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Abstract

Purpose Trastuzumab emtansine (T-DM1) provides clinical benefit in breast cancers overexpressing human epidermal
growth factor receptor 2 (HER2). However, its efficacy against biliary tract cancers (BTC) has not been evaluated. In this
study, the effectiveness of T-DM1 in various BTC cell lines and xenograft models with different levels of HER2 expression
was investigated.

Methods HER2 expression status in xenografts and patient tissue microarrays was assessed by immunohistochemistry (IHC)
or fluorescence in situ hybridization (FISH). Cell-surface HER?2 expression levels and cell growth inhibition in response to
T-DM1 were examined in 17 BTC cell lines. The antitumor activity of T-DM1 was evaluated in four xenograft mouse mod-
els with different levels of HER2 expression. The effects of T-DM1 on HER2 signaling, antibody-dependent cell-mediated
cytotoxicity (ADCC), cell cycle, and apoptosis were assessed in vitro.

Results Cell-surface expression of HER2 was observed in both gallbladder carcinoma and cholangiocarcinoma tissues. The
anti-proliferative activity of T-DM1 was higher in BTC cell lines and breast cancer cell lines with higher levels of HER2
expression. The HER?2 status (IHC scorelHER2-to-CEP17 ratio by FISH testing) of each BTC xenograft was 3 +18.3 for
KMCH-1, 2 +14.7 for Mz-ChA-1, 1 +/0I1.4 for OCUG-1, and 0I1.1 for KKU-100, and T-DM1 showed antitumor activity
in proportion to the HER2 status. T-DM1 inhibited HER?2 signaling and induced ADCC, mitotic arrest, and apoptosis in
KMCH-1 cells.

Conclusions T-DM1 exhibited preclinical activity in HER2-overexpressing BTC. Further evaluation in clinical studies is
warranted.
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Introduction

Biliary tract cancer (BTC) is classified into cholangiocar-
cinoma (intrahepatic cholangiocarcinoma and extrahepatic
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cholangiocarcinoma), gallbladder carcinoma, and ampul-
lary carcinoma. BTC is an aggressive solid tumor that is
often diagnosed at an advanced disease stage and has a poor
outcome with radiation and systemic chemotherapy, such
as with gemcitabine and cisplatin [1, 2]. Clinical trials of
molecularly targeted therapies, such as erlotinib, lapatinib,
cetuximab, sorafenib, and bevacizumab, have been investi-
gated for the treatment of BTC, but their efficacies have not
been satisfactory [3]. Thus, a novel therapeutic approach is
warranted.

Amplification of human epidermal growth factor receptor
(HER) 2 is an oncogenic driver alteration. Protein dimers of
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HER?2 with HER family receptors, such as epidermal growth
factor receptor (EGFR), HER2, HER3, or HER4, accelerate
cell proliferation and prolong cell survival [4, 5]. In breast
cancer and gastric cancer, HER2 overexpression as a result
of gene amplification is a crucial target of HER2-directed
agents, including lapatinib, trastuzumab, pertuzumab, and
trastuzumab emtansine (T-DM1) [6-8].

HER?2 overexpression is also observed in 4.8% (95%
CI 0-14.5%) of intrahepatic cholangiocarcinoma, 17.4%
(95% CI 3.4-31.4%) of extrahepatic cholangiocarcinoma,
19.1% (95% CI 11.2-26.8%) of gallbladder carcinoma, and
27.9% (95% CI 0-60.7%) of ampullary carcinoma [9], which
indicates that overexpression of HER2 could be a promis-
ing therapeutic target for BTC; however, so far there is no
approved HER2-targeted therapy for patients with BTC.
Recently, Nam et al. reported that trastuzumab inhibited cell
proliferation in HER2-overexpressing BTC cell lines in vitro
by inhibiting the downstream signaling pathways of HER2
that involve RAS/ERK and PI3K/AKT, but the response
of HER2-positive BTC patients to trastuzumab combined
with chemotherapy was limited [10]. Thus, it is necessary to
investigate the potential of HER2-targeted agents other than
trastuzumab on HER2-overexpressing BTC.

