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Fig. 16 Vertical direction profiles of Cerenkov-light image (a), positron image with CWO scintillator (b), horizontal direction profiles of
Cerenkov-light image (¢), and positron image with CWO scintillator (d)

the position distribution for Cerenkov-light images.

However, the ultrahigh resolution of Cerenkov-light
imaging will be useful at least for transparent subjects L
including phantom studies.
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Positron-emission tomography (PET) can be used to visualize active stage cancer. Fluorine-18 (['3F])-
labeled 2-(['®F])2-deoxy-2-fluoroglucose (([ '®F])-FDG), which accumulates in glucose-dependent tissues,
is a good cancer-targeting tracer. However, ([1®F])-FDG is obscured in glucose-dependent normal tissues.
In this study, we assessed the cancer-selective accumulation of zinc-labeled glycoconjugated 5,10,15,

20-tetrakis(pentafluorophenyl)porphyrin (ZnGlc1-4), both in vitro and in vivo. Experiments using both

Keywords:

Positron emission tomography
[62Zn]-labeling PET tracer
[62Zn}-zinc porphyrins

Cancer selective accumulation

normal and cancer cells confirmed the relationship between cancer cell-selective accumulation and
the substitution numbers and orientations of glycoconjugated porphyrins. ZnGlctrans-2 accumulated at
greater levels in cancer cells compared with other glycoconjugated porphyrins. PET imaging showed that
ZnGlctrans-2 accumulated in tumor.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Positron-emission tomography (PET) can be used to visualize
the properties of cancer. PET images can provide important infor-
mation and are especially helpful in the detection of the active
stage of cancer cells and in developing a treatment strategy. The
PET tracer fluorine-18 (['®F]) (t;z = 110 min)-labeled 2-(['®F])2-
deoxy-2-fluoroglucose ((['F])-FDG)' is a good cancer-targeting
tracer, which accumulates in glucose-dependent tissues. However,
([*®F])-FDG is obscured in glucose-dependent normal tissues such
as the brain and, therefore, it is limited to low glucose-dependent
tissues. In addition, cancer does not always require glucose. An
existing problem is that the kinds of PET tracers cannot be chosen
on a case-by-case basis because there are few PET tracers. Thus,
different metabolic ([*®F])-labeled PET tracers derived from

Abbreviations: PET, positron-emission tomography; H,Glc1-4, bisglycoconju-
gated porphyrins; ZnGlc1-4, [2Zn]-labeled bisglycoconjugated porphyrins.
* Corresponding author. Tel.: +81 29 853 3466; fax: +81 29 853 3218.
E-mail address: hmarsui@md.tsukuba.acip (H. Matsui).

htpfidndoiorg/16.1016/1.bme 2014.02.021
0968-0896/© 2014 Elsevier Ltd. All rights reserved.

glucose metabolism have been required and are being developed.
For example, cationic charge polymers,” folate,* and gold-nanopar-
ticles* are used as PET tracers. Bombesin analogues selectively
accumulated in a gastrin-releasing peptide receptor (GRPR)-
expressing tumor in vitro and in vivo,” suggesting that the chemi-
cals of cancer-selective accumulation in vitro remain distributed in
tissues throughout the body.

Gallium-68 ([%Ga]) and zinc-62 ([%?Zn]) were used as radiola-
beling-nuclides for PET.® (['®F])-labeled PET tracers are required
for fast (['®F])-labeling methods because of the short half-life of
([*®F]) (t12=110 min).7 When more than 6 h of half-life is needed
to perform PET tracing in a clinical laboratory,® the radioactivity
should be eliminated after PET imaging to prevent radiation expo-
sure. Thus, an ideal PET tracer has a short half-life or biological
half-life of several hours. It is also better to choose the radioactive
metal based on toxicity to avoid unexpected side effects. For exam-
ple, a [%8Gal-labeled PET tracer induces nephrogenic systemic
fibrosis® by blocking ion channels'® when the gadolinium ion is
released from the tracer or exists as a residue. The toxicity of the
[%%Zn] ion is not problematic for use in clinical PET***# and has
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an adequate half-life of approximately 9 h. Thus, we incorporated
the [%2Zn] ion into a PET tracer.

In an attempt to overcome the limitations to PET through safe
and photodynamic therapy (PDT) applications, we reported a mul-
ti-functional PET tracer of porphyrin-based chemicals based on
PDT agents of glycoconjugated porphyrins, namely perflu-
orophenylporphyrin, which has S-glucopyranosyl  groups
(H,Glc1-4)."% While the PDT tracers caused visual side effects
in vitro, more photocytotoxicity was observed at certain drug con-
centrations. The cellular uptake of H,Glc1-4 differed based on the
numbers of S-glycosylated groups and orientations (cis or trans); in
order of increasing cellular uptake were H,Glc1, HyGled, HoGlecis-2,
H,Glc3, and HyGlctrans-2." The amount of cellular uptake was re-
lated to photocytotoxicity.* In our previous study, we reported the
possibility of [%*Zn]-labeled bisglycoconjugated porphyrins,
namely [*?Zn]-labeled ZnGlccis-2 ([%*Zn]-ZnGlccis-2) and [**Zn]-la-
beled ZnGlctrans-2 ([%Zn]-ZnGlccis-2), as PET agents. [%?Zn]-label-
ing containing a porphyrin ring could be achieved within 30 min,
and the signals of [%2Zn]-ZnGlccis-2 and [5%Zn]-ZnGlctrans-2 were
detected by PET in tumor-bearing mice, without any visible side ef-
fect in vivo.' In addition, photocytotoxicity of non-radioactive zinc
([Zn])-ZnGlccis-2 and [Zn]-ZnGlctrans-2 showed cellular uptake
similar to that of H,Glecis-2 and HoGlctrans-2.'

Cancer-selective accumulation is an important consideration
for PET tracers. To clarify the cancer-selective effects of PET tracers,
rat gastric mucosal epithelial cells (RGM-1)"" and oncogenic RGM-
1 mutated cells (RGK-1)'%, were used in this study. RGK-1 was
established from RGM-1 through exposure to the carcinogenic sub-
stance N-methyl-N'-nitro-N-nitrosoguanidine.'” Thus, RGM-1 and
RGK-1 have the same genetic background, which can reveal
differences between the properties of normal cells and cancerous

cells.”” In RGK-1 cells, the expression of heme carrier protein l
(HCP1), which transports porphyrin-based chemicals into cells,’®
is obviously higher than that in RGM-1 cells. As a result, the uptake
of porphyrin derivatives in RGK-1 cells is enhanced.'® We have al-
ready reported that RGK-1 was preferentially injured by PDT with
[Zn]-ZnGlecis-2 or [Zn}-ZnGlctrans-2 in vitro.'* However, cancer
cell-selective accumulation and tissue distribution had not been
confirmed.

