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ABSTRACT
Purpose Heparin-binding EGF-like growth factor (HB-EGF)
is a member of the EGF family and is an important therapeu-
tic target in some types of human cancers. KHK2866 is a
humanized anti-HB-EGFmonoclonal antibody IgG that neu-
tralizes HB-EGF activity by inhibiting the binding of HB-
EGF to its receptors. The phase I study of KHK2866 was
discontinued because of neuropsychiatric toxicity. In this
study, the pharmacokinetics of KHK2866 was evaluated by
89Zr-immuno-PET study and the determination of drug con-
centrations in serum and cerebrospinal fluid using cynomol-
gus monkeys was performed in order to predict neurotoxicity
in a reverse-translational manner.
Methods KHK2866 was radiolabeled with 89Zr for preclin-
ical evaluations in normal cynomolgus monkeys and its distri-
bution was analyzed. Furthermore, as a separate study,
KHK2866 concentrations in serum and cerebrospinal fluid
were determined after administration of a single dose.
Results PET studies with monkeys revealed 89Zr-KHK2866
accumulation in the liver, spleen and joints of multiple parts,

but not in brain. In addition, the pharmacokinetic analyses in
serum and CSF demonstrated a low penetration of
KHK2866 into the brain.
Conclusions These studies indicate the difficulty of prediction
for neuropsychiatric toxicity of monoclonal antibodies in hu-
man bymeans of pharmacokinetic evaluations using cynomol-
gus monkeys.
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ABBREVIATIONS
BBB Blood–brain barrier
Bq Becquerel
CSF Cerebrospinal fluid
CT Computed tomography
CTAC CT-based attenuation correction
EGF Epidermal growth factor
ELISA Enzyme-linked immunosorbent assay
FWHM Full width half maximum
HB-EGF Heparin-binding EGF-like growth factor
HPLC High performance liquid chromatography
IACUC Institutional animal care and use committee
LLOQ Lower limit of quantification
MIP Maximum intensity projections
MTD Maximum tolerated dose
PET Positron emission tomography
PK Pharmacokinetics
QC Quality control
SUV Standard uptake value
TLC Thin-layer chromatography
VOI Volume of interest
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INTRODUCTION

Epidermal growth factor (EGF) receptors and EGF family
members represent promising targets for cancer therapy.
Heparin-binding EGF-like growth factor (HB-EGF) is a mem-
ber of the EGF family and some evidence supports the con-
cept that HB-EGF is a potential therapeutic target in some
types of human cancers (1,2).

KHK2866 is a recombinant, humanized, anti-HB-EGF
monoclonal antibody (IgG1/κ), which has high affinity (ap-
proximately 1 nmol/l) both toward human and monkey HB-
EGF. Its parental murine monoclonal antibody, KM3566,
exhibits potent in vivo anti-tumor activity in murine models
via direct inactivation of soluble HB-EGF and also
immunotherapeutically, via antibody-dependent cellular cyto-
toxicity (ADCC) (3).

The phase Ia study of KHK2866 was conducted to deter-
mine the safety, tolerability, maximum tolerated dose (MTD),
pharmacokinetics, pharmacodynamics, potential immunoge-
nicity, and preliminary clinical efficacy of KHK2866 admin-
istered by intravenous infusion as monotherapy in patients
with advanced cancer (4). A phase Ib study was originally
planned to determine theMTD of KHK2866 in combination
with selected chemotherapies in patients with advanced epi-
thelial ovarian cancer, however, it was not undertaken be-
cause of the termination of the phase Ia component (4). In
the phase Ia study, grade 2/3 neurotoxicity appeared at doses
of 0.1, 1, and 3 mg/kg and it was judged that an adequate
safety margin could not be achieved. Neurotoxicity included
partial seizure activity, aphasia, and confusion after first-dose
administration (4). These effects were reversible, but were not
predictable. Toxicology studies performed in cynomolgus
monkeys, in which no observed adverse effect level
(NOAEL) was ≥100 mg/kg intravenously twice weekly, have
not been able to predict human neuropsychiatric adverse
effects.