We previously reported the potency of pertuzumab in
combination with trastuzumab in HER2-overexpressing
BTC cell lines [11], suggesting that other HER2-targeting
agents could be efficacious. T-DM1 is an antibody-drug
conjugate composed of trastuzumab covalently linked to
DM, an antimicrotubule agent derived from maytansine.
After binding to HER2, T-DMI1 is internalized into the cyto-
plasm and degraded in lysosomes, and the released DM1-
containing catabolite binds to tubulin and inhibits the polym-
erization of tubulins into microtubules [12—-14]. In addition,
T-DM1 has been reported to retain all of the mechanisms of
action of trastuzumab, including antibody-dependent cell-
mediated cytotoxicity (ADCC) and inhibition of the PI3K/
Akt pathway, which is mediated by trastuzumab binding to
HER?2 and inhibiting the phosphorylation of HER3 [15].
However, the efficacy of T-DM1 on BTC cells has not yet
been demonstrated either in clinical or in preclinical studies.
In the present study, we examined the effects of T-DM1 on
HER2-overexpressing BTC using HER2-positive and -nega-
tive BTC cell lines.

Materials and methods

Test agents

T-DM1 and trastuzumab were provided by F. Hoffmann-
La Roche (Basel, Switzerland) as a fine powder and were

dissolved in saline and distilled water, respectively. DM 1
was purchased from Toronto Research Chemicals (Toronto,
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Canada) and was dissolved in dimethyl sulfoxide (DMSO).
Gemcitabine was purchased from Eli Lilly Japan (Kobe,
Japan). Human immunoglobulin G (HulgG) was purchased
from MP Biomedicals (Solon, OH, USA) and was reconsti-
tuted with distilled water. T-DM1 was diluted with saline for
the in vivo experiments. Each agent was diluted with culture
medium for the in vitro experiments.

Animals

Five-week-old male or female BALB/c-nu/nu mice (CAnN.
Cg-Foxnl<nu>/CrlCrlj nu/nu) were purchased from
Charles River Laboratories Japan (Yokohama, Japan). All
animals were acclimatized at least 5 days prior to the study.
The health of the mice was monitored daily. The animals
were given free access to chlorinated water and irradiated
food, and were maintained under a controlled light—dark
cycle (12—-12 h). All animal experiments were conducted
in accordance with the institutional Animal Care and Use
Committee at Chugai Pharmaceuticals, Co., Ltd.

Cell lines and culture conditions

The human BTC cell lines used in this study comprised
six cholangiocarcinoma cell lines (KKU-055, KKU-100,
KKU-213, KMBC, KMCH-1, and SK-ChA-1), seven
gallbladder carcinoma cell lines (Mz-ChA-1, Mz-ChA-2,
OCUG-1, TGBC-2-TKB, TGBC-14-TKB, TGBC-24-TKB,
and TGBC-44-TKB), and four ampullary carcinoma cell
lines (TGBC-18-TKB, TGBC-50-TKB, TGBC-51-TKB,
and TGBC-52-TKB). KKU-055, KKU-213, and OCUG-1
were obtained from the Japanese Collection of Research
Bioresources Cell Bank (Ibaraki, Japan) and TGBC-2-TKB,
TGBC-14-TKB, TGBC-18-TKB, TGBC-24-TKB, TGBC-
44-TKB, TGBC-50-TKB, TGBC-51-TKB, and TGBC-
52-TKB were from the RIKEN BioResource Center Cell
Bank (Tsukuba, Japan). KKU-100 was obtained from Dr.
B. Sripa (Khon Kaen University, Khon Kaen, Thailand);
KMBC and KMCH-1 were from Dr. M. Kojiro (Kurume
University School of Medicine, Kurume, Japan); and SK-
ChA-1, Mz-ChA-1, and Mz-ChA-2 were from Dr. A. Knuth
(Johannes Gutenberg University Mainz, Mainz, Germany).
KMCH-1 was maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 1 mM sodium pyruvate and 10% heat-
inactivated fetal bovine serum (FBS) at 37 °C under 5%
CO,. KMBC was maintained in DMEM supplemented with
20% FBS at 37 °C under 5% CO,. TGBC-2-TKB was main-
tained in DMEM supplemented with 5% FBS at 37 °C under
5% CO,. All other cell lines were maintained in DMEM sup-
plemented with 10% FBS at 37 °C under 5% CO,.
OCUG-1 was also maintained in BALB/c-nu/nu mice
by subcutaneous inoculation of pieces of tumor tissue
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for use in the in vivo experiments. As breast cancer cell
lines, we used 12 cell lines. BT-483, HCC1806, MCF7,
MDA-MB-231, MDA-MB-361, MDA-MB-453, SK-BR-
3, T-47D, and ZR-75-1 were obtained from American
Type Culture Collection (Manassas, VA, USA); BT-549
was obtained from National Cancer Institute (Frederick,
MD, USA); and JIMT-1 was from Deutsche Sammlung
von Mikroorganismen und Zellkulturen (Braunschweig,
Germany). These cell lines were maintained in condi-
tions recommended by the sources. KPL-4 was obtained
from Dr. Kurebayashi (Kawasaki Medical School, Kura-
shiki, Japan) and maintained as previously described [16].
CD16(158V)/NK-92 (used as the effector cell for ADCC)
was constructed and maintained as previously described
[17].

