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The synergistic interaction of two antibodies targeting the same protein could be devel-

oped as an effective anti-cancer therapy. Human epidermal growth factor receptor 2

(HER2) is overexpressed in 20e25% of breast and gastric cancer patients, and HER2-

targeted antibody therapy using trastuzumab is effective in many of these patients. None-

theless, improving therapeutic efficacy and patient survival is important, particularly in

patients with HER2-positive gastric cancer. Here, we describe the development of 1E11, a

HER2-targeted humanized monoclonal antibody showing increased efficacy in a highly

synergistic manner in combination with trastuzumab in the HER2-overexpressing gastric

cancer cell lines NCI-N87 and OE-19. The two antibodies bind to sub-domain IV of the re-

ceptor, but have non-overlapping epitopes, allowing them to simultaneously bind HER2.

Treatment with 1E11 alone induced apoptosis in HER2-positive cancer cells, and this effect

was enhanced by combination treatment with trastuzumab. Combination treatment with

1E11 and trastuzumab reduced the levels of total HER2 protein and those of aberrant HER2

signaling molecules including phosphorylated HER3 and EGFR. The synergistic antitumor

activity of 1E11 in combination with trastuzumab indicates that it could be a novel potent

therapeutic antibody for the treatment of HER2-overexpressing gastric cancers.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
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5 year survival rate in most parts of the world is approxi-

mately 20%. HER2 is a receptor tyrosine kinase and amember

of the ErbB family,which includes EGFR,HER3, andHER4. This

receptor family functions in the regulation of many essential

cellular functions such as cell proliferation, differentiation,

and apoptosis through homo- or heterodimerization and the

activation of signal transduction pathways (Yarden and

Sliwkowski, 2001). ErbB family proteins are overexpressed in

several malignancies. In gastric cancer, overexpression of

EGFR, HER2, and HER3 is correlated with poor prognosis

(Garcia et al., 2003; Hayashi et al., 2008). The HER2-targeting

monoclonal antibody trastuzumab was first characterized

in vitro and in vivo in 1992 (Kasprzyk et al., 1992) and was

approved for the treatment of HER2-overexpressing metasta-

tic breast cancer in 1998. Recently, the ToGA trial (Trastuzu-

mab for Gastric Cancer) demonstrated the survival benefit

of trastuzumab in HER2-overexpressing gastric cancer pa-

tients (Bang et al., 2010) after Food and Drug Administration

approval of this antibody for the treatment of HER2-positive

metastatic gastric and gastroesophageal junction cancer.

Recent evidence suggests that particular combinations of

noncompetitive antibodies targeting the same receptor in-

crease antitumor activity in vitro and in vivo. One example is

the combination of pertuzumab, which binds to sub-domain

II of the extracellular domain (ECD) ofHER2,with trastuzumab,

which binds to sub-domain IV (Cai et al., 2008; Cho et al., 2003).

Pertuzumab, which has limited antitumor activity as a single

agent in HER2-overexpressing breast cancer cells, shows

increased efficacy in combination with trastuzumab (Nahta

et al., 2004). The benefits of the pertuzumab and trastuzumab

combination were further demonstrated in preclinical and

clinical trials (Baselga et al., 2010; Scheuer et al., 2009). Pertuzu-

mab has been approved for the treatment of HER2-positive

metastatic breast cancer in combination with trastuzumab

(Baselga et al., 2012). Other HER2-targeting antibodies showing

better efficacy in combination than as single agents have been

reported and have shown consistent downregulation of HER2

levels and beneficial combination effects in mouse models

(Ben-Kasus et al., 2009). The increased efficacy of antibody

combinations has also been demonstrated with EGFR-

targetingantibodies (Friedmanetal., 2005;Koefoedet al., 2011).

