoclonal antibody tras-
tuzumab via a stable linker. To characterize the pharma-
cokinetics of T-DM1 in patients with metastatic breast
cancer, concentrations of multiple analytes were quantified,
including serum concentrations of T-DM1 conjugate and
total trastuzumab (the sum of conjugated and unconjugated
trastuzumab), as well as plasma concentrations of DMI1.
The clearance of T-DM1 conjugate is approximately 2 to 3
times faster than its parent antibody, trastuzumab. How-
ever, the clearance pathways accounting for this faster
clearance rate are unclear. An integrated population phar-
macokinetic model that simultaneously fits the pharmaco-
kinetics of T-DM1 conjugate and total trastuzumab can
help to elucidate the clearance pathways of T-DMI1. The
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model can also be used to predict total trastuzumab pharma-
cokinetic profiles based on T-DM1 conjugate pharmacoki-
netic data and sparse total trastuzumab pharmacokinetic data,
thereby reducing the frequency of pharmacokinetic sampling.
Methods T-DMI conjugate and total trastuzumab serum
concentration data, including baseline trastuzumab con-
centrations prior to T-DM1 treatment, from phase I and II
studies were used to develop this integrated population
pharmacokinetic model. Based on a hypothetical T-DM1
catabolism scheme, two-compartment models for T-DM1
conjugate and trastuzumab were integrated by assuming a
one-step deconjugation clearance from T-DMI1 conjugate
to trastuzumab. The ability of the model to predict the total
trastuzumab pharmacokinetic profile based on T-DMI
conjugate pharmacokinetics and various sampling schemes
of total trastuzumab pharmacokinetics was assessed to
evaluate total trastuzumab sampling schemes.

Results  The final model reflects a simplified catabolism
scheme of T-DMI, suggesting that T-DMI1 clearance
pathways include both deconjugation and proteolytic deg-
radation. The model fits T-DM1 conjugate and total tras-
tuzumab pharmacokinetic data simultaneously. The
deconjugation clearance of T-DM1 was estimated to be
~0.4 L/day. Proteolytic degradation clearances for
T-DMI1 and trastuzumab were similar (~ 0.3 L/day). This
model accurately predicts total trastuzumab pharmacoki-
netic profiles based on T-DM1 conjugate pharmacokinetic
data and sparse total trastuzumab pharmacokinetic data
sampled at preinfusion and end of infusion in cycle 1, and
in one additional steady state cycle.

Conclusions This semi-mechanistic integrated model
links T-DM1 conjugate and total trastuzumab pharmaco-
kinetic data, and supports the inclusion of both proteolytic
degradation and deconjugation as clearance pathways in
the hypothetical T-DM1 catabolism scheme. The model
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attributes a faster T-DMI1 conjugate clearance versus that
of trastuzumab to the presence of a deconjugation process
and suggests a similar proteolytic clearance of T-DM1 and
trastuzumab. Based on the model and T-DM1 conjugate
pharmacokinetic data, a sparse pharmacokinetic sampling
scheme for total trastuzumab provides an entire pharma-
cokinetic profile with similar predictive accuracy to that of
a dense pharmacokinetic sampling scheme.

1 Background

Breast cancer accounts for approximately 28 % of all new
cases of cancer in women in the United States [1]. Gene
amplification of the human epidermal growth factor
receptor 2 (HER2) tyrosine kinase occurs in approximately
15 %-25 % of breast cancers [2—4] and is associated with
poor prognosis [5-7].

Antibody—drug conjugates (ADCs) are a novel type of
biologic therapy that aims to reduce systemic exposure to
cytotoxic chemotherapy via linkage to a targeting mono-
clonal antibody. Trastuzumab emtansine (T-DMI) is a
HER2-directed ADC composed of the humanized mono-
clonal antibody trastuzumab conjugated to the microtu-
bule-inhibitory cytotoxic agent DM1 via a stable thioether

linker [8]. T-DMI incorporates the antitumor activities of
trastuzumab (mediation of antibody-dependent cellular
cytotoxicity, inhibition of HER2-mediated intracellular
signaling, and inhibition of HER2 shedding) with the tar-
geted delivery of the cytotoxic agent DM1 [9, 10]. T-DM1
has demonstrated clinical efficacy as a single agent in
several phase II studies [11-13] and in a phase III study
[14] in patients with HER2-positive breast cancer, and was
recently approved by the US Food and Drug Administra-
tion for the treatment of HER2-positive metastatic breast
cancer (MBC) previously treated with trastuzumab and
taxane chemotherapy.

The pharmacokinetics of multiple analytes (T-DM1
conjugate, total trastuzumab and DM1) have been charac-
terized in several clinical trials to understand T-DM1 dis-
position. Based on the mechanism of action of T-DMI,
total trastuzumab, in addition to T-DMI1, is considered a
clinically relevant analyte that correlates with efficacy in
HER2-positive breast cancer patients. The T-DM1 conju-
gate administered is a mixture of species with 1-8§ DM1
molecules conjugated to each molecule of trastuzumab
(average drug-to-antibody ratio [DAR] = 3.5). The bio-
analytical method used to measure serum T-DMI1 conju-
gate quantifies the total concentration of this heterogeneous
mixture (Fig. la); for serum total trastuzumab, the total
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Fig. 1 Serum T-DMI conjugate: trastuzumab with 1-8 DM1 conju-