Tissue microarrays

Gallbladder carcinoma and cholangiocarcinoma tissue
microarrays were obtained from US Biomax (Derwood, MD,
USA) and Provitro (Berlin, Germany), respectively.

In vitro cell growth inhibition assay

Cells were seeded onto 96-well plates and pre-cultured for
1 day. Then the cells were treated with T-DM1, DM, or
gemcitabine for 4 days. The cell growth inhibitory activity
of T-DM1 and DM1 was examined by quantifying the DNA
with Hoechst 33258 nucleic acid stain using a FluoReporter
Blue Fluorometric dsDNA Quantitation Kit (Thermo Fisher
Scientific, Waltham, MA, USA). Cells were also examined
after pre-culturing for 1 day (pre-cultured wells). Fluores-
cence intensity was measured using excitation at 355 nm and
emission at 460 nm with a POLARstar Omega microplate
reader (BMG Labtech, Ortenberg, Germany). The percent-
age of cell growth was calculated as (fluorescence intensity
of treated well-fluorescence intensity of pre-cultured well)/
(fluorescence intensity of non-treated well-fluorescence
intensity of pre-cultured well) x 100.

In vivo tumor growth inhibition study

Mice were inoculated subcutaneously in the right flank
with either 5 x 10° cells/mouse of BTC cell line KKU-100,
KMCH-1, or Mz-ChA-1, or an approximately 8 mm?® piece
of OCUG-1 tumor tissue. Mice were also inoculated in the
right second mammary gland with 5x 10° cells/mouse of the
breast cancer cell line KPL-4. Several weeks after inocula-
tion, mice were randomized to the control group or treatment
groups. Tumor volume and body weight were measured
twice a week. Tumor volume was calculated as described

previously [16]. T-DM1 was administered intravenously
once every 3 weeks. As a control, saline was administered.

Flow cytometry analysis

Cells were labeled using trastuzumab or control HulgG as
the primary antibody followed by fluorescent labeling using
PE mouse anti-human IgG antibody (BD Biosciences, San
Jose, CA, USA) as the secondary antibody. Then the cell-
surface HER2 expression was measured by flow cytometry.
The cell-surface HER2 expression level was quantified as
the mean fluorescence intensity (MFI) ratio, which was cal-
culated as follows: MFI ratio = (MFI of sample labeled with
trastuzumab)/(MFI of sample labeled with control HulgG).

Western blotting

Cells were seeded onto six-well plates with 4-9 x 10° cells/
well and were pre-cultured for 1 day or 2 days. To exam-
ine the HER2 expression level, cells were lysed in cell lysis
buffer (Cell Signaling Technology, Danvers, MA, USA)
containing protease inhibitor cocktail (Sigma-Aldrich) and
phosphatase inhibitor cocktail (Nacalai Tesque, Kyoto,
Japan). To examine HER?2 signal inhibition and induction
of apoptosis by T-DM1, the cells were first treated with
T-DM1 for 24 h and then lysed as described above. Primary
antibodies against HER2, HER3, phospho-HER3, EGFR,
phospho-EGFR, Akt, phospho-Akt, ERK, phospho-ERK,
B-actin (Cell Signaling Technology), cleaved PARP (Abcam,
Cambridge, UK), and phospho-HER?2 (Cell Signaling Tech-
nology and Abcam) were used. The detection was done by
a capillary electrophoresis-based protein analysis system
(Sally Sue; ProteinSimple, San Jose, CA, USA).