In the present study, we report the development of a novel

HER2-targeted antibody termed 1E11 and describe its anti-

cancer activities as a single agent and in combination with

trastuzumab in preclinical models. 1E11 had moderate effi-

cacy in HER2-overexpressing NCI-N87 and OE-19 gastric can-

cer cells; however, its efficacy increased dramatically in vitro

and in vivo when used in combination with trastuzumab,

showing a highly synergistic effect. The binding site of 1E11

was localized to sub-domain IV, at a distinct epitope different

from that of trastuzumab. 1E11 induced apoptosis in combi-

nation with trastuzumab, which showed weak apoptotic ac-

tivity as a single agent, and combination treatment with

1E11 and trastuzumab inhibited epidermal growth factor

(EGF) and HRG1-induced cell proliferation. The results of

the present study suggest that HER2-targeting antibody com-

binations are valid therapeutic strategies for the treatment of

HER2-overexpressing gastric cancer, and 1E11 is a strong syn-

ergistic partner for trastuzumab-based combination

treatments.
2. Materials and methods

2.1. Cell lines and materials

BT-474, SK-BR-3, NCI-N87, KATO-III, Hs746T, HCC-202,

HCC-1954, and MCF-7 cells were purchased from American

Type Culture Collection (ATCC). OE-19 cells were obtained

from the European Collection of Cell Culture (ECACC). MKN-

7 cells were from the Japanese Collection of Research Bio-

resources (JCRB), and MKN-45, SNU-216, MDA-MB-231, and

MDA-MB-453 cells were from the Korean Cell Line Bank

(KCLB). JIMT-1 cells were gifted from Asan Medical Center in

Seoul Korea. Cell culture media were Dulbecco’s Modified Ea-

gle’s Medium (DMEM): F-12 for BT-474 cells, DMEM for Hs746T

cells, and RPMI-1640 for all other cell lines. All media were

supplemented with 10% fetal bovine serum (FBS), and antibi-

otics and cells were cultured at 37 �C under 5% CO2. Trastuzu-

mab and pertuzumab were produced by Genentech

Incorporated, and palivizumabwas produced byMedImmune,

LLC. ChromPure human IgG (Jackson Immunoresearch Lab)

was used as human IgG control antibody in in vitro assays.

1E11 and oz1E11 antibodies were produced using the 293F sys-

tem (Invitrogen) and purified using protein-A chromatography

(GE Healthcare). The oz1E11 antibody (clone name: 1A12) con-

sists of an optimized 1E11 antibody after humanization and

affinity maturation. The endotoxin was removed with an

Endotoxin removal kit (GenScript), and endotoxin levels

were determined using an Endotoxin detection kit (GenScript).

Human HER3 and HER4 proteins were purchased from R&D

systems and rhesus HER2, mouse HER2, and rat HER2 proteins

were purchased from Sino Biological Inc. Heregulin-1 (HRG1)

and EGF proteins were purchased from R&D systems. Other

recombinant proteinswere produced as secretion proteins us-

ing the 293F system and purified using protein-A or Ni-NTA

chromatography (Qiagen Inc.) for Fc-fused and His-fused pro-

teins, respectively.

2.2. Cell viability assay

Cells were seeded in 96-well plates (Corning) in growth media

containing 10% FBS and pre-cultured for 24 h. The cells were

treated with antibodies at the indicated concentrations and

culture for 3e6 days. For ligand-induced cell proliferation as-

says, NCI-N87 cells were seeded and pre-cultured for 24 h in

0.1% FBS media and treated with antibodies (10 mg/mL) for

1 h before the addition of ligand (200 ng/mL). Cell proliferation

was assessed 3 days after the treatment. The WST (DoGen) or

CellTiter-Glo (Promega) assay was used to measure cell

viability. Relative cell viability was calculated by dividing the

absorbance of each well by the mean absorbance of

PBS-treated wells in each plate.

2.3. Surface plasmon resonance (SPR) analysis

For epitope binning, trastuzumab and pertuzumab were

immobilized onto separate CM5 sensor chip surfaces (GE

Healthcare) using amine coupling at approximately 1000

response units (RU). HER2-ECD-His (320 nM) and antibodies

(1 mg/mL) were sequentially coupled by binding for 4 min
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and stabilization for 5 min at 50 mL/min flow rate. For affinity

measurements, goat anti-human IgG (g) (Invitrogen) was

immobilized onto a CM5 sensor chip using amine coupling,

and antibodies were captured at approximately 50 RU. Then,

HER2-ECD-His protein was injected at concentrations ranging

from 0 to 640 nM. Sensorgrams were obtained at each concen-

tration and evaluated using the BIAevaluation software.