gated (a); serum total trastuzumab: both unconjugated trastuzumab and
T-DMI1 conjugate (b); hypothetical schematic diagram of T-DMI1
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catabolism by deconjugation and proteolytic degradation (c). Proteolytic
clearance includes non-specific and target-mediated degradation.
DAR = drug-to-antibody ratio; T-DM1 = trastuzumab emtansine
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concentrations of both unconjugated trastuzumab and
T-DMI conjugate are measured (Fig. 1b). In vivo, T-DM1
catabolic clearance causes the concentrations of individual
components to change with time, resulting in a gradual
decrease of the average DAR over time, which was
observed in cynomolgus monkeys [15]. Exposures of
T-DMI and total trastuzumab are highly correlated due to
their overlapping species; it is important to quantify the
relationship between T-DMI1 conjugate and total tras-
tuzumab to provide insight into the catabolic clearance
pathways of T-DM1.

Based on T-DMI and total trastuzumab pharmacoki-
netic parameters determined by a non-compartmental
analysis, T-DM1 conjugate clearance is approximately
2- to 3-fold faster than that of total trastuzumab [16].
Similarly, population pharmacokinetic models of T-DM1
conjugate [17] and trastuzumab [18] have estimated faster
clearance rates for T-DM1 (~0.7 L/day) [17] than for
trastuzumab (~0.23 L/day) [18]. The structure and phar-
macokinetic properties of T-DM1 suggest that it may
undergo multiple catabolic clearance pathways, resulting in
unconjugated trastuzumab and DM 1-containing catabolites
(Fig. 1c). T-DM1 may undergo proteolytic degradation
similar to typical monoclonal antibody clearance pathways
that include both non-specific proteolytic degradation and
target-mediated disposition [19]. In addition, T-DM1 may
undergo a chemical or enzymatic process that deconjugates

DM1 from the antibody component, thereby converting
high DAR species to either low DAR species or to
unconjugated trastuzumab. It is hypothesized that the faster
clearance of T-DM1 compared with trastuzumab could be
largely due to this deconjugation clearance pathway.

The integrated population pharmacokinetic model
reported here reflects the proposed, simplified catabolic
mechanisms of T-DM1 (see Fig. 1c) and simultaneously
fits the pharmacokinetic data of T-DM1 conjugate and total
trastuzumab. Total trastuzumab exposure can also be
influenced by baseline trastuzumab concentrations result-
ing from prior trastuzumab treatment; this was included as
an initial condition in the model. The model quantifies the
relationship between T-DM1 conjugate and total tras-
tuzumab by estimating the deconjugation rate at which
T-DMI1 conjugate is converted to trastuzumab, and con-
firms that T-DM1 catabolic clearance is composed of
proteolytic degradation and deconjugation pathways. The
model further enables pharmacokinetic sampling reduction
of total trastuzumab for future clinical trials. The reduced
pharmacokinetic sampling design enables the evaluation of
total trastuzumab exposure for further exposure-response
analysis while greatly reducing the clinical sample
numbers.

The pharmacokinetics of DM1 were not integrated into
this model because the majority of values postdose were
below the limit of quantification [16].

Table 1 Summary of studies of single-agent T-DMI in previously treated patients with HER2-positive MBC included in the integrated
population pharmacokinetic model (modified from Girish et al. [16] and Gupta et al. [17])

Study Phase N T-DM1 dose Pharmacokinetic sampling scheme
TDM3569g 1 53* Multiple-dose infusion:
(20] q3w dosing scheme: 0.3 (n =3),06 (n=1), 1.2 (n = 1), Cycle 1°: days 1-3,4/5, 8, 11, 15 and 18/19
24 (n=1),3.6 (n=15) and 4.8 (n = 4) mg/kg q3w
Weekly dosing scheme: 1.2 (n = 3), 1.6 (n = 3), 2.0 (n = 3), Every cycle after cycle 1% day 1
24 (n = 16) and 2.9 (n = 3) mg/kg qw
TDM4258¢g 11 112° Multiple—dose infusion: Cycles 1 and 44; days 1, 8, 15° and 22f
(11] 3.6 mg/kg q3w Cycles 2, 3, >5% day 1
TDM4374g 1I 110 Multiple—dose infusion: Cycles 1 and 4%: days 1, 8 and 15
[12] 3.6 mg/kg 3w Cycles 2, 3, 6, 8, 10, 12, 14 and 162 day 1
TDM4688g 1I 51 Multiple—dose infusion: Cycles 1 and 3™ days 1, 8 and 15

(21] 3.6 mg/kg 3w

Cycles 2 and 4h: day 1

* 52 subjects had pharmacokinetic samples
® Predose, 30 min (£15 min) and 4 h (£15 min) postinfusion

€ 111 subjects had pharmacokinetic samples

d
¢ Day-15 sample collection was for patients on a 21-day cycle

£ Day-22 sample collection was for patients on a 28-day cycle

Predose and 30-min postinfusion samples were collected on day 1 for each cycle

€ Predose and 30 (+10)-min postinfusion samples were collected on day 1

" Predose, 15-min and 1-h postinfusion samples were collected on day 1

HER2 = human epidermal growth factor receptor 2; MBC = metastatic breast cancer; q3w = once every 3 weeks; qw = once a week;

T-DMI1 = trastuzumab emtansine
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2 Methods
2.1 Studies and Population Pharmacokinetic Dataset