ADCC assay

KMCH-1 cells were collected, stained with calcein AM at
37 °C for 1 h, and plated on a U-bottomed 96-well plate at
2% 10* cells/well. A dilution of each antibody (final con-
centrations: 10-0.000128 pug/mL) was added. CD16(158V)/
NK-92 cells were used as the effector cell, and added to
each well at an effector:target ratio of 4:1, 2:1, or 0:1. After
5 h incubation, supernatant was collected, and fluores-
cence intensity of calcein was measured using excitation
at 490 nm and emission at 515 nm with a Varioskan LUX
Multimode Microplate Reader (Thermo Fisher Scientific).
%ADCC was calculated as follows: (sample release — low
control)/(maximum release — low control) X 100. Low con-
trol means untreated KMCH-1 cells and maximum release
means KMCH-1 cells lysed with 1% Triton X-100.
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Cell cycle assay

Cells were seeded in 25 cm? flasks at 5x 10° cells/flask and
were pre-cultured for 1 day. The cells were then treated with
10 pg/mL of T-DM1, trastuzumab, or HulgG for 24 h. Cells
were collected and assayed with a BD Cycletest Plus DNA
Kit (BD Biosciences). Cell cycle was analyzed with a flow
cytometer.

Caspase 3/7 activity assay

Cells were seeded onto a 96-well plate at 1 x 10* cells/well
and were pre-cultured for 1 day. The cells were then treated
with 10 pg/mL of T-DM1, trastuzumab, or HulgG for 24 h.
Cells were assayed with the Caspase-Glo 3/7 Assay system
(Promega, Fitchburg, WI, USA). Caspase 3/7 activity was
measured with the POLARstar Omega microplate reader.

Immunohistochemistry (IHC) and fluorescence
in situ hybridization (FISH)

IHC and FISH were, respectively, performed using HercepT-
est (Dako, Glostrup, Denmark) and PathVysion HER2 DNA
Probe (Abbott Molecular, Abbott Park, IL, USA), as previ-
ously described [18]. HER2 gene copy number and HER2-
to-CEP17 ratio were calculated by the FISH in accordance
with PathVysion HER-2 DNA Probe Kit package insert.
HER?2 scoring was determined by SRL Medisearch (Tokyo,
Japan) in accordance with the guidelines for breast cancer
[19].

Statistical analysis

Statistical analysis was performed with JMP 11.2.1 (SAS
Institute Japan, Tokyo, Japan).

Results

IHC staining and scoring of HER2 protein
in gallbladder carcinoma and cholangiocarcinoma

Although many reports have shown the prevalence of HER2-
positive BTC, their diagnostic methods sometimes lacked
coherence. Therefore, we first performed IHC staining of
HER?2 protein using tissue microarrays derived from gall-
bladder carcinoma patients and cholangiocarcinoma patients
and judged the HER?2 status according to the method and
criteria used for HER2 testing in breast cancer, in which
T-DM1 has been used as a 2nd-line standard therapy. In
the 80 cases present in the gallbladder carcinoma tissue
microarray, 8 cases showed HER2 staining on the plasma
membrane of tumor cells. Completely circumferential and
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strong membrane staining was observed in > 10% of tumor
cells in 2 cases of adenocarcinoma (Fig. 1a, b) and 1 case
of adenosquamous carcinoma (Fig. 1c¢), which were thus
assessed as HER2 THC score 3 +. Partially incomplete cir-
cumferential but moderate to strong staining was observed in
> 10% of tumor cells in 1 case of adenocarcinoma (Fig. 1d)
and 1 case of adenosquamous carcinoma (Fig. 1e), which
were thus assessed as HER2 IHC score 2 +. Incompletely
circumferential and weak to moderate membrane staining
was observed in > 10% of tumor cells in 3 cases of adeno-
carcinoma (Fig. 1f-h), which were thus assessed as HER2
IHC score 1 +.

Of the cholangiocarcinoma specimens (54 cases), 2
showed HER?2 staining. Although the staining was partial
and weak, membrane staining of HER2 in > 10% of tumor
cells was observed in both differentiated and undifferenti-
ated types of cholangiocarcinoma (they were thus assessed
as HER2 IHC score 1 +) (Fig. 11, j).

In both the gallbladder carcinoma and the cholangiocar-
cinoma specimens that had differentiated ductal structures,
HER?2 staining was localized to the basolateral and lateral
membranes of the tumors, and staining of the apical mem-
brane was weak and only rarely observed, like it is in gastric
cancer (Fig. 1a, b, d, f, g, ). However, our results suggested
that both gallbladder carcinoma and cholangiocarcinoma
express HER2, and that—in contrast to gastric cancer—Ilittle
difference was observed between the differentiation stages
[20, 21].