2.4. Cell-cycle and apoptosis analysis

NCI-N87 and BT-474 cells were treated with 10 mg/mL of anti-

bodies in complete growth media. After 2 days of antibody

treatment, cells were detached with trypsin and 1 � 105 cells

were used for analysis. For cell-cycle analysis, cells were fixed

in 70% ethanol and resuspended in 33 mg/mL propidium iodide

(PI) (SigmaeAldrich Co.) supplemented with 1mg/mL RNase A

(SigmaeAldrich Co.) and 10% Triton X-100. Samples were

incubated for 30 min and analyzed by flow cytometry using

a Cytomics FC500 (Beckman Coulter Inc). For apoptosis anal-

ysis, detached cells were stained with annexin V and PI using

the ApoScreen TMAnnexin VApoptosis kit (SouthernBiotech).

Cell death wasmeasured as cells staining positive for annexin

V, PI, or both, as assessed by flow cytometry analysis.

2.5. Caspase-3/7 activity test

Cells were treated as described for the cell viability assay with

10 mg/mL of antibodies for 24 h. The Caspase-Glo 3/7 Assay

(Promega) was used to measure caspase-3/7 activity. Cas-

pase-3/7 activity was calculated as follows: Caspase-3/7 activ-

ity ¼ (luminescent unit of treatment well � luminescent unit

of blank well)/(mean luminescent unit of control

well � luminescent unit of blank well).

2.6. Downstream signaling

Cells were treated as described in Section 2.4 for 24 h, washed

with ice-cold PBS, and lysed in a cell lysis solution [50mMTris,

pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate,

1 mM NaF, 1 mM Na3VO4, 1 mM PMSF, and protease inhibitor

cocktail (Sigma)]. Antibodies against HER2 (#4290), pHER2

(#2243), pHER3 (#4791), EGFR (#4267), pEGFR (#3777), AKT

(#4691), pAKT (#4060), ERK (#4695), and pERK (#4370) were pur-

chased from Cell Signaling Technology. Anti-HER3 (sc-285)

antibody was purchased from Santa Cruz Biotechnology and

anti-GAPDH (AbC-1001) antibodywas purchased fromAbClon.

Horseradish peroxidase-conjugated anti-mouse (AbC-5001)

and anti-rat (AbC-5003) antibodies were purchased from

AbClon. Bands were visualized using AbSignal (AbClon,

AbC-3001).

2.7. Antibody-dependent cellular cytotoxicity (ADCC)
assay

SK-BR-3 cells were used as target cells, and human peripheral

blood mononuclear cells (PBMCs) purified from the blood of

five healthy donors were used as effector cells. Target cells

(10,000) were incubated for 15 min with the indicated anti-

bodies followed by the addition of effector cells at a ratio of

1:50 (target:effector) and incubation for an additional 20 h at
37 �C under 5% CO2. ADCC was determined using the EZ-LDH

Cell Cytotoxicity Assay Kit (DoGen) according to the manufac-

turer’s instructions. Cytotoxicity (%) was calculated using the

followingequation: (Experimental valueeEffectorCellSponta-

neous Control e Target Cell Spontaneous Control)/(Target Cell

Maximum Control e Target Cell Spontaneous Control) � 100.
2.8. Optimization of 1E11 antibody

The humanized 1E11 antibody was developed by CDR-grafting

into human germline genes. The homologous human germ-

line genes with highest sequence similarity were selected us-

ing IMGT/V-QUEST (Brochet et al., 2008). The IGKV1-39*01 and

IGKJ1*01 genes for light chain and IGHV3-48*03 and IGHJ4*01

genes for heavy chain were selected as acceptor sequences

for the grafting of murine CDRs. One residue in heavy chain

H47 according to the Kabat numbering scheme was back-

mutated tomurine, since this site is responsible for stabilizing

the CDR loop structure as well as modifying its position (Foote

and Winter, 1992).

For affinity maturation of humanized 1E11, CDR3 residues

in the heavy and/or light chain were randomized to 20 amino

acids, and high affinity binders were selected using phage

display. Selected clones were ranked based on the Koff value

using SPR analysis with immobilized HER2-ECD protein. The

oz1E11 antibody (clone name: 1A12) has four amino acid mu-

tations in CDR3 of the parental light chain and showed

a >10-fold improvement in Koff value.
2.9. NCI-N87 and OE-19 xenograft models

Athymic nude female mice (Daehan Biolink, Korea) were

injected subcutaneously in the left flank area with 5 � 106 of

NCI-N87 or OE-19 cells in Matrigel (BD Biosciences). Tumors

were allowed to grow to approximately 200 mm3 or 500 mm3

in size, and mice were than randomized into groups. Animals

received intraperitoneal administration of antibodies at the

indicated doses twiceweekly. Tumor volumeswere calculated

using the formula (L � W � W)/2, where “L” represents the

larger tumor diameter and “W” represents the smallest tumor

diameter. Animals were sacrificed, and the tumors were iso-

lated and weighted after the termination of studies. Animals

in the study group were also sacrificed if the average tumor

volume was >3000 mm3. Tumor xenograft tissues were

resected and processed as formalin-fixed, paraffin-embedded

specimen sections. The TUNEL (Terminal deoxynucleotidyl

transferase dUTP nick end labeling) assay was performed to

analyze apoptotic cell death. Cells were visualized under a

light microscope.