Positron emission tomography (PET) is inherently quite
sensitive and enables quantitative imaging at subnanomolar
concentrations (5). Furthermore, immuno-PET is a useful tool
to assess the distribution of the drug in the whole body and
predict its cross-reactivity with normal organs non-invasively.
89Zr is considered to be a suitable isotope because it has a
sufficiently long physical half-life (3.3 days) to match the rela-
tively slow pharmacokinetics of an intact antibody. Several
89Zr-immuno-PET studies, for example, using 89Zr-labeled
anti-CD44v6 antibody for patients with squamous cell carci-
noma of the head and neck (6) and 89Zr-labeled anti-HER2
antibody for breast cancer patients (7) have yielded beneficial
information of subjects in clinical trials. Also, preclinical 89Zr-
immuno-PET studies of anti-CD44 antibody using cynomol-
gus monkeys have been reported and have demonstrated the
usefulness of immuno-PET imaging to gain better insights into
the in vivo behavior of the antibody (8).

Taking these studies into account, we conducted two stud-
ies using cynomolgus monkeys to predict neurotoxicity from
preclinical findings in a reverse-translational manner. First,
KHK2866 was radiolabeled with 89Zr and its distribution
was analyzed. Second, as a separate study, KHK2866 con-
centrations in serum and cerebrospinal fluid were determined
after administration of a single dose.

MATERIALS AND METHODS

Materials

KHK2866, a full-length recombinant humanized anti-HB-
EGF monoclonal antibody (IgG1/κ), was obtained by from
KyowaHakko Kirin (Tokyo, Japan). KM8047, whose antigen
is 2,4-dinitrophenol with the same format (human IgG1/κ),
was also obtained from Kyowa Hakko Kirin and used as a
control antibody.

Biotin-labeled mouse anti-human IgG monoclonal anti-
body and ruthenylated monkey anti-human IgG polyclonal
antibody were also obtained from Kyowa Hakko Kirin.

Other chemicals and reagents were of the highest grade
and purchased from local commercial sources.

Radiolabeling, Quality Control Analyses, and Stability
Studies for Immuno-PET Studies

89Zr-N-succinyl-desferrioxamine-KHK2866 and 89Zr-N-suc-
cinyl-desferrioxamine-KM8047 were prepared at Vrije
Universiteit University Medical Center (Amsterdam,
The Netherlands) using previously described methods (9).
Radiochemical purity was assessed using TLC and HPLC.
Furthermore the stability for a 3-day period was examined
to evaluate the stability during shipment to the immuno-
PET test site. The antigen-binding activity of 89Zr-
KHK2866 was maintained even after the chemical reaction
for antibody labeling as the binding activity of cold Zr-N-
succinyl-desferrioxamine-KHK2866 prepared in the same
manner was confirmed comparable to unlabeled KHK2866
by antigen-coated ELISA (see supplementary Fig. S1).

Immuno-PET Study in Cynomolgus Monkeys

The animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC) of Maccine
(Singapore) prior to commencement of the study and conduct-
ed at Maccine. In this immuno-PET study, six female, drug
naive cynomolgus monkeys, 4–5 years of age and weighing
approximately 2–3 kg were used. Animals were fasted for a
minimum of 6 h prior to each image acquisition.

The study comprised of two phases. In phase 1, animals
(one monkey per group) from the low, medium and high dose
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groups got injected with 16.91, 16.64 and 16.06 MBq respec-
tively of the radiolabeled test article 89Zr-KHK2866 via slow,
intravenous bolus (1–3 min between start and stop of dose
administration. Animals from the medium and high dose
groups were administered with 1 and 10 mg/kg respectively
of the unlabeled antibody KHK2866 also via slow, intrave-
nous bolus prior to receiving the radiolabeled test article. The
completion of the tracer injection/saline flush was designated
as time =0, Day 1 for the determination of nominal sample
collection time points and target scan times. All animals
underwent whole body PET-CT imaging on Days 1, 4 and
7. On Day 1, the animals were imaged in seated position
covering the body in one PET field of view. On Days 4 and
7, the animals were imaged in supine position covering the
complete body in four bed positions. Blood samples were tak-
en before tracer injection and 2, 4, 6, 24, 48, 72 and 144 h
post tracer injection to measure radioactivity concentrations
in whole blood and serum.

In phase 2, animals (one monkey per group) from the low,
medium and high dose groups got injected with 15.43, 15.66
and 15.77 MBq respectively of the radiolabeled test article
89Zr-KM8047 via slow, intravenous bolus. Animals from the
medium and high dose groups were administered with 1 and
10 mg/kg respectively of the unlabeled antibody KM8047
also via slow, intravenous bolus prior to receiving the
radiolabeled test article. Every scan acquisition and timing
of blood sampling was the same as in phase 1.