HER2 expression level and HER2 downstream
signaling in the 17 BTC cell lines

[HC staining of HER?2 in patients’ gallbladder carcinoma
and cholangiocarcinoma specimens indicated that T-DM1
could possibly show antitumor efficacy in BTC regardless
of the degree of tumor differentiation. Thus, we investigated
the efficacy of T-DM1 in BTC using several cell lines cat-
egorized as various pathological types. Because the antitu-
mor activity of T-DM1 in several types of cancer, including
breast cancer, depends mainly on the expression of HER2
and in part on its signaling, we first determined the cell-
surface HER2 expression levels in BTC cell lines by flow
cytometry and determined HER?2 signal activation in the
BTC cell lines by Western blot analysis. The seventeen BTC
cell lines, comprising 6 cholangiocarcinoma cell lines, 7
gallbladder carcinoma cell lines, and 4 ampulla of Vater cell
lines, were compared with 3 HER2-positive breast cancer
cell lines: KPL-4 with a HER2 status score of 3 +|7.0[IHC
scorelHER2-to-CEP17 ratio by FISH testing], SK-BR-3
with a score 3 +14.9, and MDA-MB-361with a score of
2 +19.0 [22-24], or with a HER2-negative breast cancer
cell line (MCF7 with a score of 0I1.3 [23]). HER2 expres-
sion higher than that in MCF7 was observed in KMCH-1,
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Fig.1 HER2 expression in gallbladder carcinoma and cholangiocarcinoma. Tissue microarrays derived from patients with gallbladder carci-
noma (a-h) and cholangiocarcinoma (i, j) were stained with HER2, and the IHC score was assessed. Scale bar 50 yum

Mz-ChA-1, and TGBC-18-TKB both by flow cytometry  to MCF7 (Fig. 2a). In parallel with these results for cell-
(Fig. 2a) and by Western blotting (Fig. 2b), and the other  surface HER2 expression, KMCH-1 and Mz-ChA-1 also
14 BTC cell lines showed HER2 expression comparable  showed clear phosphorylation of HER2 and HER3, similar
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to the levels seen in the 3 HER2-positive breast cancer cell
lines (Fig. 2b).

Sensitivity of BTC cell lines to DM-1, gemcitabine,
and T-DM1

To examine whether the sensitivity of BTC to T-DM1 is
associated with the level of HER2 expression, its in vitro
growth inhibition activity was tested. KMCH-1 was about
ten times less sensitive to T-DM1 than the breast cancer
cell lines SK-BR-3, MDA-MB-361, and KPL-4, which all
showed higher HER2 expression (shown by the MFI ratio),
but KMCH-1 was roughly as sensitive as MDA-MB-453.
The sensitivity of Mz-ChA-1 and TGBC-18-TKB was
comparable to that of ZR-75-1, and all three cell lines had
an equivalent level of HER2 expression (Supplementary
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Table S1). The correlation of cell growth inhibition activ-
ity of T-DM1 in BTC cell lines with the cell-surface HER2
expression levels (R*>=0.6127) can also be seen in Fig. 3a,
which shows that the correlation coefficient of BTC cell
lines was not significantly different from that of breast can-
cer cell lines (R2=O.7622, P=0.4884). The cell growth
inhibition activity of DM1 and gemcitabine, which is a
chemotherapeutic agent used for BTC in general, did not
correlate with the HER2 expression level (R*=0.1367 and
0.0031, respectively) (Fig. 3b, c). Although the number
of HER2-positive BTC cell lines was limited, the results
show that in vitro anti-proliferative activity of T-DM1 in
BTC would depend on HER2 expression.
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Fig.3 Correlation between T-DM1, DMI, or gemcitabine efficacy
and HER?2 expression level in BTC cell lines. Cell growth inhibition
by T-DM1, DM1, and gemcitabine (GEM) was detected and ICs val-
ues were calculated in 17 BTC and 12 breast cancer cell lines. HER2
expression level was calculated from MFI by flow cytometry as the
MFI ratio of HER2 to HulgG. Correlation between HER2 expres-
sion levels and ICs, values of a T-DM1, b DM1, and ¢ GEM were
assessed in BTC cell lines. For T-DM1, the correlation was also com-
pared with breast cancer cell lines. Statistical analysis was performed
with the ANCOVA test

IHC and FISH assessment of HER2 in BTC
xenografted tumors

To assess whether the antitumor efficacy of T-DM1 is
dependent on HER2 level not only under cell culture con-
ditions but also in mice, we established xenograft mouse
models with BTC cells, with each model expressing a dif-
ferent level of HER2. We were successful in establishing 4
BTC xenograft models by implanting nude mice with the
KMCH-1, Mz-ChA-1, OCUG-1, and KKU-100 cell lines.