All animal studies were conducted in accordance with the

guidelines of the NIH “Guide for Care and Use of Animals” and

an approved protocol received by the company’s Institution

Animal Care and Use Committee.
2.10. Statistical analysis

Statistical analysis was performed by Student unpaired t test

to identify significant difference unless otherwise indicated.

Differences were considered significant at a P value <0.05.
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3. Results

3.1. 1E11 synergistically inhibits gastric cancer cell
growth in combination with trastuzumab

Mouse monoclonal antibodies against the ECD of HER2 were

developed using our improved hybridoma technology. These

clones were used to assess cell viability in a panel of gastric

cancer cell lines includingNCI-N87 and breast cancer cell lines

including BT-474. 1E11 was selected based on its affinity for

HER2 and efficacy against HER2-positive cancer cells, and

was further developed into a mouse/human chimeric anti-

body with the IgG1 kappa format.

1E11 and trastuzumab showed moderate antiproliferative

activity against HER2-overexpressing gastric NCI-N87 cells as

single agents, whereas in combination they showed dramati-

cally increased antiproliferative activity (Figure 1A). Pertuzu-

mab did not show substantial antiproliferative activity as a

single agent or in combination with trastuzumab in NCI-N87

cells. The combination effect of 1E11 and trastuzumab
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Combination effects were analyzed using the method of

Chou andTalalay (Chou and Talalay, 1984) to obtain drug com-

bination index (C.I.) values. The combination effects of drugs

are defined as synergism, addition, and antagonism according

to C.I. values<1.0, equal to 1.0, or>1.0, respectively. The com-

bination effect of 1E11 and trastuzumab was determined as

strong synergism with C.I. values of 0.03, 0.05, and 0.08 at

ED50, ED75, and ED90, respectively.

The in vitro antiproliferative activity of 1E11 in combination

with trastuzumab was confirmed in vivo in mice bearing NCI-

N87 xenograft tumors. Both trastuzumab and 1E11 signifi-

cantly reduced tumor volume andweight compared to control

antibody when used as single agents (Figure 1C and D); how-

ever, when used in combination, their antitumor activity

was significantly higher than that of trastuzumab alone

(P < 0.0001). The tumor growth inhibition (TGI) value of the

antibody combination (95.1%) was markedly higher than

those of trastuzumab and 1E11 as single agents (48.6% and

39.9%, respectively).
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These results indicate that 1E11 in combination with tras-

tuzumab inhibits HER2-overexpressing gastric cancer cell

growth in a synergistic manner.
3.2. 1E11 binds to domain IV of HER2 at a distinct
epitope different from that of trastuzumab

To determine whether 1E11 binds to the same epitope as tras-

tuzumab or pertuzumab, the binding of 1E11 to the HER2-ECD

that was occupied by trastuzumab or pertuzumab was

analyzed by SPR. As shown in Figure 2A, 1E11 was able to

bind a monomeric HER2-ECD-His protein captured by immo-

bilized pertuzumab (Figure 2A). These data indicate that

1E11 binds to a distinct epitope that is different from the epi-

topes of trastuzumab or pertuzumab, and that it is capable of

simultaneous binding to HER2 with the two other antibodies.

Recombinant HER2-ECD domain fragments were used for

epitope mapping of the three reagents (Figure 2B), which

showed that both 1E11 and trastuzumab bound to sub-

domain IV. However, pertuzumab did not bind to domain II

of recombinant HER2, suggesting that it was not able to mimic

its natural conformation. To further characterize the 1E11

epitope, the binding of 1E11 to 15-mer peptides with a pepti-

deepeptide overlap of 14 amino acids covering the whole

HER2-ECDwas examined. However, no significant binding sig-

nals were detected for any of the peptides (data not shown).

