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1. Abbreviations:

ADAM, a disintegrin and metalloprotease

ARG, amphiregulin

BSA, bovine serum albumin

BSA-conjugate, BSA-conjugated sHB-EGF

BTC, betacellulin

CTF, C-terminal fragment of HB-EGF

DT, diphtheria toxin

EGF, epidermal growth factor

EGFR, EGF receptor

ELISA, enzyme-linked immunosorbent assay
FMAT, fluorometric microvolume assay technology
HB-EGF, heparin-binding EGF-like growth factor
HRGB, heregulinp

HRP, horseradish peroxidase

HUVEC, human umbilical vein endothelial cells
KinExA, kinetics exclusion assay

KLH, keyhole limpet hemocyanin

KLH-conjugate, KLH-conjugated sHB-EGF

mADb, monoclonal antibody

MFI, median fluorescence intensity

NHDF, normal human dermal fibroblasts

PLZF, promyelocytic leukaemia zinc finger protein
PMA, phorbol 12-myristate 13-acetate
proHB-EGF, membrane-bound form of HB-EGF
sHB-EGF, soluble form of HB-EGF

TGF-a, transforming growth factor-a
uc-proHB-EGF, uncleavable mutant of proHB-EGF
VEGF, vascular endothelial cell growth factor



2. General introduction

2.1. Background

According to the report released by the United Nations, the current world population of over 7
billion is forecast to grow to 9.2 billion by 2050 (Fig. 0-1A). In association with the population
growth, people aged 65 and over of 5.2 billion in 2010 will reach 15 billion in 2050. In particular,
advanced countries face the aging society. In Japan, the ratio of 65 and over was 7.1% in 1970,
whereas it increased to 23% in 2010 (Fig. 0-1B). It is estimated that this trend will make the
population 39% in 2050. As people grow older, the number of those developing cancer increases
(Fig. 0-1C). Cancer occurs not only in association with genetic factors but with environmental
factors. Approximately 5—-10% of cancers are entirely hereditary. The remaining causes of cancers
are said to be environmental factors including tobacco, alcohol, infection, radiation, diet, obesity,
environmental pollutants, and so forth. The older people are, the more likely that those are exposed
to the risk factors. Cells, as tissue components, grow under the restricted control and do not
proliferate more than necessity. However, cancer cells do not stop to proliferate as a result of a loss
of the control, and invade nearby parts of the body. The cancer cells further spread to more distant
parts of the body through the lymphatic system or bloodstream. In cancer cells, genomic
amplification or mutations of cell growth-regulating genes are frequently seen. Resulting over-
expression or constitutive activation of oncogenes and down-regulated or disabled tumor suppressor
genes induce the endless cancer cell proliferation. It also has been revealed that multiple genetic
changes in the oncogenes and tumor suppressor genes are likely to induce cancer progression
(Knudson, 2001).

A primary choice for the exclusion of cancer tissues, especially for cancer tissues at an early
stage, is a surgical excision. However, in case of unresectable advanced or metastatic cancers, anti-

cancer drug can be an important choice for patients. These days, with the aim of enhancing a



therapeutic efficacy and of reducing adverse effects, molecularly-targeted anti-cancer drugs are
under the active development. Epidermal growth factor receptor (EGFR) is one of the molecules
governing not only the proliferation of normal epidermal cells but that of cancer cells, and is over-
expressed in many types of cancer (Salomon et al, 1995); therefore, EGFR inhibitor has been
pursued for therapeutic applications and several EGFR-targeting drugs including small molecule
compounds and antibodies have been marketed for the treatment of cancers. Activation of EGFR is
triggered by multiple ligands such as EGF, amphiregulin (ARG), transforming growth factor-a
(TGF-a), betacellulin (BTC), and heparin-binding epidermal growth factor-like growth factor (HB-
EGF). The activation of EGFR by the multiple ligands may be blocked by the EGFR inhibitors.
However, at the same time, they may cause unnecessary adverse events by excessively disturbing
the activation of EGFR by all the ligands. From that perspective, the inhibition of an EGFR ligand,
which is substantially involved in tumor progression, might become a potential therapy. This
approach may reduce adverse events such as a severe skin rash, which is seen by the treatment of
anti-EGFR inhibitors.