Tumor specimens of KMCH-1 showed complete/intense
circumferential membrane staining in > 10% of tumor cells;
Mz-ChA-1 showed incomplete or weak/moderate circumfer-
ential membrane staining in > 10% of tumor cells; OCUG-1
showed incomplete, faint/barely perceptible membrane
staining in > 10% of tumor cells, and KKU-100 showed
no HER?2 staining (Fig. 4a). According to the criteria used
for assessing breast cancer, for which T-DM1 is approved
[19], the HER2 IHC scores of the KMCH-1, Mz-ChA-1,
OCUG-1, and KKU-100 models were assessed, respec-
tively, as 3 + (HER2-positive), 2 + (HER2-equivocal), 1
+/0 (HER2-negative), and 0 (HER2-negative) (Table 1).
Similarly, the HER2 FISH status (HER2-to-CEP17 ratio
and gene copy number) of these models was, respectively,
assessed as 8.3 and 20.1; 4.7 and 12.8; 1.4 and 4.2; and 1.1
and 2.6 (Table 1). These results determined the HER2 status
of KMCH-1, Mz-ChA-1, OCUG-1, and KKU-100 models
to be HER2-positive, HER2-positive, HER2-negative, and
HER2-negative, respectively. Of these, the two HER2-posi-
tive models, KMCH-1 and Mz-ChA-1, were undifferentiated
and differentiated type, respectively (Fig. 4a).

Antitumor activity of T-DM1 in BTC xenograft
models

The antitumor activity of T-DM1 treatment given once every
3 weeks (q3w) was examined in the four BTC xenograft
models. Significant antitumor efficacy at the indicated time
points (see caption to Fig. 4) was observed for KMCH-1
and Mz-ChA-1 at all 3 dosages (5, 10, and 20 mg/kg), and
for one dosage of OCUG-1 (20 mg/kg) (Fig. 4b). Tumor
regression was observed in all mice (n=6) treated with
20 mg/kg of T-DM1 in the KMCH-1 model. No significant
antitumor efficacy was observed in the KKU-100 model,
in which HER2 expression was not detected. These results
suggest that T-DM1 exerts an in vivo antitumor efficacy in
proportion to the level of HER2 expression on BTC cells.
Using the KMCH-1 xenograft model, we examined dif-
ferent dosing regimens to see which of them maximized
the antitumor efficacy of T-DM1. Because the maximum
tolerable dose of T-DM1 in humans in once-weekly dos-
ing (qw) is two-thirds of that in q3w dosing (2.4 mg/kg
and 3.6 mg/kg, respectively) [25] and because several
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clinical studies have compared the efficacy and safety of  significant difference in the antitumor efficacy between

3.6 mg/kg of q3w and 2.4 mg/kg of qw administrations,

the two dosing groups (Fig. 4c). Our result suggests that

this study compared the antitumor efficacy of 10 mg/kg of = more frequent administration of T-DM1 would not provide

T-DM1 q3w and 6.67 mg/kg of T-DM1 qw. We found no
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«Fig.4 In vivo antitumor activity of T-DM1 in BTC cell line xeno-
graft models. a HER2 expression and localization in tumor tissues
from KMCH-1, Mz-ChA-1, OCUG-1, and KKU-100 xenograft mod-
els were assessed by IHC. Scale bar: 50 um. b Antitumor activity
of T-DM1 (5, 10, and 20 mg/kg) in xenograft models of KMCH-1,
Mz-ChA-1, and KPL-4 (a breast cancer cell line), and that of T-DM1
(10 and 20 mg/kg) in OCUG-1 and KKU-100 xenograft models was
assessed by measuring tumor volume twice a week. T-DM1 was
intravenously administered on Days 1 and 22 (once every 3 weeks,
shown by white arrows). As a control, saline was administered. ¢
Antitumor activity of 10 mg/kg of T-DM1 administered on Days 1
and 22 (once every 3 weeks, shown by white arrows) compared with
that of 6.67 mg/kg of T-DM1 administered on Days 1, 8, 15, 22, and
29 (once a week, shown by black arrows). Tumor volume was cal-
culated twice a week. As a control, saline was administered. Statisti-
cal analysis was performed on Day 22, which was the last day of the
first cycle of T-DM1 administration, in all except the OCUG-1 model.
In the OCUG-1 model, statistical analysis was performed on Day 12
because the control group was abandoned on Day 12 due to tumor
enlargement beyond the prescribed limit. *P <0.05 by Steel’s multi-
ple comparison test vs. control group. Mean+ SD, n=6/group except
for the study of OCUG-1 model (n=>5/group)