PET-CT Imaging

Dynamic and static three-dimensional (3D) PET scans were
performed using a General Electric Discovery VCT whole
body PET-CT scanner (GEHealthcare) with 35 simultaneous
slices, axial field of view of 15.7 cm and with an in-plane
resolution of 5 mm FWHM.

On Day 1, all animals were placed on the camera bed in
seated position. They were subjected to three (3) CT scans (2
scout scans for positioning and 1 CT scan for attenuation
correction (CTAC)) prior to the PET scans. The settings for
the scout scans were 120 kV and 10 mA and for the CTAC
120 kV and 300 mA, with 0.625 mm slice thickness. An addi-
tional reconstruction of 1.25 mm using the Bone Plus kernel
was also done. All animals were imaged for 120 min and PET
images were acquired in ListMode to allow further re-binning
where necessary.

On days 4 and 7, all animals were placed on the camera
bed in supine position. They were subjected to three (3) CT
scans (2 scout scans for positioning and 1 CT scan for attenu-
ation correction (CTAC)) prior to the PET scans. The settings
for the scout scans were 120 kV and 10mA and for the CTAC
120 kV and 300 mA, with 3.75 mm slice thickness. An addi-
tional reconstruction of 0.625 mm using the Bone Plus kernel

was also done. All animals were imaged for 120 min and PET
images were acquired in non-List Mode.

Data Analysis

Standard uptake values (SUV) were then generated using the
following formula:

SUV ¼ ACvoi kBq=mlð Þ
Injecteddose MBqð Þ=Bodyweight kgð Þ

– ACvoi is the average activity concentration, in kBq/ml for
each volume of interest (VOI)

– Injected dose is the dose of the tracer administered, in
MBq

– Body weight is in kg
– SUV is in g/ml

In total, seven VOIs were processed (brain, heart, left ven-
tricle, left kidney, spleen, liver and left shoulder joint).

Blood Sampling and Processing

Eight whole blood samples of approximately 2 ml were col-
lected from each animal during in-life from the femoral vessels
via direct venipuncture. A small aliquot of ~100 μl blood was
transferred into pre-weighed tubes before the rest of the blood
sample was carefully transferred into serum separator tubes
and incubated at room temperature for 30 min (max 2 h).
Time points of sampling include pre-dose, 2, 4, 6, 24, 48,
72, and 144 h after tracer injection. Serum separator tubes
were centrifuged for 10 min at 2500 g to obtain serum. A
small aliquot of ~100 μl serum was transferred into pre-
weighed tubes. Both set of tubes (whole blood and serum)
were weighed again to obtain the net sample weights. Both
whole blood and serum aliquots were analyzed in a dedicated
PET gamma counter (2480 Wizard2, Perkin Elmer) normal-
ized to measure 89Zr and cross-calibrated with the PET cam-
era. Measured activity was decayed, corrected to time of in-
jection, and expressed as SUV.

PK Analysis

Serum concentrations of decayed 89Zr-KHK2866 and 89Zr-
KM8047 were measured by an electrochemiluminescence as-
say as described below for the determination of human IgG in
monkey serum. One serum sample obtained prior to dosing
and seven serum samples obtained approximately 2, 4, 6, 24,
48, 72 and 144 h post dosing were used to measure the
concentrations.
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Pharmacokinetic parameters for individual animal were
obtained by non-compartmental analysis (Bolus intravenous
administration model) using Phoenix WinNonlin (Pharsight
Corporation). The slope of the elimination phase (λz) was
calculated using the concentrations of the last three sampling
points.

Determination of Serum Concentrations of Decayed
89Zr-KHK2866 and 89Zr-KM8047 by an
Electrochemiluminescence Assay

Biotin-labeled mouse anti-human IgG monoclonal antibody
as a capture antibody (1 μg/ml in PBS containing 1 w/v%
casein) was added to the wells of the microtiter plate,MULTI-
ARRAY 96-well Streptavidin Gold Plate (Meso Scale
Discovery, catalogue number L15SA), and then incubated
for 1 h at room temperature. The wells were washed three
times with wash buffer (PBS containing 0.05%Tween 20) and
51-fold diluted calibration standards and analytical samples
(diluent: PBS containing 1 w/v% casein) were added to each
well of the plate and incubated for 2 h at room temperature.
The plate was washed three times, followed by addition of
detection antibody (ruthenylated monkey anti-human IgG
polyclonal antibody, 0.25 μg/ml in PBS containing 1 w/v%
casein). After incubation for 1 h at room temperature, the
plate was washed three times. Thereafter, Read Buffer T with
Surfactant (Meso Scale Discovery, catalogue number
R 9 2 T C - 1 ) w a s a d d e d t o e a c h w e l l a n d
electrochemiluminescent signals were detected using
SECTOR® Imager 2400 (Meso Scale Discovery).