In this study, we assessed the in vitro and in vivo cancer-selec-
tive accumulation of Zn laserphyrin® and ZnGlc1-4 (Scheme 1).
Cell experiments using both RGM-1 and RGK-1 have confirmed
the relationship between cancer cell-selective accumulation and
the substitution numbers or orientations (cis or trans) of glycocon-
jugated porphyrins. Animal studies revealed the tissue distribution
of the porphyrins by anatomy and PET/MRI imaging.

2. Materials and methods
2.1. Materials

Ethanol, methanol, PEG 400, and dimethyl sulfoxide (DMSO)
were purchased from Wako Pure Chemical Industries, Ltd (Osaka,
Japan). A 0.45-pm sterilizing filter (EMD Millipore Co., MA, USA),
Gibco DMEM/F12, Gibco FBS, Gibco antibiotic solutions (Life Tech-
nologies Co., USA), and Dulbecco’s modified EAGLE's medium
nutrient mixture F-12 HAM (Sigma-Aldrich Co., LLC,, St. Louis,
MO) were used. A WST-8 cell proliferation assay kit was purchased
from Dojindo Molecular Technologies, Inc. (Tokyo, Japan). Laserph-
yrin® was kindly provided by Meiji Seika Pharma Co., Ltd
(Tokyo, Japan). 5-[4-(B-p-Glucopyranosylthio)-2,3,5,6-tetrafluor-
ophenyl]-10,15,20-tris(pentafluorophenyl)porphyrin  (H,Glc1),

827nCl,

stir and heat for 15 min 4

in methanol

W

b \
7 injection
. ->
[62Zn]-Zn laserphyrin iv.

or [52Zn]-ZnGlc1-4

S

Scheme 1. Schematic diagram of the studies for confirming cancer-selective accumulation by [®?Zn]-labeled laserphyrin® and [¥2Zn]-ZnGlc1-4.
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5,10-bis[4-(B-p-glucopyranosylthio)-2,3,5,6-tetrafluorophenyl]-
15,20-bis(pentafluorophenyl)porphyrin (H,Glccis-2), 5,15-bis[4-
(B-p-glucopyranosylthio)-2,3,5,6-tetrafluorophenyl]-10,20-bis
(pentafluorophenyl)porphyrin (H,Glctrans-2), 5,10,15-tris{4-(p-p-
glucopyranosylthio)-2,3,5,6-tetrafluorophenyl]-20-pentafluoro-
phenylporphyrin (H,Glc3), 5,10,15,20-tetrakis[4-(B-p-glucopyr-
anosylthio)-2,3,5,6-tetrafluorophenyljporphyrin (H,Glc4), 5-[4-(B-
p-Glucopyranosylthio)-2,3,5,6-tetrafluorophenyl]-10,15,20-tris
(pentafluorophenyl)porphyrin zinc complex (ZnGlc1), 5,10-bis
[4-(B-p-glucopyranosylthio)-2,3,5,6-tetrafluorophenyl]-15,20-bis
(pentafluorophenyl)porphyrin zinc complex (ZnGlecis-2), 5,
15-bis[4-(B-p-glucopyranosylthio)-2,3,5,6-tetrafluorophenyl}-10,
20-bis(pentafluorophenyl)porphyrin zinc complex (ZnGlctrans-
2), 5,10,15-tris[4-(B-p-glucopyranosylthio)-2,3,5,6-tetrafluorophe-
nyl]-20-pentafluorophenylporphyrin zinc complex (ZnGlc3), and
5,10,15,20-tetrakis[4-( B-p-glucopyranosylthio)-2,3,5,6-tetraflu-
orophenyl]porphyrin zinc complex (ZnGlc4) were prepared
according to our previously described methods (Fig. 1, Supporting
information Fig. §1).7>%9 Solvents of samples were prepared by mix-
ing 20% vol ethanol, 30% vol PEG 400, and 50% vol distilled water.
[52Zn] solution and zinc-65 ([®°Zn]) solution were generated by an
online preparation system for multitracer solutions at the Research
Center for Nuclear Physics (RCNP, Osaka, Japan).® Here, we refer to
non-radioactive zinc as [Zn].

2.2. Synthesis of [°*Zn]- and [%°Zn]-bisglycoconjugated
porphyrin zinc complexes

[5Zn]-ZnCl; (5 MBq) or [#2Zn]-ZnCl, (5 MBq) was added to bis-

glycoconjugated porphyrins, namely H,Glccis-2 and H,Glctrans-2
in methanol (1.5 mM). The reaction mixture was stirred and

[Zn}-Zn laserphyrin

{Zn}-ZnGicl

heated (~60 °C) for about 10 min, until the color changed from
brownish-red to pinkish-red, indicating that H,Glc1-4 had reacted
with [5%zn] or [5°Zn].

[#2Zn]-ZnGlc1-4 was concentrated under reduced pressure, and
then 300 pL of [2Zn]-ZnGlc1-4-solvent was added. These prepara-
tions were passed through a 0.45-pum sterilizing filter before use.

2.3. Synthesis of [%2Zn]- and [%*Zn]-Zn laserphyrin® zinc
complex

A procedure similar to that described for [*2Zn]- or [%°Zn]-glyco-
conjugated zinc complexes was applied to laserphyrin® to yield
[52Zn]- and [®°Zn]-Zn laserphyrin®.

2.4. Cell culture

RGM-1 and RGK-1 cells were cultured in DMEM/F12 and
DMEM/F-12 HAM, respectively. The culture media contained 10%
inactivated fetal bovine serum (FBS) and 1% antibiotic solutions.
Both cell lines were cultured in a 5%-CO, cell culture incubator at
37 °C.