Among the EGFR ligands, I selected HB-EGF, which has been reported to be over-expressed in
multiple cancer types, and generated anti-HB-EGF monoclonal antibodies (mAbs) and
characterized them in the Chapter I. Furthermore, in the Chapter 11, I explored the therapeutic value

of one of the most potent neutralizing antibodies, Y-142, in comparison with mAbs clinically used.

2.2. Ovarian cancer

Ovarian cancer occurs as a result of aberrant genomic amplification or accumulation of genetic
mutations, which cause unregulated cell growth. In recent years, as many as 160,000 patients have
been annually diagnosed with ovarian cancer in Japan, US, UK, France, Germany, Spain and Italy,

and BRICs (Fig. 0-2A). New cases diagnosed as ovarian cancer are predicted to reach 200,000 in
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2025. At present, ovarian cancer occupies 5% of cancer death rate of women, and fifth-most-
frequent cause of cancer death overall in women. Epidemiological studies showed that genetic,
reproductive, and environmental factors can affect the risk of ovarian cancer (Sueblinvong et al,
2009). Approximately 5—10% of ovarian cancers are hereditary. Among them, 90% of the cases are
related with BRCA gene mutations (Prat et al, 2005). The remaining 10% is associated with
hereditary nonpolyposis colorectal cancer. Older women, infertile women and those with a
condition called endometriosis have an increased risk. On the other hand, a reduced risk of ovarian
cancer is associated with a reduced number of menstrual cycles, such as increased parity and the use
of oral contraceptives, as well as with early age at first pregnancy and older age of final pregnancy.
Patients with an unresectable advanced ovarian cancer have a 5-year survival rate of less than 30%,
whereas more than 90% of those with an early-stage ovarian cancer survive more than 5 years
(SEER, 2007). This indicates that early detection is inevitable for the improved survival. Signs and
symptoms of ovarian cancer are frequently absent early on. The asymptomatic phenotype of ovarian
cancer makes its early-stage detection difficult. In 2007, the Gynecologic Cancer Foundation
announced the national consensus of common symptoms of ovarian cancer: abdominal or pelvic
pain, difficulty eating or feeling full quickly, bloating, and urinary urgency or frequency. Medical
attention should be paid when the symptoms continue.

For patients eligible for chemotherapy, the combination of paclitaxel and carboplatin are
prescribed for more than 90% of ovarian cancer patients. Based on a previous clinical study, the
combined therapy is known to give the patients a median survival period of 29 months. The
combination therapy of paclitaxel and carboplatin, however, develops severe neurotoxicity and
neutropenia. Therefore, the emergence of anti-cancer drug with an efficacy and with a reduced

adverse effect is being awaited.



2.3. Gastric cancer

Approximately 300,000 people are annually diagnosed with gastric cancer in Japan, US, the 5
European countries and BRICs (Fig. 0-2B). The cause of gastric cancer includes food habit,
smoking, alcohol intake, and infection with the Helicobacter pylori (Plummer et al, 2004;
Tramacere et al, 2012; Eslick, 2006). Overweight and obesity are also associated with increased risk
of gastric cancer (Yang et al, 2009). Meanwhile, vegetables and fruit are protective against gastric
cancer (Lunet et al, 2005). In Japan and Korea, a gastric cancer screening system using
photofluorography is established because of the high incidence of the gastric cancer (Jung et al,
2011). The screening system allows the 5-year survival rate of Japanese gastric cancer patients to be
62%, while those of US and the European countries are less than 30%. Gastric cancer is one of the
deadliest cancers, and ranks second worldwide in terms of cancer death rates.

Although a combined therapy with docetaxel/carboplatin/5-FU is widely used for patients with
an unresectable gastric cancer, it can come with adverse events including neutropenia and
gastrointestinal toxicity. In case of the unresectable gastric cancer, the median survival period of the
patients is as short as 10 months. Therefore, elucidation of biological mechanism in gastric cancer is

an urgent task and will help identify an effective therapy.