The LLOQ was set to be 100 ng/ml. A calibration curve
was generated by 4-parameter regression of the natural loga-
rithmic transformed nominal concentrations of the calibration
standards (X axis), except for the 0 μg/ml sample, and the
natural logarithmic transformed mean values of duplicate sig-
nal intensity (Y axis) using SOFTmax® PRO (Molecular
Devices Japan). 89Zr-KHK2866 or 89Zr-KM8047 concentra-
tions were calculated by substitution of the signal intensity to
the regression equation of each calibration curve. The valida-
tion data of the assay method and calibration curves generat-
ed in the validation are shown in supplementary Table S1-2
and Fig. S2, respectively.

Evaluation of Serum and CSF Pharmacokinetics
Following a Single Intravenous Dose of KHK2866
and KM8047 in Cynomolgus Monkeys

The animal experiments were approved by the IACUC of
Maccine (Singapore) prior to commencement of the study
and conducted at Maccine.

In this PK study, 12 female, drug naive cynomolgus mon-
keys, 3–5 years of age and weighing approximately 2–3 kg
were used. Prior to dosing, monkeys were surgically prepared

with indwelling cannulae inserted into the cisterna magna and
connected to a subcutaneous access port to permit CSF sam-
pling. Animals were randomly assigned to six dose groups. For
KHK2866, animals were administered with 1, 10, and
100 mg/kg (two monkeys per group) via slow, intravenous
bolus. Similarly, for KM8047 (control antibody), animals
were administered with 1, 10, and 100 mg/kg (two monkeys
per group) via slow, intravenous bolus. CSF and serum sam-
ples were obtained at multiple time points; pre-dose, 1, 3, 6,
24, 48, 96, and 168 h post dose. Concentrations of KHK2866
and KM8047 in serum and CSF were determined using an
electrochemiluminescence assay by the same method de-
scribed above with minor modification. The LLOQ was set
to be 100 ng/ml and 5 ng/ml for serum and CSF samples,
respectively.

Pharmacokinetic parameters for individual animal were
obtained by non-compartmental analysis (Bolus intravenous
administration model for serum, Extravascular administration
model for CSF) using Phoenix WinNonlin (Pharsight
Corporation). The slope of the elimination phase (λz) was
calculated using the concentrations of the last three sampling
points, however, when the model did not converge, the next
last three points were used for the analysis removing the last
one point.

RESULTS

Radiolabeling, Quality Control Analyses, and Stability
Studies

QC tests for 89Zr-N-succinyl-desferrioxamine-KHK2866 and
89Zr-N-succinyl-desferrioxamine-KM8047 were performed
at the end of synthesis and again, at 2 or 3 days after the
end of synthesis. Both tracer productions showed 100% radio-
chemical purity on all days measured by HPLC and greater
than 98% radiochemical purity when measured using TLC.

Immuno-PET Study in Cynomolgus Monkeys

PET-CT Imaging of 89Zr-N-succinyl-desferrioxamine-KHK2866

All animals underwent whole body PET-CT imaging onDays
1, 4 and 7. In general, the biodistribution of 89Zr-KHK2866
was similar for the 3 doses (0.1, 1 and 10 mg/kg) (Figs. 1a and
2a-c). The maximum intensity projections (MIP) showed that
89Zr-KHK2866 remained in the systemic circulation well af-
ter 2 h (data not shown) and accumulated in the liver, spleen
and joints of multiple parts including mandibular, knees,
shoulders, elbows, and wrists. The kinetic analysis for 89Zr-
KHK2866 demonstrated a poor penetration into the brain,
and a wash-out from the circulation which went well beyond
7 days post-injection. The heart, kidneys and liver elicited the
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same kinetic observed for the blood pool. At 0.1 and 1 mg/kg,
the splenic uptake stayed relatively high and constant over the