2.5. Cellular uptake of non-radioactive samples by RGM-1 and
RGK-1 cells

Cells were incubated in 6-well dishes at a density of
1 x 108 cells/well for 24 h. Then, 0.5 pM laserphyrin®, H,Glctrans-
2,[Zn]-Zn laserphyrin®, or [Zn]-ZnGlc1-4 in 1% DMSO/culture med-
ium were exposed to cells for 0-24 h. Samples were extracted from
cells by the addition of 100 pL of DMSO after washing with phos-
phate-buffered saline (PBS) twice. The extracts were centrifuged

[Zn}-ZnGlceis-2
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Figure 1. Relative cellular uptake amount of [Zn}-Zn laserphyrin® and [Zn]-ZnGlc1-4 by rat gastric mucosal epithelial cells (RGM-1) and oncogenic RGM-1 mutated cells
(RGK-1) cells. RGM-1 and RGK-1 cells (1 x 106 cells/well) were incubated with each chemical (0.5 M) at 37 °C for 1, 6, 12, or 24 h. Cellular uptake was measured by
fluorescence intensity. The cellular uptake amount represents the percentage of the total amount of photosensitizer added. The concentration of the photosensitizers was
0.5 M. Values are the mean + standard deviation of three replicate experiments. Significant differences are denoted as: *p <0.05, **p <0.01.
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for 10 min at 10,000 rpm. Fluorescence intensities of supernatants
(50 pL) in 96-well dishes were measured using a plate reader
(VarioSkan, Thermo Fisher Scientific K. K., Kanagawa, Japan) at the
following wavelengths: Laserphyrin®, Ex. 410nm and Em.
660 nm; [Zn]-Zn laserphyrin®, Ex. 410 nm and Em. 650 nm: [Zn]-
ZnGlc1, [Zn]-ZnGlccis-2, [Zn]-ZnGle3, Ex. 410 nm and Em. 645 nm;
HoGlctrans-2, Ex. 400 nm and Em. 701 nm; [Zn]-ZnGlctrans-2, Ex.
410 nm and Em. 646 nm, and [Zn]-ZnGlc4, Ex. 410 nm and Em.
650 nm.

2.6. Cellular uptake of radioactive samples by RGM-1 and RGK-1
cells

Cells were incubated in 6-well dishes at a density of
1 x 10° cells/well for 24 h. Cells were then exposed to 0.5 UM
[2Zn]- or [*°Zn]-Zn laserphyrin®, ZnGlccis-2, and ZnGlctrans-2 for
0-12 h. After being washed with PBS twice, cells were detached
with 500 pL of Trypsin/ethylenediaminetetraacetic acid (EDTA)
and lysed with 500 pL of 1% Triton X-100. The radioactivity of
the extracts was measured by using a y-counter (TDC-521, Aloka,
Tokyo, Japan).

2.7. Tissue distribution in mice with tumors

Five-week-old BALBc/Slc-nu/nu mice were purchased from Ja-
pan SLC, Inc. (Shizuoka, Japan). RGK cells (1 x 10° cells/100 pL)
were administrated subcutaneously to the outside of the left thigh.
The tumor-bearing mice were established 1-2 weeks later. [*°Zn]-
ZnCl, or [%°Zn]-labeled sample (5 x 107 cpm, 200 L) was injected
through the tail veins. After a prescribed period, the mice were
anesthetized with pentobarbital. Blood was then collected via car-
diac puncture. The major organs (tumor, brain, heart, lung, liver,
kidney, and spleen) were collected and their radioactivity mea-
sured using a y-counter (AccuFlex y7001, Aloka). The data were
normalized to the radioactivity of the injected dose per gram
(ID%/g).

2.8. PET/MRI imaging with [52Zn]-labeled samples

PET/MRI imaging was performed as previously described.”®
Briefly, [52Zn]-Zn laserphyrin® [%%Zn]-ZnGlccis-2, and [%2Zn]-
ZnGlctrans-2 (100 pL, 75 puM, 0.5 MBq) were injected into tumor-
bearing mice through the tail vein. At 1, 3, and 8 h after the injection,
PET/MRI images were captured, with the mice in a prone position
and under anesthesia (inhalation of 2% isoflurane through a tube).
We performed simultaneous PET/MRI acquisition using iPET/MRI
scanner.”! This scanner has 0.3 T permanent magnet and MRI im-
age was acquired with a fast low angle shot T1-weighted sequence.
The following imaging parameters were set; 13.33 MHz NMR fre-
quency, 40 mm field of view (FOV) and 128/256 phase and fre-
quency encodes. The matrix size of MRI image was 256 x 128
with 1.25 mm thickness of slices. PET scanner has 40 mm transax-
ial FOV and 18.2 mm axial FOV. To cover whole mouse body, five
PET acquisitions with different positions were performed. PET data
were list-mode data and we first rebinned the list-mode data to
two dimentional sinogram data by single slice rebinning tech-
nique. The image reconstruction was performed using order subset
expectation maximization (OSEM) algorithm with iteration of 3
and subset of 5. No attenuation and scatter corrections were per-
formed due to small size of object.

2.9. Photocytotoxicity of non-radioactive samples into RGM-1
and RGK-1 cells

Cells were incubated for 24 h in 96-well dishes at a density of
5 x 10° cells/well. Cells were then exposed to 2.0 uM [Zn]-Zn

laserphyrin® or 1.0uM [Zn]-ZnGlccis-2 or  0.5puM  [Zn]-
ZnGlctrans-2 for 0-24 h. After cells were washed twice with PBS,
fresh culture medium (100 pL) was added. The cells were exposed
to light from a 100 W halogen lamp equipped with a water jacket
and a Y-50 cut-off filter (2 »500 nm). The light intensity was mea-
sured using a UV-vis power meter (ORION/TH, Ophir Optronic Ltd,
Jerusalem, Israel). The irradiation time was adjusted to obtain the
desired light dose of 16 ] cm™2, The mitochondrial NADH dehydro-
genase activity of the cells after 24 h of photoirradiation was mea-
sured using a WST-8 Cell Proliferation Assay kit according to the
manufacturer’s instructions. The absorbance at 450 nm was mea-
sured using a plate reader. The percentage of cell survival was cal-
culated by normalization, with respect to the absorbance for
untreated cells (vehicle).

2.10. Statistical analysis

All statistical evaluations were performed using the Student’s ¢t~
test. All values for cellular uptake were expressed as mean + stan-
dard deviation.