The integrated population pharmacokinetic model was
developed using a model-building dataset containing 5333
T-DMI1 conjugate and 5370 total trastuzumab concentra-
tion-time records from 273 patients with HER2-positive
MBC enrolled in three studies: phase I study TDM3569g
[20], and phase II studies TDM4258¢g [11] and TDM4374¢g
[12] (Table 1). The external dataset for model validation
contains 498 T-DMI1 and 495 total trastuzumab concen-
tration-time records from 51 patients in the phase II study
TDM4688g [21]. Pharmacokinetic sampling schemes have
been described previously [16, 17]. The serum pharmaco-
kinetic sampling scheme was the same for both T-DM1 and
total trastuzumab in all clinical studies to date. Relatively
intensive pharmacokinetic samples were obtained in cycles
1 and 4 for TDM3569g, TDM4258g and TDM4374¢g, and
in cycles 1 and 3 for TDM4688g. Pharmacokinetic sam-
pling was limited to pre-T-DM1 and post-T-DM1 infusion
in other cycles (see Table 1).

All patients provided written informed consent. Each
study was reviewed and approved by the institutional
review board at each site according to local clinical
guidelines. All studies were performed in accordance with
assurances filed with and approved by the US Department
of Health and Human Services.

Summary statistics of patient covariates for the model-
building dataset were reported previously [17]. Pharma-
cokinetic covariate values were comparable for patients in
both the model-building and external model-validation
datasets. Baseline trastuzumab concentrations in these
patients (resulting from previous trastuzumab treatment)

were included as initial conditions in the model (see the
Electronic Supplementary Material). Forty-nine percent of
patients (of 273) in the model-building dataset and 61 % of
patients (of 51) in the model-validation dataset had mea-
surable baseline trastuzumab concentrations ranging from
0.044 to 122 pg/mL and 0.040 to 148 pg/mL, respectively.

2.2 Bioanalytical Methods

T-DMI conjugate and total trastuzumab concentrations in
serum samples were analyzed using validated indirect
sandwich enzyme-linked immunosorbent assay (ELISA)
methods [20]. The T-DM1 ELISA using anti-DM1 mono-
clonal antibody as the coat reagent measures T-DMI1
conjugate that contains 1-8 covalently bound DM1 mole-
cules but excludes measurement of unconjugated tras-
tuzumab. The total trastuzumab ELISA using recombinant
HER2 extracellular domain as capture reagent measures
both T-DMI1 conjugate and fully unconjugated tras-
tuzumab. The minimum quantifiable concentration (MQC)
in serum for both assays is 40 ng/mL. Assay methods are
as previously described [20]. The total trastuzumab con-
centration is considered a sum of T-DM1 concentration and
fully unconjugated trastuzumab concentration.

2.3 Integrated Population Pharmacokinetic Model

A model based on simplification of the hypothetical cata-
bolic T-DM1 scheme (see Fig. 1c) was proposed (Fig. 2).
Several assumptions were made for this base model. First,
two-compartment models with linear elimination from the
central compartment were assumed for both T-DM1 and
trastuzumab based on historical population pharmacoki-
netic models for both drugs [17, 18]. Second, T-DM1 is

T-DMA1
peripheral
(Vp, T-DM1)

Trastuzumab
peripheral

(Vp, trastuzumab)

T-DM1

Fig. 2 Base model structure of the integrated pharmacokinetic
model. For differential equations, model compartment set-up in
NONMEM and initial conditions of each compartment, see Electronic
Supplementary Material. CL1 = T-DM1 deconjugation clearance;
CL2 = T-DM1 proteolytic degradation clearance; CL3 = tras-
tuzumab proteolytic degradation clearance; Qr.py = distributional
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Trastuzumab
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Total trastuzumab
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clearance of T-DM1; Qastuzumab = distributional clearance of tras-
tuzumab; T-DM1 = trastuzumab emtansine; V. = central volume of
distribution of T-DMI1 or trastuzumab; V, r.pmi = peripheral
volume of distribution of T-DM1; V, trastuzumab = peripheral volume
of distribution of trastuzumab
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cleared by both deconjugation into trastuzumab and pro-
teolytic degradation; trastuzumab is cleared only by pro-
teolytic degradation. In Fig. 2, parameters CL1, CL2 and
CL3 represent deconjugation clearance of T-DMI1, prote-
olytic degradation clearance of T-DMI1 and proteolytic
degradation clearance of trastuzumab, respectively. While
mechanistically these clearance processes could also occur
in the peripheral compartment, it was assumed that they
only occur in the central compartment. Alternative models
with deconjugation in the peripheral compartment were
tested. Third, since trastuzumab was considered to be a
metabolite of T-DM1, and to ensure that the model
parameter would be identifiable [22], the central volume of
distribution (V,) for trastuzumab was assumed to be the
same as that for T-DM1. This is based on the similar V,
values (~3 L) for both T-DM1 and trastuzumab from
historical population pharmacokinetic models [17, 18].
Fourth, based on the hypothesis of gradual conversion from
high to low DAR species (see Fig. 1c), a simplified scheme
of a one-step first-order kinetic process to quantify the
deconjugation rate was used for this model. Due to the lack
of concentration data for each DAR species, this simplified
scheme was sufficient to optimally fit the data. Fifth, to set
the baseline trastuzumab levels as initial model conditions,
baseline trastuzumab concentrations after prior tras-
tuzumab treatment were assumed to be in the terminal
elimination phase (i.e. equilibrium had been reached
between central and peripheral compartments).
Non-linear mixed-effect modeling was performed by
NONMEM VII (ICON Development Solutions, Ellicott
City, MD, USA), and first-order conditional estimation

Table 2 Selection of the best base model

with interaction was used in all runs to estimate population
pharmacokinetic parameters [23]. Additive error models
were used for T-DM1 and total trastuzumab.