Taken together, these results indicated that 1E11 binds to a

discontinuous or conformational epitope in sub-domain IV.
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Recombinant ErbB proteinswere used to confirm that 1E11,

similar to trastuzumab and pertuzumab, specifically binds

HER2 and not the other human ErbB family members

(Figure 2C). The species cross-reactivity of 1E11 was deter-

mined by assessing the binding activity of 1E11 to HER2-ECD

proteins from five different species. Similar to trastuzumab

and pertuzumab, 1E11 bound to monkey HER2 but not murine

HER2 proteins (Figure 2D).
3.3. 1E11 increases tumor cell apoptosis in combination
with trastuzumab

To determine themechanism underlying the antitumor activ-

ity of 1E11, cell-cycle progression and apoptosiswere analyzed

by flow cytometry. Treatment of NCI-N87 cells with trastuzu-

mab or 1E11 did not induce significant changes in the cell cycle

either as single agents or in combination (Figure 3A). However,

combination treatment with 1E11 and trastuzumab increased

the sub-G1 population of NCI-N87 cells, indicating cell death.

Assessment of cell apoptosis showed that 1E11 increased

both the early and late apoptotic cell population compared to

trastuzumab or pertuzumab single agent treatments, and this

apoptotic activity was further increased in NCI-N87 cells

exposed to combination treatment with 1E11 and trastuzumab

(Figure 3B). Trastuzumab alone did not induce apoptosis in

NCI-N87 cells even after a two-fold increase in dose (data not

shown). The effect of 1E11 was confirmed in the BT-474 cell

line, where it showed a similar effect as a single agent and in
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apoptosis) are shown. D, NCI-N87 cells were treated with antibodies for 24 h and caspase-3/7 activity was analyzed.
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combination with trastuzumab (Figure 3C). To confirm that the

cytotoxic effect of 1E11 is mediated by the induction of

apoptosis, the activity of caspase-3 and -7 was examined in

NCI-N87 cells. Caspase-3/7 activity increased slightly after

24 h of treatment with trastuzumab as a single agent, whereas

a 1.6-fold increase was observed in response to combination

treatment with 1E11 (Figure 3D). These results indicate that

1E11 exhibits antiproliferative activity by inducing apoptotic

cell death, and its apoptotic activity is further increased in

combination with trastuzumab in NCI-N87 gastric cancer cells.
3.4. 1E11 inhibits ErbB family signaling and ligand-
induced cell proliferation in combination with trastuzumab

To elucidate the mechanism underlying the antiproliferative

activity of 1E11 in combination with trastuzumab, the levels

of the HER2 protein and related signaling molecules were

measured. Combination treatment with 1E11 and trastuzu-

mab or with pertuzumab and trastuzumab reduced total

HER2 and phosphorylated HER2 levels (Figure 4A). Combina-

tion treatment decreased the levels of activated HER3 and

EGFR without affecting total protein levels and significantly

downregulated the activated form of the HER2 downstream

factors AKT and ERK while the total protein levels remained

unchanged. These results suggest that 1E11 in combination

with trastuzumab inhibits the activity of ErbB family proteins

and suppresses downstream signaling.
To evaluate the significance of ErbB family receptor

signaling in the response of HER2-overexpressing gastric can-

cer cells to antibody treatment, the antiproliferative activity of

antibodies was analyzed under ligand-induced dimerization

conditions. The induction of cell proliferation by HRG1 and

EGF in NCI-N87 cells (Figure 4B) was not inhibited by trastuzu-

mab or 1E11 as a single agent, whereas pertuzumab inhibited

ligand-induced cell proliferation as previously reported

(Nahta et al., 2004). Combination treatment with 1E11 and

trastuzumab inhibited ligand-induced proliferation to a

similar level as the combination of trastuzumab and pertuzu-

mab, suggesting that 1E11 in combination with trastuzumab

could compensate for the effect of pertuzumab. These results

suggested that in addition to the inhibition of ErbB family

dimerization, other mechanisms are involved in the effect of

combination treatment with 1E11 and trastuzumab on the in-

hibition of cell proliferation in HER2-overexpressing gastric

cancer cells.
3.5. The antiproliferative activity of optimized 1E11
antibody (oz1E11) is dependent on HER2 expression