7 days, while at 10 mg/kg the kinetic was similar to the one
observed in the other organs. Finally, the shoulder joints were

Fig. 1 Representative post dosing
images of PET-CTscans for 89Zr-
KHK2866 and 89Zr-KM8047. Post
dosing images of PET-CTscans for
89Zr-KHK2866 (a) 89Zr-KM8047
(b) at a dose of 0.1 mg/kg on Days
1 (2 h post dosing), 4 (72 h), and 7
(144 h).
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the only VOI in which the SUV increased over the time. A
displacement of the uptake in the shoulder joints was observed
at simultaneous dosing of either 1 or 10 mg/kg of cold
KHK2866.

PET-CT Imaging of 89Zr-N-succinyl-desferrioxamine-KM8047

The biodistribution of 89Zr-KM8047 was similar to that of
89Zr-KHK2866 with the exception of a less pronounced up-
take in the joints (Figs. 1b and 2d–f). As opposed to 89Zr-
KHK2866, no apparent uptake displacement in the shoulder
joints by cold KM8047 was observed. The other kinetics were
very similar to those observed in the 89Zr-KHK2866
immuno-PET study except that the splenic uptake followed
the same wash-out kinetic as the other organs.

Measurement of Whole Blood and Serum Radioactivity

One blood sample obtained prior to dosing and seven blood
samples obtained approximately 2, 4, 6, 24, 48, 72, and 144 h
post dosing were used to measure the radioactivity in whole
blood and serum in both phase 1 and 2 studies. Time activity
curves for whole blood and serum expressed in SUV are
shown in Fig. 3.

The maximum radioactivities of 89Zr-KHK2866 were al-
most the same with those of 89Zr-KM8047 for both whole
blood and serum. On the other hand, more rapid decrease
in radioactivities of 89Zr-KHK2866 was observed compared
to the time-radioactivity curves of 89Zr-KM8047. In the time
curves of 89Zr-KHK2866, 10mg/kg groups showed less rapid
decrease in radioactivities than the other groups for both
whole blood and serum.

PK Analysis

Serum concentrations of 89Zr-KHK2866 and 89Zr-KM8047
after single intravenous administration at doses of 0.1, 1, and
10mg/kg to female cynomolgus monkeys were determined by
an electrochemiluminescence assay (Fig. 4). Pharmacokinetic
parameters of 89Zr-KHK2866 and 89Zr-KM8047 in serum
are shown in Table I.

Serum concentration-time profiles of 89Zr-KHK2866 and
89Zr-KM8047 were similar up to 2 or 3 days after the admin-
istration in 0.1 and 1 mg/kg dose groups or 10 mg/kg groups,
respectively. However, 89Zr-KHK2866 serum concentrations
from those time points afterwards were apparently lower than
89Zr-KM8047 concentrations. The elimination half-life (t1/2)
and the total clearance (CL) values of 89Zr-KHK2866 were
shorter and larger than those of 89Zr-KM8047, respectively.
The area under the concentration-time curve (AUC) from
zero to the time of the last measurable concentration
(AUC0-t) and the AUC from time 0 to infinity (AUC0-∞) values
of 89Zr-KHK2866 were smaller than those of 89Zr-KM8047.

Evaluation of Serum and CSF Pharmacokinetics
Following a Single Intravenous Dose of KHK2866
and KM8047 in Cynomolgus Monkeys

Serum concentration-time profiles of KHK2866 and
KM8047 after single intravenous administration at doses of
1, 10, and 100 mg/kg to female cynomolgus monkeys are
shown in Fig. 5a, and CSF concentration-time profiles of
KHK2866 and KM8047 are shown in F ig . 5b .
Pharmacokinetic parameters of KHK2866 and KM8047 in
serum and CSF are shown in Tables II and III, respectively.

Fig. 2 Comparison of uptake profiles of 89Zr-KHK2866 and 89Zr-KM8047. The biodistribution of 89Zr-KHK2866 (a-c) and 89Zr-KM8047 (d-f) at doses of 0.1,
1, and 10 mg/kg on Days 1 (2 h post dosing), 4 (72 h), and 7 (144 h).
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Serum concentrations of KHK2866 and KM8047 de-
creased biphasically after intravenous administration. Serum
concentration-time profiles of KHK2866 and KM8047 up to
2 days after the administration were similar in each dose
group, however, KHK2866 serum concentrations from 2 days
onward after the administration were apparently lower than
KM8047 concentrations, especially in the lower dose group.
The t1/2 and CL values of KHK2866 were shorter and larger
than those of KM8047, respectively. The increase in the
AUC0-t and AUC0-∞ values of KHK2866 was more than dose
proportional.