The differential equations, model compartment set-up in
NONMEM and initial conditions of each compartment are
included in the Electronic Supplementary Material. Base-
line trastuzumab concentrations resulting from prior tras-
tuzumab treatment were included as initial conditions for
the central and peripheral compartments of trastuzumab by
the following method: (1) In the NONMEM dataset, the
doses at time zero for compartments 2 and 4 were set to the
baseline trastuzumab concentration for each individual
patient, if the values were above the MQC. (2) In the
NONMEM control stream, compartment 2 bioavailability
was set to V.. The initial amount of trastuzumab in the
peripheral compartment was computed based on measured
concentrations in the central compartment. Compartment 4
bioavailability was set to the peripheral volume of tras-
tuzumab at the terminal phase, which equaled the terminal
volume of distribution (V) minus V. (see supplementary
materials). This is based on the assumption that baseline
trastuzumab concentrations resulting from prior treatment
were entering the terminal phase (i.e. distribution equilib-
rium between central and peripheral compartments was
achieved, thus the concentrations in the central and
peripheral compartments were identical). For a two-com-
partment model after intravenous administration, Vg was
calculated as shown in supplementary materials [24].

Multiple base models (Base A to G; Table 2) were
tested to optimize model structure and parameterization.
Model Base A had the highest number of parameters with

Model Model parameterization OFV Condition  Final gradients approach ~ Covariance step
number” 0 but do not equal O for  successful
all parameters
Base A Base (see Fig. 2) 51291.629  33.8 Yes Yes
Base B Qt.pmi = Quastuzumab 51296.123  32.5 Yes Yes
Base C CL2 = CL3 51253.067  >1000 No Yes
Base DV, rpmi = Vp, tastuzumab 51478.769  >1000 No Yes
Base E  Qr.pmi = Quastuzumab 51556916 143 Yes Yes
Vp, T-DM1 — Vp, trastuzumab
Base F Qr-omi = Quastuzamab 51584910 >1000 No Yes
Deconjugation from both central and peripheral
compartments of T-DM1
Base G Qr.pmi = Qurastuzumab 51437.646  >1000 No Yes

Deconjugation from peripheral compartment of T-DM1

* Defined as the ratio of the largest Eigenvalue to the smallest Eigenvalue. A condition number exceeding 1000 is indicative of severe ill

conditioning

CL2 = T-DM1 proteolytic degradation clearance; CL3 = trastuzumab proteolytic degradation clearance; OFV = objective function value;
Qr.pmi = distributional clearance of T-DMI1; Qguastuzumab = distributional clearance of trastuzumab; T-DMI1 = trastuzumab emtansine;

V. T-pm1 = peripheral volume of distribution of T-DM1; V,, astuzumab = peripheral volume of distribution of trastuzumab

A\ Adis



662

D. Lu et al.

Table 3 Population pharmacokinetic parameter estimates for the integrated model

Parameter (unit) Parameter description

Base model® (OFV = 51296.123)

Population estimate (% CV) IV % (% CV)

CL1 (L/day) T-DM1 deconjugation clearance 0.403 (4.85) 18.5 (21.5)
CL2 (L/day) T-DM1 proteolytic degradation clearance 0.305 (8.35) 59.7 (15.0)
CL3 (L/day) Trastuzumab proteolytic degradation clearance 0.302 (6.04) 46.0 (12.1)
Q (L/day) T-DMI1 and trastuzumab distributional clearance 0.737 (5.37) —
V. (L) Central volume of distribution of T-DMI1 or trastuzumab 3.37 (1.56) 18.8 (10.1)
Vo, Tom1 (L) T-DM1 peripheral volume of distribution 0.974 (6.79) 63.2 (11.2)
V5. trastuzumab (L) Trastuzumab peripheral volume of distribution 5.68 (17.0) 158 (13.5)
ol (%) Proportional residual error for T-DM1 27.9 (1.12) —
o2 (%) Proportional residual error for trastuzumab 23.7 (1.03) —

% The Base model is Base B in Table 2

CV = coefficient of variation; % CV = standard error/parameter estimate x 100; IIV = interindividual variability; OVF = objective function

value; T-DM1 = trastuzumab emtansine

Table 4 Comparison of T-DM1 and trastuzumab pharmacokinetic parameter estimates from the integrated population pharmacokinetic model
as compared with the historical population pharmacokinetic model of T-DM1 and trastuzumab

Parameter Integrated model post hoc T-DMI1 population-pharmacokinetic Trastuzumab population-
(median [90 % CI])* model population estimate” pharmacokinetic model population
: c,d
estimate
T-DMI total clearance (L/day)®  0.719 [0.513-1.19] 0.696 —
Trastuzumab proteolytic 0.292 [0.178-0.572] — 0.225-0.241
degradation clearance (L/day)
T-DM1 and trastuzumab 0.736" 0.782 0.460-0.484
distributional clearance (L/day)
T-DMI and trastuzumab central ~ 3.33 [2.53-4.45] 3.33 2.95-3.02
volume of distribution (L)
T-DM1 peripheral volume of 0.987 [0.531-2.34] 0.889 —
distribution (L)
Trastuzumab peripheral volume  5.34 [0.587-43.2] — 2.68-4.79

of distribution (L)