The oz1E11 antibody (clone name: 1A12) was developed by hu-

manization and affinitymaturation of 1E11. The binding affin-

ity of oz1E11 for the ECD of HER2 (monomer) was 1.9 nM as

determined by SPR, whereas that of the parental 1E11 anti-

body was 23 nM. The ADCC activity of oz1E11 was comparable

http://dx.doi.org/10.1016/j.molonc.2014.09.007
http://dx.doi.org/10.1016/j.molonc.2014.09.007
http://dx.doi.org/10.1016/j.molonc.2014.09.007


Figure 4 e 1E11 inhibits HER2 downstream signaling and

heterodimerization-induced cell proliferation A, NCI-N87 cells were

treated with 10 mg/mL of antibodies for 24 h under normal growth

conditions, and changes in HER2 and HER3 downstream signaling

were monitored by western blotting. Phosphorylated proteins were

detected using antibodies against well-characterized activation site

residues. B, Cell growth inhibition in the presence of HRG1 or EGF

was examined. Cell proliferation was assessed 3 days after the

indicated treatments. Data points represent the mean ± SD (n [ 3).

Figure 5 e oz1E11 shows antiproliferative activity in HER2-

overexpressing gastric and breast cancer cells A, Human gastric and

breast cancer cells were treated with 5 mg/mL of antibodies for 3 or 4

days and cell viability was determined (upper panel ). The expressions

of HER2, EGFR, and HER3 in 20 mg of total cell lysate were

determined by western blotting (bottom panel ). Dose-effect curves of

antibodies in NCI-N87 (B) and OE-19 (C) cells are shown. Cell

viability was expressed as the mean ± SD (n [ 3), and the 100% point

was defined as the absorbance of the untreated well.
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to that of trastuzumab or pertuzumab in the lactate dehydro-

genase (LDH) release assay performed using SK-BR-3 cells and

PBMCs (Supplementary Figure 1) (Arnould et al., 2006).

The antiproliferative activity of oz1E11 was examined in

seven gastric cancer and two breast cancer cell lines. The

oz1E11 antibody showed moderate antiproliferative activity

as a single agent in HER2-overexpressing gastric cancer

and breast cancer cells (Figure 5A), whereas in combination

with trastuzumab, its antiproliferative activity was superior

to that of pertuzumab or trastuzumab alone or in combina-

tion in HER2-overexpressing NCI-N87 and OE-19 gastric can-

cer cell lines. Changes in cell viability in response to oz1E11

were correlated with HER2 levels in treated cells (Figure 5A),

http://dx.doi.org/10.1016/j.molonc.2014.09.007
http://dx.doi.org/10.1016/j.molonc.2014.09.007
http://dx.doi.org/10.1016/j.molonc.2014.09.007
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suggesting that the antiproliferative activity of oz1E11, both

as a single agent and in combination with trastuzumab, is

dependent on HER2 expression. The oz1E11 antibody

showed high efficacy against HCC-202 breast cancer cells,

which are HER2-positive but trastuzumab-resistant,

whereas it showed little activity against other

trastuzumab-resistant cell lines including HCC-1954

(Supplementary Figure 2).

The antiproliferative activity of oz1E11 was confirmed

in vivo in NCI-N87 and OE-19 xenograft models. Tumors were

treated when reaching a volume of 200 mm3 (Figure 6A and

B) or 500 mm3 (Figure 6C and D) to evaluate the effect of the

antibody on TGI and regression. Combination treatment

with oz1E11 and trastuzumab showed superior antitumor ac-

tivity to that of each agent alone in both xenograft models. In

the in vivo efficacy study using NCI-N87 cells, pertuzumab

showed increased antitumor activity when used in combina-

tion with trastuzumab, which was different from the results

of the in vitro study. Both oz1E11 and pertuzumab caused com-

plete regression of NCI-N87 xenograft tumors when used in

combination with trastuzumab (Figure 6A and C). However,
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Figure 6 e oz1E11 causes tumor regression in NCI-N87 and OE-19 gastri