CSF concentration-time profiles of KHK2866 and
KM8047 after the intravenous administration showed obvi-
ous inter-individual variability in all dose groups. The maxi-
mum concentration (Cmax) values and the AUC0-t values of

KHK2866 and KM8047 increased with the increment of the
dose level. Overall, there were no apparent differences in CSF
concentrations and pharmacokinetic parameters between
KHK2866 and KM8047.

The CSF-to-serum concentration ratios increased up to
about 6 h after administration and then reached the plateau
(data not shown). The CSF-to-serum concentration ratios of
KHK2866 from 6 to 168 h after administration ranged from
0.00172 to 0.0393 (mean, n=2 in each dose group), and those
of KM8047 ranged from 0.00168 to 0.0112, at a dose range
of 1 to 100 mg/kg. There was inter-individual variability in
CSF-to-serum concentration ratios in all dose groups and
sampling time points. Both KHK2866 and KM8047 showed
low central nervous system penetration and no marked differ-
ences between KHK2866 and KM8047 were observed.

DISCUSSION

Epidermal growth factor (EGF) receptors and EGF family
members represent promising targets for cancer therapy.
Heparin-binding EGF-like growth factor (HB-EGF) is a mem-
ber of the EGF family and is an important therapeutic target
in some types of human cancers. The phase I study of
KHK2866, a humanized anti-HB-EGF monoclonal anti-
body, was discontinued due to unacceptable neuropsychiatric
toxicity observed at doses of 0.1, 1, and 3 mg/kg (4).
Preclinical toxicology studies using cynomolgus monkeys have
not been able to predict human neuropsychiatric adverse ef-
fects. Taking these results into account, we performed the
reverse translational research in order to see whether we could
observe noticeable distribution of KHK2866 to brain using
cynomolgus monkeys.

First, the whole body biodistribution of 89Zr-KHK2866
and 89Zr-KM8047 was investigated using in vivo PET-CT im-
aging until 7 days post administration. The biodistribution of
89Zr-KHK2866 was similar for the 3 doses (0.1, 1 and
10 mg/kg) (Figs. 1a and 2a-c). The MIP showed that 89Zr-

Fig. 3 Time-radioactivity curves of whole blood and serum when dosing of 89Zr-KHK2866 and 89Zr-KM8047. Time-radioactivity profiles of 89Zr-KHK2866 (a)
and 89Zr-KM8047 (b). Whole and serum obtained pre-dosing and 2, 4, 6, 24, 48, 72, and 144 h post dosing were used to measure the radioactivity.

Fig. 4 Individual serum concentration-time profiles of 89Zr-KHK2866 and
89Zr-KM8047 after single intravenous administration at doses of 0.1, 1, and
10 mg/kg to female cynomolgus monkeys. Serum concentrations of decayed
8 9Zr-KHK2866 and 8 9Zr-KM8047 were mea su red by an
electrochemiluminescence assay for the determination of human IgG in mon-
key serum. Serum samples obtained pre-dosing and 2, 4, 6, 24, 48, 72, and
144 h post dosing were used to measure the concentrations.
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KHK2866 accumulated in the liver, spleen and joints. The
shoulder joints were the only VOI in which the SUV in-
creased over the time. Furthermore, a displacement of the
uptake in the shoulder joints was observed at simultaneous
dosing of either 1 or 10 mg/kg of cold KHK2866, indicating
specific distribution to shoulder joints of 89Zr-KHK2866. No
significant distribution of 89Zr-KHK2866 to brain was detect-
ed. On the other hand, the biodistribution of 89Zr-KM8047
was similar to that of 89Zr-KHK2866 with the exception of a
less pronounced uptake in the joints (Figs. 1b and 2d-f). Time-
radioactivity curves of whole blood and serum showed that
more rapid decrease in radioactivities of 89Zr-KHK2866 was
observed compared to the time-radioactivity curves of 89Zr-
KM8047 although the maximum radioactivities of those
radiolabeled antibodies were almost the same for both whole
blood and serum (Fig. 3). In the time-radioactivity curves of
89Zr-KHK2866, 10 mg/kg groups showed less rapid decrease
in radioactivities than the other groups for both whole blood
and serum, suggesting saturation of antigen-dependent clear-
ance at simultaneous dosing of 10 mg/kg of cold KHK2866.
Antigen-dependent clearance of KM3566, a parental murine
monoclonal antibody, was demonstrated by in vitro and in vivo
experiments in our previous research (10). In addition, more