3. Results
3.1. Cancer cell selective uptake of Zn-labeled PET agents

The chemical structures of [Zn]-Zn laserphyrin®, [Zn}-ZnGlc1,
[Zn]-ZnGlccis-2, [Zn]-ZnGlctrans-2, [Zn]-ZnGlc3, and {Zn]-ZnGlc4
are shown in Chart 1, For determining cancer cell-selective accu-
mulation, normal rat gastric mucosa cells (RGM-1) and cancerous
mutant RGM-1 cells (RGK-1) were used.'” Comparison of the
amounts of cellular uptake between normal cells and cancerous
cells can easily provide confirmation of cancer selective properties
of PET agents in vitro. Figure 1 shows the relative cellular uptake of
[Zn]-labeled PET agents, based on autofluorescence. Cellular up-
take did not depend on the numbers of modified glucose in glu-
cose-modified PET agents, [Zn]-ZnGlctrans-2, which showed the
maximum amounts of cellular uptake. Although the cis isomers
had the same numbers of modified glucose as the trans isomers,
the level of accumulation showed the same tendency as that of
other PET agents, except for trans isomers. The trans isomer also
showed cancer cell-selective accumulation, as demonstrated by
RGK-1 accumulation of [Zn]-ZnGlctrans-2 being around 4 times
more than that of RGM-1 after 24 h. [Zn]-ZnGlctrans-2 appeared
to be the best PDT agent in this study, showing properties of cancer
cell-selective accumulation.

We also confirmed that Zn-labeling caused a change in cellular
uptake (Fig. 2) by seemingly enhancing cancer cell-selective accu-
mulation. Laserphyrin® has greater cellular uptake by Zn-labeling.
However, this enhancement was not significant in cancer cell-
selective accumulation. Zn-labeled H,Glctrans-2 clearly showed
enhanced cancer cell-selective accumulation after 24 h, with high
cellular uptake by 12 h.

Supporting information Figure S2 shows that radioactive zinc-
labeled PET reagents, with [*2Zn] ion and [5°Zn] ion, had the same
cellular uptake tendencies as the results with [Zn] ion, shown in
Figures 1 and 2.

3.2. Tissue distributions and PET/MRI imaging

Because [Zn]-ZnGlctrans-2 showed high cellular uptake and can-
cer cell-selective accumulation, we choose [Zn]-ZnGlctrans-2 from
[Zn]-ZnGlc1-4 to use in animal experiments. In a tissue distribution
study, laserphyrin® and H,Glctrans-2 labeled with [¥°Zn] showed
half-lives of around 244 days; the half-life of [?Zn] is too short for
use in this study. Figure 3 shows the tissue distributions of 8°ZnCl,,
[%3Zn}-Zn laserphyrin®, and [®°Zn]-ZnGlctrans-2. [%°Zn}-Zn
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Chart 1. Structures of [52Zn]~Zn laserphyrin® and [**Zn}-ZnGlc1-4.

laserphyrin® in the blood decreased in a time-dependent manner,
with almost complete elimination within 24 h, while it was still
detectable in the liver, kidney, and spleen. Blood levels of ®5ZnCl,
and [%5Zn]-ZnGlctrans-2 did not diminish, and [5°Zn]-ZnGlctrans-2
was also detected in the liver, kidney, and spleen, at higher amounts
than those of 3ZnCl, and [5°Zn]-Zn laserphyrin®.

Detailed tissue distributions were determined. 5°ZnCl, and
[6Zn]-Zn laserphyrin® diminished from the blood and decreased
in tissues over time, whereas [5°Zn]-ZnGlctrans-2 remained in
the blood and slightly decreased in tissues over time. For PET/
MRI imaging with [%?Zn]-labeled PET agents, 100 uL of [%2Zn]-Zn
laserphyrin® and [52Zn]-ZnGlctrans-2 (0.5 MBq) were administered
to mice through the tail vein. Figure 4 shows the results of PET/MRI
imaging. PET successfully detected [%2Zn]-Zn laserphyrin® and
[62Zn]-ZnGlctrans-2, at locations that correspond to our tissue dis-
tribution results. Whole body PET/MRI images are shown in Sup-
porting information Movies §$1-6.

4. Discussion

Our in vitro study revealed a high level of cellular uptake of
[Zn]-ZnGlctrans-2, with cancer cell-selective accumulation
(Fig. 1). This finding was consistent with previous studies of cellu-
lar uptake of PET agents without Zn-labeling'® and those of cancer
cells-selective photocytotoxic effects.’® The substitution numbers
were not significant for cellular uptake (Fig. 1). Of note, [Zn]-
ZnGlctrans-2 accumulated in cancer cells specifically. It indicated
that orientations of glycoconjugated porphyrins are more impor-
tant for cancer cell-selective accumulation than the substitution
numbers. Hydrophobicity parameters (LogP), which is an index
for suggesting an affiliation of cellular membrane, showed in

ascending order ZnGlcl (LogP=5.7), ZnGlccis-2 (LogP=4.8),
ZnGlctrans-2 (LogP=4.3), ZnGlc3 (LogP=3.4) and ZnGlc4
(LogP=2.2) in previous study.’® The order of cellular uptake was
the same except for [Zn]-ZnGlctrans-2 in Figure 1. Therefore, why
[Zn]-ZnGlctrans-2 showed cancer cell-selective accumulation is
difficult to confirm by LogP. In this study, cell viability after PDT
was decreased an exposure time-dependently (Supporting infor-
mation Fig., $3), indicating that photocytotoxic effects depend on
cellular accumulation. Zn labeling also contributes to cancer-selec-
tive accumulation, the extent of which varied from structure to
structure (Fig. 2 and Supporting information Fig. §1). Zinc is neces-
sary for the maintenance of homeostasis, playing a role in cellular
responses, including cellular uptake.”*** Intracellular zinc concen-
trations in normal cells are regulated and balanced,** whereas can-
cer cells accumulate zinc for proliferation and differentiation.”>*®
Although the expression of zinc transporter in cancer cells is great-
er than that in normal cells,*® an exposure of zinc preferentially
should enhance endocytosis in cancer cells preferentially. Zinc
may be released from Zn-labeled PET agents by metabolism of
Zn-labeled samples, and the cellular uptake should be enhanced,
especially in cancer cells. Furthermore, porphyrin derivatives also
accumnulated in cancer cells, specifically through HCP-1."%27 The
structures of Zn-labeled PET agents used in this study satisfy the
requirements of cancer cells and as a result, show cancer cell-selec-
tive accumulation.