* Median and 90 % CI is obtained from the post hoc parameter estimation from 273 patients of the model-building dataset

o Gupta et al. [17]

¢ Fukushima and Charoin [30]

4 Bruno et al. [18]

¢ T-DMI1 total clearance = CL1 + CL2
.90 % CI is not available

CI = confidence interval; CL1 = T-DM1 deconjugation clearance; CL2 = T-DM1 proteolytic degradation clearance; T-DM1 = trastuzumab

emtansine

the lowest objective function value (OFV). Base models
with simplified model parameterization (Base B to E) were
tested. If an alternative model with a reduced number of
model parameters had acceptable numerical stability and a
difference of OFV <6.63 (p > 0.01, log-likelihood ratio
test, degree of freedom = 1) compared with Base A, it was
considered to be a simpler and acceptable base model. Two
additional base models with deconjugation from both
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central and peripheral compartments of T-DM1 (Base F) or
deconjugation from the peripheral compartment (Base G)
were also tested. The numerical stability of the various
models was assessed to assist in model selection.

The intent of this integrated population pharmacokinetic
model is to understand T-DMI catabolism and evaluate
pharmacokinetic sampling. As this purpose can be fulfilled
using the base model, a comprehensive covariate model to
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inform potential dose adjustment was not built. Covariates
for T-DM1 conjugate and trastuzumab pharmacokinetics
were separately identified in historical models [17, 18];
hence, no covariate analysis was performed for the inte-
grated population pharmacokinetic model described here.

2.4 Model Validation

The model was validated using both the model-building
and external datasets. Standard model diagnosis plots,
including goodness-of-fit and individual fitting plots, were
examined. Conditional weighted residual (CWRES) was
used for model diagnosis [25]. To assess the predictive
performance of the model, visual predictive checks (VPC)
and numerical predictive checks (NPC) [26] were also
performed.

2.5 Total Trastuzumab Pharmacokinetic Profile
Prediction to Evaluate Reduced Pharmacokinetic
Sampling Schedule

To evaluate a reduced sampling scheme of total tras-
tuzumab in future clinical trials, the model was applied to
predict total trastuzumab pharmacokinetic profiles for each
patient based on intensive T-DM1 pharmacokinetic data
and sparse total trastuzumab pharmacokinetic data. The
model-building and model-validation datasets contained
dense pharmacokinetic data for both T-DMI1 and total
trastuzumab, which included >25 points per patient, with
relatively intensive pharmacokinetic samples in cycle 1 and
one cycle at steady state. To test reduced sampling schemes
of total trastuzumab based on the existing datasets, all
T-DMI1 observations were retained and total trastuzumab
observations were reduced according to various sampling
schemes (see “Results”). Using the Bayesian feedback
method [23], the newly constructed dataset was used to
predict the total trastuzumab pharmacokinetic profiles with
intensive sampling for individual patients based on the
integrated model. Predicted total trastuzumab concentra-
tions were compared with observed concentrations from
the original dataset to assess predictive accuracy. To create
a benchmark of predictive accuracy, all observed total
trastuzumab pharmacokinetic data in the original dataset
were also used to make predictions and were compared
with the observed data. A value of median absolute pre-
diction error (MEAPE) [27, 28] was calculated for each
patient to quantify the predictive accuracy of multiple
pharmacokinetic observations for each patient (Eq. 1). To
compare the predictive accuracy of the entire population
for various sampling schemes of total trastuzumab, the
cumulative probability density (CPD) distribution curves of
MEAPE for all patients from the model-building dataset or
from the external dataset were obtained, and the 90th-

percentile MEAPE value for each sampling scheme was
derived. A smaller 90th-percentile MEAPE value indicates
better predictive accuracy for the population. S-PLUS
statistical software (Version 8.2, Seattle, Washington) was
used for these analyses.

MEAPE(%) = Median(|(IPRED — DV)/IPRED - 100|)
(1)

where DV is the observed value, IPRED is the individual
prediction value and MEAPE is the median absolute pre-
diction error.