N87 and B, OE-19 cells were inoculated into mice (n [ 6 mice/group eac

volumes reached approximately 200 mm3. For combination treatment, 10 m

group) and D, OE-19 (n [ 3 mice/group) cells were inoculated into mice

approximately 500 mm3. Mice received a dose of 20 mg/kg for single agent

Administration days are indicated by arrows. Tumor volume (mm3) was ex

determined by Student’s t test. *, P < 0.05 versus the pertuzumab and tra
in the OE-19 xenograft model, only the combination of

oz1E11 and trastuzumab completely inhibited tumor growth,

and pertuzumab and trastuzumab in combination caused par-

tial inhibition of tumor growth (Figure 6B and D). Isolated OE-

19 and NCI-N87 xenograft tumors were subjected to the

TUNEL assay, which showed a higher number of apoptotic

cells in tissues treated with oz1E11 that was further increased

in response to combination treatment with oz1E11 and trastu-

zumab (Supplementary Figure 4).
4. Discussion

HER2-targeted therapy has shown promising results in the

treatment of gastric cancer, and trastuzumab has been

approved for the treatment of patients with HER2-

overexpressing gastric cancer. However, despite encouraging

clinical results obtained with trastuzumab, the development

of more potent targeted therapies for HER2-positive gastric

cancer is necessary to increase overall survival rates (Bang

et al., 2010). Combination of non-competing antibodies
B

0

500

1000

1500

2000

2500

3000

3500

0 10 20 30 40

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Days after inoculation

OE-19 xenograft

Control Ab
TRA
PER
oz1E11
PER + TRA
oz1E11 + TRA

*

*

0

200

400

600

800

1000

1200

1400

0 5 10 15 20 25

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Days after inoculation

OE-19 xenograft

Control Ab
TRA
PER
PER + TRA
oz1E11 + TRA

c tumor xenograft models in combination with trastuzumab A, NCI-

h), and treatment with 10 mg/kg of antibody was started when tumor

g/kg of each antibody was administered. C, NCI-N87 (n [ 5 mice/

and antibody treatments were started when tumor volumes reached

treatment and 10 mg/kg of each antibody for combination treatment.

pressed as the mean ± SD. Statistically significant differences were

stuzumab combination.
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targeting receptor proteins can increase antitumor activity

in vitro and in vivo (Kamat et al., 2008; Pedersen et al., 2010;

Tvorogov et al., 2010; Zhang et al., 2010). Pertuzumab is the

first approved antibody to be used in combination for dual tar-

geting of the same protein in the treatment of metastatic

breast cancer (Baselga et al., 2012). In the present study, efforts

to identify a superior therapeutic antibody for HER2-

overexpressing gastric cancer resulted in the development of

1E11. 1E11 inhibits HER2-overexpressing gastric cancer cell

growth in in vitro and in vivomodels in combination with tras-

tuzumab, enhancing its apoptotic activity in a synergistic

manner. Unlike pertuzumab and trastuzumab, 1E11 and tras-

tuzumab bind to the same sub-domain (IV) of HER2. To the

best of our knowledge, this is the first antibody combination

targeting the same sub-domain of the HER2 protein with po-

tential therapeutic application in the treatment of gastric

cancer.

HER2/HER3 heterodimerization is one of the most com-

mon mechanisms triggering aberrant HER2 signaling in

breast cancer (Baselga and Swain, 2009; Olayioye et al.,

2000), and pertuzumab has shown antitumor activity

through the inhibition of HER2/HER3 dimerization in non-

small cell lung cancer and breast cancer (Lee-Hoeflich et al.,

2008; Sakai et al., 2007). The NCI-N87 cell line has previously

been used as a model system for research on HER2-

overexpressing gastric cancer (Kim et al., 2008; Patel et al.,

2009; Tanner et al., 2005; Yamashita-Kashima et al., 2011).

In the present study, NCI-N87 cell proliferation was increased

by the HER2 heterodimerizing ligands HRG1 and EGF, and

treatment with pertuzumab efficiently inhibited ligand-

induced cell proliferation as demonstrated previously

(Figure 4B). 1E11 in combination with trastuzumab inhibited

ligand-induced cell proliferation to a similar level as the per-

tuzumab/trastuzumab combination, suggesting that the ef-

fect of 1E11 in combination with trastuzumab is mediated

by the inhibition of HER2 heterodimerization. Pertuzumab

did not show significant antiproliferative activity as a single

agent or in combination with trastuzumab in NCI-N87 and

OE-19 cells. By contrast, the antiproliferative activity of

1E11 increased when used in combination with trastuzumab.

These results suggest that blocking HER2 heterodimerization

with EGFR or HER3 is not fully sufficient to induce cell death

in HER2-overexpressing gastric cancer.