Table 1 HER2 status of tumor tissues used in biliary tract cancer
xenograft models

KMCH-1 Mz-ChA-1 OCUG-1 KKU-100

IHC score 3+ 2+ 1+4/0 0
FISH
HER2-to-CEP17 8.3 4.7 14 1.1
ratio
Gene copy number  20.1 12.8 4.2 2.6

HER?2 status Positive  Positive Negative Negative

The mechanisms of action of T-DM1 in the BTC cell
lines

To confirm whether the mode of action of T-DM1 is the
same for BTC cells as it is for breast cancer cells, we exam-
ined the HER?2 signal inhibition, ADCC, G2/M phase cell
cycle arrest, and apoptosis that have been reported to be
mediated by T-DM1 in breast cancer cells [13, 15, 26].
T-DM1 treatment of KMCH-1 cells reduced the phos-
phorylation levels of HER3 and downstream AKT and
ERK, indicating that T-DM1 inhibited the formation of
HER2-HER3 dimers (Fig. 5a). T-DM1 induced ADCC
against KMCH-1 indicating an immune cell-mediated func-
tion of T-DM1 (Fig. 5b). T-DMI1 caused cell cycle arrest
in the G2/M phase, which indicates that DM1 is released
intracellularly after internalization with HER2, as reported
for other antibody—maytansinoid conjugates [27] (Fig. 5¢).
T-DMI1 also increased sub-GO0/G1 cells (Fig. 5c¢), and
increased caspase 3/7 activity (Fig. 5d) and cleaved PARP
expression (Fig. 5e), indicating that apoptosis was induced
in KMCH-1 cells. These results suggested that all of the

modes of action of T-DM1 reported for breast cancer cells
are also seen in BTC cells.

Discussion

Gene amplification or protein overexpression of HER2 is
a potent driver for cell proliferation, and these abnormal
alterations are observed in many types of cancer including
BTC. For HER2-overexpressing cancers, several anti-HER2
drugs including T-DM1 have been developed and these have
improved the therapeutic outcomes of breast or gastric can-
cers. In this paper, we hypothesized that T-DM1 is a poten-
tial treatment for HER2-positive BTC, and we demonstrated
two results, namely that the efficacy of T-DM1 in BTC cell
lines depends on the level of HER2 expression and that sen-
sitive cancers could be discerned by the same criteria as are
used for breast cancer.

Because all activities of T-DM1—such as ADCC, inhi-
bition of microtubule polymerization, and HER2 signal
suppression—are produced through binding to cell-surface
HER?2 molecules, we screened 17 BTC cell lines by flow
cytometry and Western blotting to determine their levels
of HER2 expression. Although most cell lines expressed
lower levels of HER2, we identified several cell lines with
higher levels of HER?2 expression. In addition, higher HER2-
expressing BTC cell lines such as KMCH-1 showed both
HER?2 and HER3 phosphorylation, which indicated that
HER2-HER3 heterodimers might play a potent role in
HER?2-overexpressing BTCs, as they do in breast cancers
[28]. To construct xenograft models with which to evalu-
ate T-DM1 efficacy, we tested the transplantability of these
cell lines into nude mice, and assessed the HER2 expression
levels of the xenografted tumors using the same diagnostic
methods and criteria used clinically to assess breast cancer.
Finally, we succeeded in establishing a xenograft panel for
T-DM1 with four different HER2 IHC scores ranging from
0to3+.