3 Results

3.1 Integrated Population Pharmacokinetic Model:
Final Model Structure and Parameter Values

Model Base B was chosen as the best base model owing to
the OFVs and model numerical stability of the various base
models (see Table 2). Model Base B reduced one param-
eter, compared with model Base A, by assuming the same
distributional clearance of T-DMI1 and trastuzumab
(Qr-pm1 = Qurastuzumab) to their peripheral compartments.
Further model parameter simplification was not supported
by model comparison. Model Base D, which assumes the
same peripheral volume of distribution for T-DM1 and
trastuzumab (V, t.pm1 = Vp, trastuzumab)> T€sulted in a much
higher OFV (p < 0.001) compared with model Base A and
was therefore not recommended. The censored-data like-
lihood method (M3 method in NONMEM) was not used in
the current analysis since <5 % of T-DMI1 or total tras-
tuzumab pharmacokinetic data were below the MQC.
Interindividual variability (IIV) for all parameters was
estimated; however, IIV for distributional clearance
(Q) was not estimated with good precision and was therefore
not included in the final model. In addition, using the method
proposed by Savic and Karlsson [29], the percentages of
the shrinkage for IIV in CL1, CL2, CL3, V., V,, t.pm; and
Vo, trastuzumab Were estimated to be 46.1 %, 10.1 %, 30.7 %,
9.13 %, 25.7 % and 24.1 %, respectively. These results sug-
gest that there was relatively abundant information in the
dataset to estimate IIV for most of the parameters except for
CL1, for which a relatively large shrinkage of IIV was
observed. A high shrinkage value might impact a reliable
covariate analysis for that parameter. However, a covariate
analysis was not performed in this analysis and thus is not a
concern. The off-diagonal elements in IIV were not estimated
based on the lack of apparent correlations among IIVs esti-
mated from the base model (data not shown).
Pharmacokinetic parameter estimates and the IIV for the
best base model (model Base B) are listed in Table 3. The
T-DM1 deconjugation clearance (CL1) was estimated to be
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Fig. 3 Standard basic model diagnosis plots for T-DM1 (a) and total trastuzumab (b) for the model-building dataset. Blue solid lines denote
locally weighted scatterplot smoothing lines. CWRES = conditional weighted residuals; WRES = weighted residuals
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~0.4 L/day, and V. was ~3.4 L, indicating a deconju-
gation half-life of ~6 days in patients with HER2-positive
MBC. The model estimated similar proteolytic degradation
clearance values (0.3 L/day) for T-DM1 (CL2) and tras-
tuzumab (CL3). A smaller peripheral volume of distribution
was estimated for T-DM1 (~0.9 L) compared with tras-
tuzumab (~5 L; see Table 3). Median post hoc pharma-
cokinetic parameter estimates for T-DM1 and trastuzumab
from the integrated population pharmacokinetic model
were similar to those from the population pharmacokinetic
single-agent models of T-DM1 [17] and trastuzumab [18,
30] (Table 4), implying reasonable values of parameter
estimation by the integrated model. The difference in Q
between this model and the historical trastuzumab model
might have been because the II'V of Q was not estimated in
both models due to insufficient data for a precise
estimation.

There was agreement between the observed and pre-
dicted concentrations for T-DMI1 and total trastuzumab for
the model-building dataset (Figs. 3 and 4) and the external
validation dataset (Fig. 5). VPC plots showed that observed
pharmacokinetic concentrations for T-DMI1 and total
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Fig. 4 Typical individual fitting plots using the model-building
dataset. Black circles denote T-DMI1 observations; gray circles
denote total trastuzumab observations; black solid line denotes
IPRED for T-DMI1; gray solid line denotes IPRED for total
trastuzumab; black dotted line denotes PRED for T-DM1; and gray

trastuzumab were largely within the 90 % prediction
intervals of the model (Figs. 6 and 7). Using the NPC
method, it was calculated that in the model-building data-
set, observed pharmacokinetic concentrations for 95.3 % of
T-DM1 data and 91.5 % of total trastuzumab data were
within the 90 % prediction interval of the model; in the
external dataset, observed pharmacokinetic concentrations
for 96.0 % of T-DM1 data and for 96.4 % of total tras-
tuzumab data were within the 90 % prediction intervals of
the model. These results indicated acceptable performance
of the final model in predicting the central tendency and the
variability of serum concentrations.

3.2 Total Trastuzumab Pharmacokinetic Profile
Prediction for Reduced Pharmacokinetic Sampling
Scheme Evaluation

The predictive accuracy for total trastuzumab pharmaco-
kinetic profiles was dependent on the pharmacokinetic
sampling scheme of total trastuzumab (sparse or intensive)
used for prediction. The accuracy comparisons (as assessed
by CPD distribution of MEAPE values of the population
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dotted line denoted PRED for total trastuzumab. The fitting for four
individual patients’ pharmacokinetic profiles are shown here as
examples. IPRED = individual-predicted concentrations; PRED =
population-predicted concentrations; T-DM1 = trastuzumab
emtansine
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Fig. 5 Goodness-of-fit plot a
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for the model-building dataset or the model-validation
dataset) are shown in Table 5 and Fig. 8.

For the model-building dataset, inclusion of the
observed sparse total trastuzumab pharmacokinetic data
(predose and end of infusion) at cycle 1 and steady state
(cycle 4), which included only three pharmacokinetic
sampling points of total trastuzumab post-T-DM1 dose,
resulted in an MEAPE <24.8 % for >90 % of patients (see
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Total trastuzumab observed concentration (ug/mL)

Table 5). This was considerably better than the inclusion of
the observed intensive total trastuzumab pharmacokinetic
data from cycle 1 (MEAPE <35.2 % for >90 % of
patients) or the exclusion of any observed total trastuzumab
pharmacokinetic data (MEAPE <33.3 % for >90 % of
patients). The value of MEAPE <24.8 % was also close to
the benchmark scenario of the predictive accuracy (ME-
APE <20.7 % for >90 % of patients) when all available
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Fig. 6 Visual predictive check a

plots for T-DM1 (a) and total
trastuzumab (b) using the
patients in the model-building
dataset who received T-DM1
3.6 mg/kg every 3 weeks

(n = 236). Circles denote
observations; solid line denotes
median of observed data;
dashed lines denote 2.5th and
97.5th percentile values of
observed data; gray bands
denote 5th to 95th percentile
intervals based on 500 repeated
trials for the simulated median
value, 2.5th and 97.5th
percentile values of
pharmacokinetic data from each
trial containing 236 patients.
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total trastuzumab pharmacokinetic data were used for
model prediction (>25 time points). This result clearly
suggests that steady state sparse total trastuzumab phar-
macokinetic data are more informative for improving the
predictive accuracy than cycle 1 intensive total tras-
tuzumab pharmacokinetic data.