In our in vivo study, cancer-specific accumulation was consis-
tent with the results of cellular uptake, with [5°Zn]-ZnGlctrans-2
more detectable in tumors than [%°Zn]-Zn laserphyrin® (Fig. 3).
The major difference in tissue distributions was related to the
blood circulation time, which probably caused the difference in
accumulation in the tumor. The actual shapes of the compounds
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Figure 2. Relative cellular uptake amount by rat gastric mucosal epithelial cells (RGM-1) and oncogenic RGM-1 mutated cells (RGK-1) cells of laserphyrin® and H,Glctrans-2
with or without Zn-labeling. RGM-1 and RGK-1 cells (1 x 106 cells/well) were incubated with of each chemical (0.5 M) at 37 °C for 1, 6, 12, or 24 h. Cellular uptake was
measured by fluorescence intensity. The cellular uptake amount represents the percentage of the total amount of photosensitizer added. Values are the mean * standard
deviation of three replicate experiments. Significant differences were denoted as: *p <0.05, **p <0.01.

in the blood were not determined. However, the results suggest 2
possibilities of the structure in the blood: the biologically inactive
form or a formulation of complexes, in conjunction with blood
components, such as albumin. For example, biologically inactive
nanocarriers*® and blood components®® show long blood-circula-
tion periods. Nanocarriers were designed, by modifying polyethyl-
ene glycol®® and maintaining the proper size for blood
circulation,® to avoid rapid clearance by the immune system,
and as a result, nanocarriers are mainly detected in the blood
and blood-rich tissues, such as the liver, spleen, and kidney.**
These nanocarriers also have enhanced permeability and retention
(EPR) effects,*® without interacting with blood components. On the
other hand, some blood components permit chemicals to circulate
in the blood for a long time by forming complexes.*® For example,
albumin, with a plasma half-life of 3-4 days in vivo, forms com-
plexes of cationic chemicals, and the complexes show long blood
circulation periods. The ¢ potential of the albumin-modified com-
plex decreased in a concentration-dependent manner.*¢ A { poten-
tial between neutral and negative is adequate for blood
circulation,® which is one of the reasons that an albumin complex
enhances blood circulation. Modifications of other blood compo-
nents also enhance the hemocompatibility of chemicals.** [*°Zn]-
ZnGlctrans-2 likely circulates in the blood after forming complexes
with blood components because the tissue distributions are close
to the results observed with [®°Zn]-ZnCl,, which mainly forms
complexes with albumin in the blood.** This may contribute to tis-
sue distribution.

Although PET/MRI imaging takes 25 min per one whole body
image, PET/MRI images may include the change of tissue distribu-
tion. According to Figure 3, the tendency of tissue distribution from
1 to 3 h was not significant. Therefore we suggested that PET/MRI

images should not be changed significantly within the duration
time. However, we are difficult to discuss about the detail of phar-
macokinetics from only PET/MRI images.

Long blood circulation time is favorable for cancer-selective
accumulation; this was especially true for [%°Zn]-ZnGlctrans-2 in
this study, which obscured the cancer in the PET image (Fig. 4).
In order to visualize the cancer clearly, a difference in signal con-
trast between the tumor and surrounding tissues is required. In
fact, the accumulation in cancer at left leg is difficult to see in
PET/MRI images (Fig. 4) because an accumulation in liver was too
high compared to in tumor (Fig. 3). For resolving this problem,
we have been determining the conjugate points between chemical
properties and biological reactions to create a further multi-func-
tional PET agent.

ZnGlc1-4 should be applied as an antioxidant, and not only a
PET agent, for inhibiting the side effects of PDT through suppres-
sion of inflammation. Zinc is a basic component of antioxidants
in the blood,*® and zinc porphyrin is well known as a scavenger
of reactive oxygen species (ROS).>” ROS scavengers are expected
to suppress cancerous growth, invasion, and metastasis!”>39
and inhibit inflammation in the intestine.** We showed cancer-
selective PDT effects in Supporting information Figure 53 and in
a previous report,’* which suggest that ZnGlc1-4 may be become
an ideal therapeutic and diagnostic agent in PDT and PET,
respectively.

5. Conclusions

[52Zn]-ZnGlctrans-2 showed cancer-selective accumulation, and
the amount of cellular uptake in cancerous gastric cells was around
4-times more than that in normal gastric cells. The cellular uptake
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Figure 3. Tissue distribution after administration through the tail vein of 5°ZnCl,, [®3Zn]-Zn laserphyrin®, or [$°Zn]-ZnGlctrans-2 in oncogenic rat gastric mucosal epithelial
mutated cells (RGK-1) tumor model mice. 200 pL of $*ZnCl,, [5°Zn]-Zn laserphyrin®, or [**Zn]-ZnGlctrans-2 (5 x 10* cpm) was injected. The mice were anesthetized, tissues
were dissected, and radioactivity of [®°Zn] from dissected tissues was detected by using a y counter. (a) Injected dose (ID) % of 1 mL of blood. (b) ID% of 1 g of tissue (tumor,
brain, heart, lung, liver, kidney, and spleen). Values are the mean * standard deviation of three replicate experiments.
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Figure 4. PET/MRI imaging of [52Zn]-Zn laserphyrin® and [?Zn]-ZnGlctrans-2. These images were acquired after intravenous administration of [*2Zn]-Zn laserphyrin® and
[62Zn]-ZnGlctrans-2 (0.5 MBq, 100 uL, 75 uM) through the tail vein. Whole body PET/MRI images are shown in Supporting Information Movie S1-6.
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Abstract

Objective  YSO (Ce-doped Y,SiOs) is a promising scin-
tillator for a single-photon imaging system since it has
relatively high light output and does not contain any natural
radioactivity. Since YSO is not hygroscopic, it may be
possible to fabricate a block with small pixels for a high-
resolution system. For this purpose, we developed a high-
resolution gamma camera system that employs smaller
than 1-mm YSO pixels.

Methods The gamma camera’s detector used 0.8 x
0.8 x 7-mm YSO pixels. All the surfaces of these YSO
pixels were mechanically polished, combined with a 0.1-
mm-thick BaSO, reflector to form a 48 x 48 matrix, and
optically coupled to a high quantum efficiency, 2-inch
square position sensitive photomultiplier tube (Hamamatsu
Photonics H10966 A-100). The YSO block was 43.2 x
432 mm. The YSO gamma camera was encased in a
5-mm-thick tungsten container, and a parallel collimator
was mounted on its front. The parallel hole collimator was
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made of a 3-layer (each layer was 5-mm thick) tungsten
plate, and each plate had 48 x 48, 0.6-mm holes that were
positioned by one-to-one coupling with the YSO pixels.
Results Even with the 0.8-mm YSO pixels, we clearly
resolved most of the pixels in a 2-dimensional histogram
with a peak-to-valley ratio of 2.9 for the 122-keV gamma
photons. The energy resolution was 20.4 % FWHM. The
spatial resolutions with a parallel hole collimator 2 mm
from the collimator surface were 0.7- and 1.3-mm FWHM
for the 122- and ~35-keV gamma photons, respectively.
We successfully obtained phantoms and small animal
images with our YSO gamma camera system.

Conclusion Our high-resolution system has a potential to
be useful for molecular imaging research.