rapid decrease in radioactivities of 89Zr-KHK2866 as com-
pared to 89Zr-KM8047 was consistent with the results of se-
rum concentration-time profiles of those radiolabeled anti-
bodies (Fig. 4 and Table I).

Furthermore, as a separate study, KHK2866 and
KM8047 concentrations in serum and cerebrospinal fluid
were determined after administration of a single dose to ob-
tain more supportive evidence. Serum concentrations of
KHK2866 and KM8047 decreased biphasically after intrave-
nous administration at doses of 1, 10, and 100 mg/kg to cy-
nomolgus monkeys (Fig. 5a). The t1/2 and CL values of
KHK2866 were shorter and larger than those of KM8047,
respectively (Table II). The increase in AUC0-t and AUC0-∞

values of KHK2866 was more than dose proportional
(Table II), suggesting the saturation of antigen-dependent
clearance at higher dose ranges as discussed above. CSF
concentration-time profiles of KHK2866 and KM8047 are
shown in Fig. 5b. The Cmax values and the AUC0-t values of
KHK2866 and KM8047 increased with the increment of the
dose level (Table III). Overall, there were no apparent differ-
ences in CSF concentrations and pharmacokinetic parameters
between KHK2866 and KM8047 (Table III). The CSF-to-
serum concentration ratios increased up to about 6 h after

Table I Pharmacokinetic Parame-
ters of 89Zr-KHK2866 and 89Zr-
KM8047 After Single Administration
at Doses of 0.1, 1, and 10 mg/kg to
Female Cynomolgus Monkeys

Test substance Dose t1/2 Cmax AUC0-t AUC0-∞ CL Vss
(mg/kg) (day) (μg/ml) (μg·day/ml) (μg·day/ml) (ml/day/kg) (ml/kg)

89Zr-KHK2866 0.1 1.33 2.79 5.27 5.49 18.2 31.8

1 1.26 30.2 53.7 55.6 18.0 30.0

10 2.48 220 496 596 16.8 53.5
89Zr-KM8047 0.1 6.35 2.45 7.49 15.1 6.62 58.7

1 5.69 25.9 77.1 139 7.20 54.6

10 5.43 210 536 932 10.7 76.8

PK parameters were obtained by non-compartmental analysis

Fig. 5 Individual serum and CSF concentration-time profiles of KHK2866 and KM8047 after single intravenous administration at doses of 1, 10, and 100 mg/kg
to female cynomolgusmonkeys. Serum concentration-time profiles of KHK2866 and KM8047 (a) and CSF concentration-time profiles of KHK2866 and KM8047
(b). Serum and CSF samples obtained pre-dosing and 1, 3, 6, 24, 48, 96, and 168 h post dosing were used to measure the concentrations. Symbols and curves
are common in (a) and (b).
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administration and then reached the plateau. The ratios of
KHK2866 from 6 to 168 h after administration ranged from

0.00172 to 0.0393 at a dose range of 1 to 100 mg/kg while
those of KM8047 ranged from ranged from 0.00168 to

Table II Pharmacokinetic Parameters of KHK2866 and KM8047 in Serum After Single Intravenous Administration at Doses of 1, 10, and 100 mg/kg to Female
Cynomolgus Monkeys

Test substance Dose (mg/kg) t1/2 (day) Cmax (μg/ml) AUC0-t (μg·day/ml) AUC0-∞ (μg·day/ml) CL (ml/day/kg) Vss (ml/kg)