A similar analysis using the external model-validation
dataset from TDM4688¢g confirmed the recommended
sampling scheme for total trastuzumab. Predictions based
on T-DMI1 pharmacokinetic data and observed total tras-
tuzumab pharmacokinetic data at the time points of pre-
infusion and end of infusion of cycle 1 and steady state
(cycle 3) resulted in MEAPE <19.2 % for >90 % of patients

T T T
200 400 600

Time after dose (hour)

(see Table 5). This predictive accuracy was similar to that
based on all observed intensive total trastuzumab phar-
macokinetic data (MEAPE <19.5 % for >90 % of
patients). There is also a relatively large improvement upon
the inclusion of observed intensive total trastuzumab
pharmacokinetic data from cycle 1 or the exclusion of any
observed total trastuzumab pharmacokinetic data. There-
fore, the sparse steady state (cycle 3+) total trastuzumab
pharmacokinetic data are confirmed to be critical for an
accurate prediction of the entire profile using the integrated
model.

These results suggest the most effective and patient-
friendly sampling scenario for total trastuzumab is taking
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Fig. 7 Visual predictive check a
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sparse pharmacokinetic samples at predose and end of
infusion during cycle 1 and one steady state cycle (i.e. one
predose and three postdose total trastuzumab pharmacoki-
netic samples).

4 Discussion

A novel integrated population pharmacokinetic model was
developed to reflect the hypothetical catabolic mechanisms
of T-DM1 and to simultaneously fit both T-DM1 and total
trastuzumab pharmacokinetic data from patients with pre-
viously treated HER2-positive MBC after T-DMI1 treat-
ment [11, 12, 20, 21]. The acceptable model-fitting
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performance suggests the plausibility of the model scheme
to reflect two essential T-DM1 catabolic pathways: prote-
olytic degradation and deconjugation.

The proteolytic degradation process is most likely
related to target-mediated and non-specific proteolysis of
T-DMI1, a process consistent with the disposition of
monoclonal antibodies. Non-specific degradation, which
involves FcRn-mediated recycling, predominantly occurs
in endothelial cells and mononuclear phagocytes; target-
mediated degradation, which involves both receptor-med-
iated internalization and intracellular lysosomal degrada-
tion, primarily occurs in target-expressing cells [31]. The
proteolytic degradation clearances of T-DM1 and uncon-
jugated trastuzumab were found to be similar (~0.3 L/day)



Integrated PK Model of T-DM1 in HER2-Positive Metastatic Breast Cancer 669

Table 5 Predictive accuracy for total trastuzumab pharmacokinetic profiles based on all observed T-DM1 pharmacokinetic data and various

sampling schedules of observed total trastuzumab pharmacokinetic data

Total trastuzumab pharmacokinetic

Number of total trastuzumab samples

90" Percentile MEAPE

sampling schedule (postdose) — —
Model-building dataset Model-validation dataset
(n = 202)* (n = 48)°

No postdose samples 333 % 29.7 %

Sparse (predose and EOI, cycle 1 and 3 24.8 % 19.2 %

steady state)
Dense (cycle 1 only) 10 352 % 225 %
Dense (cycle 1 and steady state) >25 20.7 % 19.5 %

* Only 202 patients out of 273 patients in the model-building dataset had both cycle 1 and steady state (i.e. cycle 4) T-DM1 and total trastuzumab

pharmacokinetic data

b Only 48 out of 51 patients in the external model-validation dataset had both cycle 1 and steady state (i.e. cycle 3) T-DM1 and total trastuzumab

pharmacokinetic data

EOI = end of infusion; MEAPE = median absolute performance error; T-DM1 = trastuzumab emtansine

in this model. This result is in alignment with data from
in vitro studies showing that T-DM1 binds to HER2 and Fc
gamma receptors with similar affinity as trastuzumab
[9, 10]. The specific and non-specific binding properties of
the trastuzumab component appeared to be unchanged
when conjugated with DM1.

The deconjugation process is most likely related to
linker chemistry. For T-DM1, the thioether linker conju-
gating DM1 to trastuzumab is considered non-cleavable
[32]. However, some deconjugation appears to occur
because total trastuzumab concentrations were higher than
T-DMI conjugate concentrations at each pharmacokinetic
time point, with an increasing difference at later pharma-
cokinetic time points. This suggests a gradual formation of
unconjugated trastuzumab [16]. The mechanisms of thio-
ether linker deconjugation for T-DMI1 are unclear. Based
on the observation of maleimide exchange-resulted de-
conjugation in thiomabs-containing maleimide-type linkers
[33], one hypothetical deconjugation mechanism for
T-DMI may involve a similar maleimide exchange with
reactive thiols in albumin, free cysteine, or glutathione,
resulting in the loss of DM1 from the antibody. It is not
clear whether deconjugation occurs in plasma or the
intracellular space of tissues. This model suggests that the
faster clearance of T-DM1 compared with trastuzumab is
likely explained by the elimination of T-DMI1 by decon-
jugation, in addition to its proteolytic degradation; how-
ever, trastuzumab only undergoes proteolytic degradation.
The deconjugation clearance of ~0.4 L/day estimated by the
model suggests comparable deconjugation and proteolytic
degradation rates. Similar results were found in a pharmaco-
kinetic study of the ADC cantuzumab mertansine. Cant-
uzumab mertansine conjugate had a faster clearance than that
of its parent antibody; this was thought to be due to deconju-
gation of the cytotoxic drug from the conjugate via linker
cleavage, in addition to conjugate degradation [34].