Keywords YSO - HQE PSPMT - Gamma camera -
High resolution - Tungsten collimator

Introduction

There has been considerable work done in developing
high-resolution  single-photon emission tomography
(SPECT) systems for small animals over the last 10 years
[1-3]. Most of the recent systems used large field-of-view
(FOV) Nal(Tl)-based gamma cameras combined with
pinhole collimators to achieve high resolution using the
magnification of the pinhole. To reduce the size of the
SPECT systems, high-resolution position-sensitive gamma
detectors are needed. To achieve high-resolution SPECT
based on gamma cameras, a scintillator with high light
output is essential to achieve high resolution [4]. Table 1
compares the primary scintillators used for medical imag-
ing systems. YSO (Ce doped Y,SiOs) is a promising
scintillator for single-photon imaging systems, since it has
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Table 1 Comparison of scintillator performances (Hitachi Chemical
Co. home page: http://www.hitachi-chem.co.jp/english/products/ce/
017.html)

GSO BGO LSO YSO Nal:Tl
Density (g/cm?) 6.71 713 74 4.45 3.67
Decay time (ns) 30-60 300 40 40 230
Light yield 20 7-12 40-75  30-45 100
Internal radiation?  No No Yes No No
Hygroscopic? No No No No Strong

relatively high light output and does not contain any natural
radioactivity. Nal(Tl) has high light output and is widely
used for single-photon detection systems such as scintil-
lation cameras [5, 6]. However, its high hygroscopic
characteristic prevents the fabrication of scintillator blocks
with small pixels and greatly increases the fabricating cost.
Since YSO is not hygroscopic, it may be possible to fab-
ricate a block with pixels smaller than 1 mm to realize a
high-resolution single-photon imaging system. YSO was
previously used as a detector for a hybrid PET/SPECT
system that combined LSO and YSO in a dual layer con-
figuration [7]. However, after that trial, it was not used for
a single-photon imaging system.

Recently, PSPMTs with high quantum efficiency (HQE)
have been developed. By combining these PSPMTs with
pixelated YSOs, we can improve the performance of
gamma cameras for low-energy gamma photons because
an HQE PSPMT is more effective for smaller light signals
[8]. To realize a high-resolution single-photon imaging
system, we developed a gamma camera that employs
smaller than 1-mm YSO pixels. Compared with another
approach that achieves high spatial resolution imaging for
single-photon emitting radionuclide, such as semiconduc-
tor detectors CdTlI or CZT [9-11], scintillator-based
gamma camera systems have advantages of relatively low
cost because semiconductor-based detectors require appli-
cation-specific integrated circuits (ASIC), whose develop-
ment cost is very high for front-end electronics in addition
to the cost of the detector materials themselves.

Another challenge for this YSO gamma camera is
developing a one-to-one tungsten parallel hole collimator
that matches the YSO whose pixels are <l mm. By
expanding the technology on manufacturing stacked thin
collimators [12], we realized a high-resolution matched
collimator that can select the optimum combination of
sensitivity and spatial resolution by changing the number
for this YSO high-resolution gamma camera.

We previously developed a GSO gamma camera with a
similar concept [12]. Because the GSO gamma camera was
useful for the whole body imaging of small animals with
high sensitivity performance, it was routinely used for
molecular imaging research. However, its spatial resolution

was not sufficient for measurements in which high reso-
lution was required because the pixel size of the GSO was
1.9 x 1.9 mm, which is relatively large. High-resolution
gamma camera will be a powerful instrument for imaging
small structures of mouse or rat. Also, high-resolution
gamma camera is a key component for the development of
high-resolution SPECT systems. In this work, to realize
high resolution, we dramatically decreased the size of the
YSO pixels to <1 mm, which is less than half of the pre-
vious system, and measured the performance.

Materials and methods
Detector

The gamma camera’s detector used 0.8 x 0.8 x 7-mm YSO
pixels. All the surfaces of these YSO pixels were mechani-
cally polished. They were combined with a 0.1-mm-thick
BaSO, reflector to form a 48 x 48 matrix. The 43.2 x 43.2-
mm YSO block was optically coupled to a HQE 2-inch
square position sensitive photomultiplier tube (PSPMT:
Hamamatsu Photonics H10966 A-100). The quantum effi-
ciency of HQE PSPMT at peak emission wavelength of YSO
(420 nm) is 33 %, 1.4 times higher than normal quantum
efficiency (NQE) PSPMT [8]. Using an HQE PSPMT
improves the position and energy performance.

Collimator

The YSO gamma camera was encased in a 5-mm-thick
tungsten container and a parallel collimator was mounted
on its front. Figure la shows the parallel hole collimators.
The parallel collimator was made of a 3-layer (each layer is
5-mm thick) tungsten plate, and each had 48 x 48, 0.6-mm
round holes (Fig. 1b) positioned at a one-to-one coupling
with the YSO pixels.

Figure 1c shows the entire view of the detector part of the
YSO gamma camera system. We can select a desirable
combination of sensitivity and spatial resolution by selecting
the proper number of layers of the parallel hole collimators
[12]. The detector part weighed approximately 2.6 kg.

Data acquisition system

The signals from the PSPMT anodes are read by 64 small-
diameter coaxial cables and fed to the gain-control ampli-
fiers that tune the gain variations of the PSPMT anodes. The
gain variation adjustments were conducted using the anode
gain data provided by Hamamatsu Photonics to compensate
for the gain variations. The outputs of the gain-controlled
amplifiers are fed to the weight-summing amplifiers, whose
calculation was performed using operational amplifiers to
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Fig. 1 Tungsten-based parallel hole collimators (a), magnified collimator photo (b), and whole view of detector part of YSO gamma camera (c)

produce two weight-summed signals each for two opposite
X directions (X+ and X—) and Y directions (Y4, and Y—).
These four analog signals are digitized by 100-MHz free
running A-D converters and fed to the data acquisition
system based on a field programmable gate array (FPGA).
The digitally calculated positions (X+/(X++X—) and Y4/
(Y++4Y-)) and energy (X+-+X—) in the FPGA are accu-
mulated in the memory and transferred to a PC. The data
acquisition system is basically the same as that used in
gamma camera systems [13, 14].

Performance evaluation

For the performance evaluation of the gamma camera
system, we measured the light output of YSO, the

@_ Springer

2-dimensional position histogram, the energy resolution,
the phantom images, and the system spatial resolution and
its sensitivity. We also conducted small animal studies. We
set energy window of =20 % for the phantom images, the
system spatial resolution, the sensitivity and the small
animal studies.