2.4. Antibody drug

Antibody is present in the body, and works as an immunoresponse factor with the binding ability
to a target molecule. Antibody drug is an artificially generated antibody, which maintains innate
antibody characters. To date, more than 30 kinds of antibody drug have been launched onto the
market, including 14 for the treatment of cancers (Table 0-1). In addition, more than 160 antibodies
are currently in clinical development. Compared to small molecules, the history of antibody drugs is
short, as indicated by the fact that most of the antibody drugs were approved in the last two decades.
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However, 3 out of top 10 medical drugs in global sales in 2011 were occupied by antibody drugs
(Cegedim Strategic Data). There are some rationales behind this phenomenon. Unlike orally-
available small molecules, antibody drugs need to be intravenously administered. However, because
of its long half-life in blood (~ 2 weeks; Keizer et al, 2010), antibody drugs can be administered on
a once-per-week to once-per-month basis. Another advantage of antibody drugs over small
molecules is absence of structure-based adverse events because antibodies originally present in the
blood. This means that the dose of antibody drug can be raised to maximize its efficacy without
increasing the risk of adverse events. Antibody does not become passively incorporated because of
its large molecular weight (approximately 150 kDa), meaning that antibody-targeted molecules are
limited to cell surface proteins or secreted proteins. At the same time, however, the large molecular
weight is suitable for the inhibition of protein-protein interaction such as a ligand-receptor binding.
In addition, antibody unites cytotoxic functions mediated through immunological players including
NK cells and complements. Moreover, the higher success rate helps to expand the antibody drug
market: antibody drugs come on the market with the possibility of 20% once its clinical trial starts,
whereas small molecules do with that of 5% (Chapman et al, 2007).

The functionality of antibody drug depends on target molecule functions as well as on its isotype.
When the target molecule is a ligand or receptor involved in cell proliferation, antibody can inhibit
the proliferation by blocking the ligand-receptor interaction. EGFR family member strongly induces
cancer cell proliferation and antibody drugs against EGFR are known to be able to inhibit the
proliferation by blocking the ligand-receptor interaction, the mechanism of which is called
neutralizing. Bevacizumab, an antibody drug against vascular endothelial cell growth factor
(VEGF), is also a neutralizer against VEGF functions. VEGF is a potent angiogenic protein and
promotes new blood vessel formation to carry nutrition through. The anti-VEGF antibody starves
cancer cells to death by inhibiting the VEGF-derived angiogenesis.
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Antibody combines immunological functions including antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). ADCC is exhibited by NK
cells expressing IgG Fc receptor, FcyRIIla. Through the binding to FcyRlIlla, some IgG class
antibodies (IgG; and IgGs; in case of human IgG) activate NK cells. Perfolin protein secreted by the
activated NK cells enhances the permeability of target cell, and granzyme sequentially secreted
from the NK cells induces apoptosis in the target cells. CDC occurs as a result of the activation of a
classical complement pathway by the binding of complement factor to IgG Fc region. As a result,
target cell reach to death by having its cell membrane disrupted or preyed by phagocytes. CDC is
one of the functions of anti-CD20 antibody, rituximab. Normal heamatopoietic cells express CD55
and CD59 on cell surface. These molecules help the cells escape from CDC by suppressing the
activation of complement.

Antibody also can be used as a drug delivery tool. Drug, which is conjugated to antibody, can be
delivered to target cells expressing the antigen molecule of the antibody. High specificity of
antibody to the antigen molecule enables the drug to specifically attack the target cells without

damaging irrelevant cells.

2.5. HB-EGF

HB-EGEF is a cell growth factor with a heparin-binding ability, which was first isolated from the
conditioned medium of U-937, a macrophage-like cell line (Higashiyama et al, 1991). HB-EGF is
expressed as a membrane protein called proHB-EGF, which is composed of a signal peptide,
propeptide, heparin-binding domain, EGF-like domain, juxtamembrane domain, transmembrane
domain, and cytoplasmic domain (Fig. 0-3; Higashiyama et al, 1992). The propeptide domain is
cleaved soon after proHB-EGF is presented at the cell surface (Ono et al, 1994). Under stress