A linear clearance model was used for both T-DMI
conjugate and trastuzumab compartments in this model,
which is consistent with historical models of T-DM1 and
trastuzumab [17, 18]. A non-linear pharmacokinetic model
was not used, since only five patients receiving lower doses
of T-DM1 (0.3, 0.6 and 1.2 mg/kg once every 3 weeks) had
faster clearance values than the remaining 268 patients
receiving higher doses, and the model parameters associ-
ated with non-linear elimination were not estimated with
good precision [17]. This observation also suggests that
target-mediated disposition is saturated at clinically rele-
vant doses of T-DM1 (2.4-3.6 mg/kg), and the deconju-
gation clearance does not change with dose.

The trastuzumab peripheral volume of distribution
(~3-5 L) was consistent with other immunoglobulin G1
monoclonal antibodies, such as bevacizumab [35], per-
tuzumab [36] and rituximab [37], yet a much smaller
peripheral volume of distribution was estimated for T-DM1
(~09 L). It is not apparent why T-DM1 would have a
smaller peripheral volume of distribution than trastuzumab,
since T-DM1 and trastuzumab were found to distribute to
similar peripheral organs in rats [33]. One possible expla-
nation could be the existence of substantial T-DMI1 elim-
ination from the peripheral compartment. This would be a
deviation from a basic assumption for mammillary com-
partmental models, which assume the site of drug elimi-
nation is in rapid equilibrium with serum (i.e. elimination is
only from the “central” compartment). This is assumed
because the elimination rate from the peripheral compart-
ment is unidentifiable due to the lack of tissue pharmaco-
kinetic data. However, this assumption may not be valid for
antibodies that are internalized and catabolized to a non-
negligible extent in the peripheral tissue. When the rate of
drug catabolism in peripheral tissue is much faster than the
rate of drug distribution from tissue to blood, the estimated
peripheral volume of distribution may be inappropriately
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a o slow-distribution compartment of T-DM1 conjugate and
trastuzumab.

- | 57 A historical semi-mechanistic multi-compartment model

% 087 was used to simultaneously fit the pharmacokinetic data of

2 each individual DAR species (DAR = 0-8) in cynomolgus
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Fig. 8 Cumulative probability density distribution of MEAPE for
predicting total trastuzumab pharmacokinetic profiles by the Bayesian
feedback method based on all observed T-DM1 pharmacokinetic data
and inclusion of various scenarios of observed total trastuzumab
pharmacokinetic data using (a) the model-building dataset (n = 202
patients) and (b) the external dataset (n = 48 patients). Note that only
202 out of 273 patients in the model-building dataset had observed
steady state (i.e. cycle 4) T-DM1 and total trastuzumab pharmaco-
kinetic data and were used for this analysis, and that only 48 out of 51
patients in the external model-validation dataset had observed steady
state (i.e. cycle 3) T-DM1 and total trastuzumab pharmacokinetic data
and were used for this analysis. MEAPE = median absolute perfor-
mance error; T-DM1 = trastuzumab emtansine

small [38]. T-DM1 may have relatively more rapid elimi-
nation from peripheral tissue compared with trastuzumab
because of both deconjugation and proteolytic degradation,
resulting in an apparently “smaller” peripheral volume of
distribution for T-DM1. In addition, it has been suggested
that a three-compartment model may provide a more
physiologically accurate estimate of volume of distribution
for antibodies by adding a slow-distribution compartment
[39]. However, the pharmacokinetic data are only avail-
able for most patients up to 3 weeks post-T-DM1 dose,
which may not be long enough to characterize the third
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the model. Furthermore, the addition of multiple transit
compartments to describe a sequential conversion from
high to low DAR species did not improve the model fit
significantly (data not shown).

The integrated model was able to predict total tras-
tuzumab pharmacokinetic profiles using intensive T-DM1
pharmacokinetic data and sparse total trastuzumab phar-
macokinetic data at cycle 1 and steady state, with predic-
tive accuracy close to that obtained with intensive
pharmacokinetic data for both analytes. The steady state
pharmacokinetic data were more informative than cycle 1
pharmacokinetic data for making the predictions. This may
be because total trastuzumab has a relatively long half-life
of approximately 8—10 days (taking at least three cycles to
reach steady state), thus the cycle 1 pharmacokinetic data
may not provide sufficient information to accurately esti-
mate trastuzumab clearance. The cycle 1 end-of-infusion
sample provided limited value for improving prediction
accuracy (data not shown). However, considering not every
patient can be sampled at steady state, this cycle 1 sample
is still included in the final recommendation.

5 Conclusions

In summary, the integrated pharmacokinetic model repor-
ted here supports the hypothesis that both deconjugation
and proteolytic degradation are important clearance path-
ways of T-DMI1. This model also provides basis for the
reduced total trastuzumab pharmacokinetic sampling
evaluation in future clinical studies.
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