Light output of YSO

First, we measured the energy spectrum for YSO and
compared with some of the other scintillators, GSO and
LGSO to confirm that the light output of YSO was larger.
One of these scintillators was set on a 3-inch round
photomultiplier tube (PMT) (R6233-100: Hamamatsu
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Photonics, Japan) and covered with a reflector (3 M, ESR).
Signals from PMT were fed to a standard NIM module and
multichannel analyzer (MCA) (ADC Model 1125P, Clear-
Pulse Co., Tokyo) to measure the energy spectra. A Co-57
(122 keV) point source (1-mm diameter, 9 kBq) was used
and acquired for 600 s.

Two-dimensional position histogram

We acquired a 2-dimensional position histogram using a
Co-57 (122 keV) point source (I-mm diameter, 9 kBq)
positioned ~8 c¢cm above the detector surface of the GSO
gamma camera. The data were acquired without collima-
tors for 10 h. The peak-to-valley ratios along the profiles in
the horizontal and vertical directions were measured and
calculated.

Energy resolution

The energy spectrum was measured by setting a region of
interest (ROI) for one of the YSO pixels of the 2-dimen-
sional histogram measured for Co-57 gamma photons.

Phantom images

For evaluating the image quality, we measured the fol-
Jowing phantom images: the uniformity, the bar phantom
for the spatial resolution evaluation and the square slit for
the spatial linearity demonstration. In the bar phantom, the
slit widths were 2.5, 2, 1.5 and 1 mm (Fig. 2a). In the
linearity phantom, we used 2-mm slit widths and 8-mm
separations (Fig. 2b). These phantoms were made of
5-mm-thick tungsten. The images were measured using a

Fig. 2 Phantoms used for image quality demonstration: bar phantom (a), square phantom (b), and USB memory for transmission images (c¢).

The square mark in ¢ indicates the area measured in transmission image
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Co-57 (122 keV) point source (1-mm diameter, 9 kBq)
positioned ~8 cm above the detector surface of the
gamma camera for 3600 s. These phantoms were posi-
tioned on the detector surface, except for the uniformity
data acquisition. The slit phantom image was also acquired
using I-125 (~35 keV) gamma photons from I-mm-
diameter point source (~ 100 kBq) for 600 s. Uniformity
was estimated by calculating the difference of the maxi-
mum pixel value and minimum pixel value and dividing by
the mean pixel value in the image.

We also measured the transmission images of a USB
memory stick (Fig. 2c) to demonstrate the camera’s high
resolution. The USB memory stick was positioned between
the gamma camera and an I-125 point source (1-mm
diameter, ~ 100 kBq), and USB transmission images were
acquired with different magnification ratios. All of these
data were acquired without collimators for 600 s.

System spatial resolution

We measured the system spatial resolution with parallel
hole collimators mounted in front of the detector surface
for one to three layers (5- to. 15-mm thick) as a function of
the distance from the collimator surface. The measure-
ments were conducted using Co-57 (I-mm diameter,
9 kBq) and I-125 (I-mm diameter, ~ 100 kBq) point
sources for 600 s at each position.

System sensitivity with collimators

We measured the system sensitivity using a Co-57 point
source (1-mm diameter, 9 kBq). The Co-57 source was
positioned at the center of the FOV of the GSO gamma
camera with collimators to obtain the count rate for 600 s.
The sensitivity measurements were made for one to three
layers (5- to 15-mm thick) as a function of the distance
from the collimator surface.

Small animal imaging

To demonstrate the usefulness of our developed gamma
camera, rat images were measured. We intravenously
administered approximately ~ 150 MBq (~4 mCi) of Tc-
99 m methylene diphosphonate (MDP) into a normal Wi-
star rat from the tail vein under anesthesia (Pentobarbital,
Fujifilm RI Pharma, Japan). The study was performed
under the guidelines of the Laboratory Investigation
Committee of the Osaka University Graduate School of
Medicine. Collimators with two, 10-mm-thick layers were
attached to the gamma camera. Imaging started approxi-
mately 1.5 h after injection. The rat was imaged at five
axial positions with 40-mm intervals. The acquisition time
at each point was 5 min. We carefully kept the distance
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from the collimator surface to the rat as small as possible,
less than 1 mm at the minimum point, to improve the
resolution.
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Fig. 3 Energy spectra for YSO, GSO, and LGSO
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Fig. 4 Two-dimensional histogram of YSO gamma camera for
122-keV gamma photons (a) and energy spectrum (b)
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Results
Light output of YSO

Figure 3 shows the energy spectra for YSO, GSO, and
LGSO. YSO’s light output resembles that of LGSO, whose
light output resembles that of LSO and was ~2.5 times
higher than GSO.

Two-dimensional position histogram

The two-dimensional histogram of the YSO gamma cam-
era for 122-keV gamma photons is shown in Fig. 4a. Even
with 0.8-mm YSO pixels, we clearly resolved most of the
pixels in it with a peak-to-valley ratio of 2.9.

Energy resolution

We show an energy spectrum for one pixel of the YSO
scintillators in the two-dimensional histogram in Fig. 4b,
The energy resolution was 20.4 % FWHM.

Phantom images

We show the uniformity images of the YSO gamma
camera system in Fig. 5a. The uniformity was 414 %.
We also show slit phantom images measured with Co-57
(122 keV) and I-125 (~35keV) in Fig. 5b and c,
respectively. I-mm slits can be resolved for both 122- and
36-keV gamma photons. However, the separation was
better for the 122-keV gamma photons. The linearity

(d)

© M

Fig. 5 Uniformity images (a), resolution phantom image, and profile measured with 122-keV gamma photons (b), measured with 35-keV
gamma photons (c¢), linearity phantom image (d), transmission image of USB memory (e), and magnified transmission image of USB memory (f)
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Fig. 6 System spatial resolution of YSO gamma camera system for
122-keV gamma photons (a) and 35-keV gamma photons (b)

phantom image is shown in Fig. 5d. No observable dis-
tortion can be seen in it.

We show the transmission images of a USB memory
stick in Fig. 5e and a magnified transmission image in
Fig. 5f. The magnifications of these images were ~0.7 and
~4, respectively. We observed metals and such electronics
parts as an integrated circuit (IC) and capacities in the USB
memory stick.

System spatial resolution

The spatial resolution with a parallel hole collimator 2 mm
from the collimator surface was 0.7- and 1.3-mm FWHM
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Fig. 7 Sensitivity of YSO gamma camera with parallel hole
collimators

for 122- (Fig. 6a) and ~35-keV (Fig. 6b) gamma photons,
respectively.