KHK2866 1 1 1.62 31.7 58.2 61.0 16.4 35.1

2 1.84 23.5 55.0 59.1 16.9 42.7

Mean 1.73 27.6 56.6 60.1 16.7 38.9

10 1 2.47 285 528 598 16.7 49.6

2 3.79 314 742 979 10.2 48.6

Mean 3.13 300 635 789 13.5 49.1

100 1 6.07 2650 8060 13900 7.19 58.9

2 4.60 2370 7000 10400 9.62 59.5

Mean 5.34 2510 7530 12200 8.41 59.2

KM8047 1 1 8.23 29.2 86.3 183 5.47 61.7

2 7.39 23.1 73.5 145 6.92 69.9

Mean 7.81 26.2 79.9 164 6.20 65.8

10 1 8.31 284 705 1480 6.77 76.1

2 7.66 272 806 1600 6.25 64.6

Mean 7.99 278 756 1540 6.51 70.4

100 1 9.37 2810 7850 18500 5.41 70.5

2 10.0 3060 8930 21500 4.65 63.8

Mean 9.69 2940 8390 20000 5.03 67.2

The pharmacokinetic parameters were calculated from the serum concentrations of KHK2866 or KM8047 for 7 days after the administration

Table III Pharmacokinetic Param-
eters of KHK2866 and KM8047 in
CSF After Single Intravenous Ad-
ministration at Doses of 1, 10, and
100 mg/kg to Female Cynomolgus
Monkeys

Test substance Dose (mg/kg) Cmax (μg/ml) AUC0-t (μg·day/ml)

KHK2866 1 1 0.0820 0.388

2a 0.0413 0.153

Mean 0.0617 0.271

10 1 0.357 1.38

2 0.439 1.59

Mean 0.398 1.49

100 1a 3.42 16.8

2 13.2 43.8

Mean 8.31 30.3

KM8047 1 1a 0.0829 0.339

2 0.130 0.460

Mean 0.106 0.400

10 1 0.460 2.18

2 0.358 0.845

Mean 0.409 1.51

100 1 4.25 15.9

2 34.5 99.6

Mean 19.4 57.8

The pharmacokinetic parameters were calculated from the CSF concentrations of KHK2866 or KM8047 for 7 days after
the administration
a The pharmacokinetic parameters were calculated from the CSF concentrations of KHK2866 or KM8047 for 4 days
after the administration expect for the last sampling point (168 h)
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0.0112 at the same dose range. It is usually assumed that
antibodies cannot cross the blood–brain barrier (BBB) unless
there is a specific transport system for them at the BBB. In
general, antibody penetration into brain (CSF/serum ratio)
has been reported to be >0.1% in animal models and in hu-
man patients (11–14). The CSF/serum ratios for KHK2866
and KM8047 showed similar values with those reported for
other antibodies, indicating no significant BBB penetration for
both antibodies. Furthermore, it is of note that no marked
differences between the two antibodies were observed.

A previous study indicates that HB-EGF is expressed in
normal human tissues like lung, liver, kidney, pancreas, brain,
and ovary (15). Moreover, HB-EGF distribution pattern of
normal human tissues is similar to that of normal cynomolgus
monkey tissues based on our internal study (data not shown).
Given that there are many reports that HB-EGF mRNA and
protein are widely expressed in rodent brain (16–19), HB-
EGF may play an important function also in human and
non-human primates.

There is a possible mechanism for neuropsychiatric toxicity
of anti-HB-EGF antibody even with its normal distribution to
brain. HB-EGF is synthesized as a membrane-anchored pro-
tein (proHB-EGF), composed of a signal peptide, propeptide,
heparin-binding, EGF-like, juxtamembrane, transmembrane,
and cytoplasmic domains (20). ProHB-EGF is cleaved at its
juxtamembrane domain by metalloproteases in a process
called ectodomain shedding, yielding a soluble form of HB-
EGF (21). In clinical phase I study, serum soluble free HB-
EGF levels were measured by the previously developed meth-
od (22). As a result, all KHK2866 doses from 0.1 to 3 mg/kg
decreased serum free HB-EGF levels, generally below the
lower limit of quantitation. CSF soluble HB-EGF might be
decreased due to break of CSF/blood equilibrium or in situ
neutralization by KHK2866, although we have not measured
its concentrations.

CONCLUSION

In summary, PET studies with monkeys revealed 89Zr-
KHK2866 accumulation in the liver, spleen and joints of mul-
tiple parts, but not in the brain. In addition, the pharmacoki-
netic analyses in serum and CSF demonstrated a low penetra-
tion of KHK2866 into the brain. These studies indicate the
difficulty of prediction for neuropsychiatric toxicity of mono-
clonal antibodies in human by means of pharmacokinetic
evaluations using cynomolgus monkeys.
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