In these BTC models, the antitumor activity elicited by
T-DM1 treatment was in proportion to their HER2 scores
(Fig. 4). The efficacy of T-DM1 has also been reported to
be dependent on HER?2 expression in several other cancers.
For breast cancer, T-DM1 showed higher antitumor efficacy
towards cancers with higher HER2 gene expression in the
TDM4258g trial (2nd line, phase II) [29]. In preclinical gas-
tric cancer models, the antitumor effects of T-DM1 were in
proportion to the HER?2 status of the cancer [30, 31]. The
efficacy of T-DM1 has also been demonstrated to be depend-
ent on HER?2 expression in non-small cell lung cancer cell
lines [32] and bladder cancer cell lines [33]. It makes sense
that the antitumor efficacy of T-DM1 in BTC is also depend-
ent on HER?2 expression or amplification. Of the BTC and
breast cancer cell lines that overexpress HER2 in the current
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Fig.5 Mechanism of action of T-DM1 in a BTC cell line. a Phos-
phorylation levels of HER2, EGFR, HER3, AKT, and ERK in the
KMCH-1 cell line after 24 h of T-DM1 treatment, detected by West-
ern blotting. b ADCC of T-DM1 in the KMCH-1 cell line was meas-
ured with calcein AM. E: effector cell. T: target cell. ¢ Cell cycle
analysis performed in KMCH-1 after 24 h of T-DM1 or trastuzumab
treatment. Apoptosis induction was examined by d caspase 3/7 activ-
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ity and e cleaved PARP expression in KMCH-1 after 24 h of T-DM1
or trastuzumab treatment. As a control, human IgG (HulgG) was
used. White bars, HulgG-treated groups; banded bars, trastuzumab-
treated groups; black bars, T-DM1-treated groups. n=3 per group (b,
¢) and 5 per group (d), *P<0.05 by Dunnett’s multiple comparison
test vs. HulgG group
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study, the BTC cell line KMCH-1 showed lower sensitivity
to T-DM1 in the cell growth inhibition assay and the mouse
antitumor efficacy study than did the breast cancer cell lines
SK-BR-3, MDA-MB-361, and KPL-4 (Supplementary
Table S1, Fig. 4). However, we could not conclude that the
sensitivity of BTC to T-DM1 was lower than that of breast
cancer, considering that only one cell line, KMCH-1, was
identified as HER2 THC 3 +in the BTC cell lines we exam-
ined. Further preclinical and clinical studies are needed to
clarify the T-DM1 sensitivity against BTC.

Our results showed some possible mechanisms by which
T-DM1 acts on BTC cells. First, similar to its action in breast
cancers, the DM1 released by intracellular digestion of
T-DM1 inhibited tubulin polymerization and induced G2/M
phase cell cycle arrest and apoptosis (Fig. 5c—e). Second,
as reported in breast cancer cells, T-DM1 inhibited HER2
signaling that likely contributed to the suppression of cell
growth (Fig. 5a). Third, as is also the case in breast cancer
cells, T-DM1 activated ADCC (Fig. 5b), which would con-
tribute to its antitumor efficacy in xenograft models. These
results indicate that the modes of action of T-DM1 in BTC
are equivalent to those in breast cancer.

When selecting cancers for which T-DM1 treatment will
likely be effective, in addition to analyzing HER2 expression
levels, histological analysis may also be helpful. In our cur-
rent study, we employed the FISH- and ICH-scoring criteria
used to analyze HER?2 in breast cancer. However, the crite-
ria used for histological assessment of HER?2 status differ
somewhat by type of cancer. For example, HER2 staining
of gastric cancer is reported to differ from that of breast
cancer in several ways: it is non-circumferential, localized
to the basolateral membrane [34, 35]; it is stronger in well-
differentiated intestinal-type cells than in undifferentiated
diffuse-type cells [36]; and it exhibits intratumoral hetero-
geneity [37]. Although tissue microarray specimens from
BTC showed U-shaped staining localized to the basolateral
or lateral membranes in differentiated types (Fig. 1), there
was no difference in the intensity of HER2 staining between
differentiated and diffuse types in gallbladder carcinoma
or cholangiocarcinoma. Thus, although the HER2 testing
methods presently used would be valuable for discerning
the BTC patients to whom T-DM1 therapy would be appli-
cable, the histological properties of HER2 staining in BTC
are not simply identical to those of breast cancer or of gastric
cancer, and further basic and clinical research is necessary
to identify the appropriate diagnostic criteria for assessing
HER?2 status in BTC patients.

In summary, we showed that the antitumor effect of
T-DMI1 in BTC is associated with HER2 expression level
or gene amplification, the mode of action of T-DM1 in BTC
is comparable to that in breast cancer, and that the methods
presently used for HER?2 testing can be applicable to BTC
diagnosis, if the appropriate diagnostic criteria to select

patients are ascertained. We hope that these findings will
contribute to the evaluation of T-DM1 as a potential treat-
ment for BTC.
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