One of the hallmarks of cancer is resistance to apoptosis

(Hanahan and Weinberg, 2011; Susnow et al., 2009), and the

induction of apoptosis is an important antitumormechanism

of therapeutic antibodies (Ben-Kasus et al., 2007). The CD20-

targeting antibody rituximab activates caspase-3 through a

mechanism involving Src family kinases, and the EGFR-

targeting antibody cetuximab upregulates the pro-apoptotic

protein Bax and downregulates the anti-apoptotic protein

Bcl-2 (Hofmeister et al., 2000; Huang et al., 1999). HER2 sup-

presses pro-apoptotic Bad and Bim through AKT (Datta

et al., 1997; Tanizaki et al., 2011), and AKT regulates several

members of the forkhead family of transcription factors

related to apoptosis (Chakrabarty et al., 2013; Real et al.,

2005). Recently, translocation of HER2 to mitochondria was

shown to contribute to trastuzumab resistance by decreasing

the activity of cytochrome c oxidase in a HER2-dependent

manner (Ding et al., 2012). 1E11 significantly induced
apoptosis in NCI-N87 cells as single agent and in combination

with trastuzumab (Figure 3B and C), and the apoptotic activ-

ity of 1E11 was confirmed in xenograft model

(Supplementary Figure 4). As reported earlier (Nahta et al.,

2004) and confirmed here, the apoptotic activity of trastuzu-

mab is limited. Therefore, the synergistic increase in anti-

tumor activity by the combination of 1E11 and trastuzumab

could be attributed to the apoptotic activity of 1E11. The

apoptotic cancer cell death induced by 1E11 and trastuzumab

in combination could be mediated by the downregulation of

HER2 and inhibition of PI3K-AKT signaling. 1E11 and trastu-

zumab combination treatment increased effector caspase-

3/7 activity confirming that the apoptotic activity of 1E11

(Figure 3D). Trastuzumab alone induces cell-cycle arrest in

BT-474 cells as previously reported (Brockhoff et al., 2007).

However, in the present study, trastuzumab and 1E11 did

not cause significant cell-cycle arrest as single agents or in

combination in NCI-N87 cells.

Despite the important roles of sub-domains II and IV of the

HER2 extracellular region in ErbB family dimerization activa-

tion of downstream signaling pathways associated with cell

growth (Burgess et al., 2003), the exact role of sub-domain IV

remains unknown. It has been reported that trastuzumab dis-

rupts HER2/HER3 heterodimer-formation under ligand-

independent conditions (Junttila et al., 2009); however, the

direct interaction of HER2 with non-ErbB family members

such as CD44,MUC4, and IGF-1R plays a role in tumor develop-

ment and trastuzumab resistance (Balana et al., 2001;

Bourguignon et al., 1997; Nagy et al., 2005). Pertuzumab in-

hibits HER2 and IGF-1R dimerization in trastuzumab-

resistant breast cancer cells, although it does not significantly

inhibit cell growth (Nahta et al., 2005). 1E11, in combination

with trastuzumab, inhibited ligand-induced cell proliferation

to a similar level as pertuzumab, despite the fact that 1E11

binds to a non-overlapping epitope in sub-domain IV that is

not associated with the dimerization arm (Figure 2A and B).

Similar to previously reported antibody combinations, the

1E11 and trastuzumab combination could inhibit HER2 dimer-

ization with other non-ErbB2 family members, resulting in

cancer cell apoptosis and/or downregulation of HER2 (Ben-

Kasus et al., 2009; Kamat et al., 2008; Pedersen et al., 2010).

oz1E11 had antiproliferative effects against HCC-202, a

HER2-positive but trastuzumab-resistant breast cancer cell

line, although the mechanism by which oz1E11 overcomes

trastuzumab resistance in this particular cell line remains un-

clear. Further investigation is necessary to improve our under-

standing of the mode of action of oz1E11 (Supplementary

Figure 2).

In conclusion, 1E11 showed synergistic antitumor activity

in combination with trastuzumab in HER2-positive human

gastric cancer in vitro and in vivo. The antitumor activity of

1E11 was mediated by its apoptotic activity and the inhibition

of HER2 homo-andheterodimerization downstream signaling.

To the best of our knowledge, 1E11 and trastuzumab is the first

antibody combination targeting the same sub-domain of

HER2. This antibody combination could be a useful tool to

improve our understanding of the biochemical properties of

HER2 and a novel potent therapeutic strategy for the treat-

ment of patients with HER2-overexpressing gastric and breast

cancer.
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