System sensitivity with collimators

The sensitivities of the YSO gamma camera with parallel
hole collimators were ~0.0025 and ~0.016 % with three
layers and one collimator layer, respectively (Fig. 7).

Small animal imaging

We show the whole body image of a rat to which Tc-99 m
HMDP was administered in Fig. 8. We can observe such
small bone structures as the spine.

Discussion

We developed a high-resolution YSO gamma camera
system and imaged a high-resolution rat image with the
camera. The main difference compared with a previously
developed GSO gamma camera [12] is the small pixel size
and the large matrix sizes of the YSO block. The previous
camera used 1.9 x 1.9-mm GSO pixels, while ours used
0.8 x 0.8-mm YSO pixels. The matrix size of the previous
one was 22 x 22, and we increased ours to 48 x 48. The
pixels were less than halved, and the matrixes were more
than doubled in both directions. The 0.8-mm scintillator
pixels used for single-photon imaging system is probably
smallest so far except for the prototype SiPM-based
gamma camera system [14]. By such improvements
(smaller and more pixels), the new gamma camera
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Fig. 8 Tmage of rat
administered Tc-99 m MDP
measured by YSO gamma
camera

provided images with much higher resolution not only for
phantoms, but also for rat than the previous one.

However, our presented system has a drawback. The
sensitivity of the parallel hole collimator is roughly pro-
portional to the area of a collimator hole. Since we used a
one-to-one coupled parallel hole collimator, the sensitivity
became lower for the collimator with a small hole. In fact,
the sensitivity of the previously developed GSO gamma
camera was ~0.05 % for a three-layer collimator, but the
new one was ~ 0.0025 %, which decreased to a factor of
~20. The ratio of the area of the previously developed
collimator hole to new one was ~10. Some of the dis-
crepancies of the ratio could be attributed to the differences
in the detection efficiency of the scintillators (YSO and
GSO) and the packing fractions of these scintillators. To
obtain images with identical total counts, the acquisition
time or the radioactivity level must be increased. The
previously developed GSO gamma camera still has
advantages: high sensitivity and usefulness for low-dose
experiments or those that need short acquisition times, such
as dynamic studies.

The energy resolution of our developed YSO gamma
camera was inferior to the previously developed GSO
gamma camera. Our YSO gamma camera had energy
resolution of ~20 % FWHM, but the GSO gamma cam-
era’s resolution was ~ 15 %, although the YSO light out-
put was ~2.5 times higher than GSO. One possible
explanation is that the YSO pixel was so small
(0.8 x 0.8 mm) that the scintillation light was absorbed in
the pixels. The depth dependency of the light output from
the pixels also increases for these small pixels.

The main advantage of our YSO gamma camera is its
high resolution and relatively low cost. This high-reso-
lution YSO gamma camera may replace the Nal(TD-
based small field-of-view (FOV) gamma cameras, which
are sometimes used for small animal SPECT systems.
The manufacturing cost of such non-hygroscopic scin-
tillators as YSO is lower than that of such hygroscopic
ones as Nal(Tl). The small pixels of this YSO gamma
camera can reduce the size of the detector used for
SPECT systems and reduce their cost. The YSO gamma
camera also has the potential to overcome the draw-
backs of CdTl- or CZT-based gamma cameras whose
costs are relatively high. The PSPMT cost for the YSO
gamma camera is also less, so a high-resolution gamma
camera with relatively low cost can be realized with our
presented YSO gamma camera.

The separation of the bar phantom imaged with 122-keV
gamma photons was better than that with 35-keV gamma
photons (Fig. 5b, ¢). This is because the intrinsic spatial
resolution of gamma camera is better for high-energy
gamma photons, because the higher-energy gamma pho-
tons produce higher scintillation light photons; thus the
statistical deviation of position calculation is smaller, in a
similar manner to the relation between energy resolution
and gamma photon energy [4].

The system spatial resolution became worse as the dis-
tance from the collimator increased (Fig. 6). Also, the
resolution degradation was smaller for multilayer colli-
mators. These results were exactly as expected and well
suited to the theory. The sensitivity with parallel hole
collimator was almost constant as a function of the distance
from the collimator surface (Fig. 7). This was well suited
to the theory. Also, the sensitivity was decreased as the
number of the collimator layer increased. This was also
identical to the theory.

Our developed YSO gamma camera will also be useful
for sentinel lymph node imaging systems [9] due to its high
resolution and relatively low weight (2.6 kg for the
detector part). By changing the number of collimators, the
sensitivity and spatial resolution selection will be practical
for clinical environments in which the dynamic range of
the activity is relatively wide.
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Conclusions 7.

We successfully developed a high-resolution YSO gamma
camera system that employs 0.8-mm pixels. A high-reso- 8.
lution system has a potential to be useful for molecular
imaging research using small animals as well as other
medical imaging applications.
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Abstract

Objective: Trastuzumab emtansine (T-DM1), an antibody—-drug conjugate composed of the cytotoxic
agent DM1 conjugated to trastuzumab via a stable thioether linker, has shown clinical activity in
human epidermal growth factor receptor 2-positive metastatic breast cancer patients. This study
evaluated the maximum tolerated dose, toxicity and pharmacokinetics of trastuzumab emtansine
in Japanese breast cancer patients.

Methods: Inoperable advanced or recurrent human epidermal growth factor receptor 2-positive
breast cancer patients were administered trastuzumab emtansine intravenously at a dose of 1.8,
2.4 or 3.6 mg/kg every 3 weeks. The maximum tolerated dose was estimated using the continual re-
assessment method.

Results: This study enrolled 10 patients who were administered trastuzumab emtansine for a median
of seven cycles. The dose-limiting toxicity was Grade 3 elevation of aspartate aminotransferase/
alanine aminotransferase at the 2.4 mg/kg dose level. The maximum tolerated dose was estimated
to be 3.6 mg/kg because at the point when dose-limiting toxicity was evaluable in 10 patients, the
probability of dose-limiting toxicity estimated using the continual reassessment method was closest
to 26% at a dose of 3.6 mg/kg and this was unchanged by the results for patients enrolled after that. The
most frequent adverse events were nausea, arthralgia, fever, fatigue and decreased appetite. Adverse
events were generally tolerable. The maximum concentration and area under the concentration-time
curve increased linearly with the dose.

Conclusions: Trastuzumab emtansine up to 3.6 mg/kg was well tolerated by Japanese breast cancer
patients. Although thrombocytopenia and hepatotoxicity tended to be more severe than was seen in
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