conditions such as osmotic stress or chemotherapy, proteases including matrix metalloprotease-3, -7,
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a disintegrin and metalloprotease (ADAM) 9, 10, 12, and 17 (Suzuki et al, 1997; Yu et al, 2002;
Izumi et al, 1998; Asakura et al, 2002; Lemjabbar et al, 2002; Yan et al, 2002; Sunnarborg et al,
2002), cleave proHB-EGF, which results in the release of its extracellular domain, a soluble form of
HB-EGF (sHB-EGF) containing the heparin-binding and EGF-like domains (Fig. 0-4). The heparin-
binding domain is a 21-amino acid stretch rich in basic amino acids, and located at the position of
93" to 113™ of proHB-EGF (Thompson et al, 1994). The binding of sHB-EGF to heparin sulfate
proteoglycan through this domain enhances the biological activity of sHB-EGF such as the
phosphorylation of EGFR and cell migration (Aviezer et al, 1994; Higashiyama et al, 1993). The
EGF-like domain is shared by EGFR ligands, and consists of 36—40 amino acids containing a 6-
cysteine motif (Carpenter et al, 1991). This domain is required for the HB-EGF binding to its
receptors EGFR and ERBB4 (Shin et al, 1994). Through the activation of the receptors, sHB-EGF
exhibits different biological activities. Namely, sHB-EGF induces cell proliferation as well as
chemotaxis through the activation of EGFR, while the ERBB4 activation leads to chemotaxis, not to
cell proliferation (Elenius et al, 1997). More detailed analysis showed that the homo- and
heterodimers of EGFR family members can function as a sHB-EGF receptor when either of EGFR
or ERBB4 is included in the dimmers (Fig. 0-5; Riese et al, 1996). sHB-EGF, released by the
ectodomain shedding of proHB-EGF, is involved in a variety of physiological processes including
tissue development (Iwamoto et al, 2003; Jackson et al, 2003; Mine et al, 2005), skin wound healing
(Shirakata et al, 2005), and pregnancy (Das et al, 1994; Raab et al, 1996), as well as pathological
processes such as cardiac hypertrophy (Asakura et al, 2002), pulmonary hypertension (Powell et al,
1993), atherosclerosis (Miyagawa et al, 1995; Peoples et al, 1995), and oncogenic transformation
(Fu et al, 1999). The over-expression of HB-EGF mRNA as well as HB-EGF protein in ovarian
cancer tissues have been reported (Tanaka et al, 2005). sHB-EGF protein is also detected in the

peritoneal fluid from ovarian cancer patients (Yagi et al, 2005; Miyamoto et al, 2004). Furthermore,
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it has been shown that the over-expression of ADMAI17, one of proteases for HB-EGF, is
associated with the over-expression of HB-EGF, meaning that HB-EGF signaling cascade itself
may be enhanced in ovarian cancer (Tanaka et al, 2005). In the Chapter I and II, the biological
activities of anti-HB-EGF mAbs on sHB-EGF were characterized with cell lines derived from
ovarian cancer tissues.

Membrane-bound form of HB-EGF, proHB-EGF, exhibits unique functions distinguished from
sHB-EGF, such as a diphtheria toxin (DT) receptor (Naglich et al, 1992), a cell adhesion molecule
(Raab et al, 1996), and a juxtacrine growth factor (Higashiyama et at, 1995), other than acting as a
precursor of sSHB-EGF. DT binding to proHB-EGF is potentiated by CD9 or heparin-like molecules
(Mitamura et al, 1992; Shishido et al, 1995), and the sequential internalization of the DT-proHB-
EGF complex causes the inhibition of protein synthesis, which is resulted from the ADP
ribosylation activity of DT on peptide elongation factor EF-2. As a cell adhesion molecule, proHB-
EGF contributes to blastocyst adhesion to the uterus in the process of implantation in mice (Raab et
al, 1996). In vitro analyses revealed that proHB-EGF forms a complex with CD9 and integrin a381
at cell-cell contact sites (Nakamura et al, 1995). The complex is predicted to be associated with the
cell adhesion function of proHB-EGF. Some other molecules, which have not been identified yet,
might interact with the complex (Singh et al, 2007). The juxtacrine activity of proHB-EGF was first
noted in a co-culture system, where proHB-EGF-over-expressing cells were seeded on EGFR-over-
expressing cells (Higashiyama et al, 1995). To isolate and assess the signaling initiated by proHB-
EGF separately from that initiated by sHB-EGF, the proHB-EGF-over-expressing cells were fixed
with formalin, thereby preventing the release of sHB-EGF. In this co-culture system, the proHB-
EGF-over-expressing cells promoted DNA synthesis and prevented apoptosis in the EGFR-over-
expressing cells in some of the studies (Higashiyama et al, 1995; Nakagawa et al, 1996; Takemura
et al, 1997). In contrast, they inhibited DNA synthesis and promoted apoptosis in the EGFR-over-
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expressing cells in a modified co-culture condition without using the formalin-fixation (Iwamoto et
al, 1999). The functions of proHB-EGF were also evaluated by analyzing the effects of proHB-EGF
over-expression on autonomous cellular events. The proHB-EGF over-expression suppressed or
promoted cell proliferation in different cell lines (Miyoshi et al, 1997; Takemura et al, 1999). Thus,
the roles of proHB-EGF have not been consistently or clearly elucidated. In the Chapter III, I
identified the cell proliferation and survival functions of proHB-EGF by examining anti-HB-EGF
mAD effect. In gastric cancer tissues, from which a cell line used in the Chapter III is derived, the
over-expression of HB-EGF was reported (Hirata et al, 2009; Yasumoto et al, 2011). The author
believes that the identification of the proHB-EGF function will lead to the deeper understanding of
gastric cancer.

Recent studies showed that the C-terminal fragment of proHB-EGF (CTF) acts as a signaling
molecule. After sHB-EGF is released by the ectodomain shedding of proHB-EGF, CTF, the
remnant of proHB-EGF, translocates into nucleus, and guides promyelocytic leukaemia zinc finger
protein (PLZF), which suppresses the expression of CyclinA (Li et al, 1997; Yeyati et al, 1999), out
of nucleus. The nuclear export of PLZF by CTF leads to the gene expression of CyclinA, resulting
in the acceleration of S-phase (Nanba et al, 2003). More recently, the interaction of CTF with BCL6,
which is a transcriptional repressor of CyclinD2, was reported (Kinugasa et al, 2007). Translocation
of CTF into nucleus promotes degradation of BCL6 in ubiquitin/proteasome pathway, inducing the
gene expression of CyclinD2 (Hirata et al, 2009). The resulting induction of CyclinD2 gene is
predicted to drive cell cycle. In HB-EGF expression-positive gastric cancer tissues, an inverse
correlation of the expressions of BCL6 and CyclinD2 was reported, suggesting the CTF
contribution to cancer cell proliferation in clinical cancer tissues (Hirata et al, 2009). However,
there has been no evidence showing the direct involvement of proHB-EGF in cancer cell
proliferation and survival, which is discussed in the Chapter II1.
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2.6. HB-EGF inhibitors

Generation of anti-HB-EGF antibodies by a hybridoma approach has been thought difficult
because of the high homology of HB-EGF over species (Fig. 0-6; Hamaoka et al, 2010). When it
comes to neutralizing antibodies, only few mAbs have been reported. DE10 is the first publicized
neutralizing mAb against human HB-EGF. The antibody is cross-reactive to rat HB-EGF and
partially inhibits sHB-EGF-induced cell proliferation (Khong et al, 2000). Another neutralizing
antibody KM3566 was generated with an HB-EGF-null mouse by a hybridoma approach. It is
announced that a clinical phase I study of its humanized version has initiated with the indication of
ovarian cancer patients in US (Miyamoto et al, 2011). However, judging from the biological data of
DE10 and KM3566, it seemed to me that more potent neutralizing antibody could be generated.

CRM197 was previously identified as a mutein of diphtheria toxin (DT) with an amino acid
replacement of a glycine with a glutamic acid at the 52™ amino acid position (Uchida et al, 1971;
Giannini et al, 1984). Among two domains A and B consisting of DT, A domain is responsible for
its ADP ribosylation activity, while B domain is able to bind to HB-EGF (Mekada et al, 1988). The
A domain ADP-ribosylates a peptide elongation factor EF-2, which causes cytotoxicity through the
inhibition of protein synthesis. Because of the amino acid replacement in the A domain of CRM197,
the cytotoxicity of CRM197 through the ADP ribosylation activity is 10° times less than that of
wild-type DT (Kageyama et al, 2007). However, CRM197 retains the binding and inhibitory
activity to HB-EGF at a level comparable to wild-type DT, and shows HB-EGF-specific binding
(Mitamura et al, 1995; Prenzel et al 1999). The molecular mechanism of CRM197 cytotoxicity is
likely due to the inhibition of HB-EGF activity as wells as to the remaining ADP ribosylation
activity (Kageyama et al, 2007). In 2004, the result of phase I clinical trial was disclosed, where
CRM197 was administered to 25 patients with an advanced cancer (Buzzi et al, 2004). One case of
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a breast cancer showed a complete regression, and two cases of a breast cancer and a neuroblastoma
resulted in a partial regression. No severe adverse event was observed with the administration of 1.7
to 3.5 mg/kg. However, the study revealed the instability of CRM197 in human blood. The half-life
of CRM197 is about 18 hours, which is much shorter than that of a typical human antibody (~ 2
weeks). In the Chapter II, the biological property of Y-142 was compared with CRM197 as well as

cetuximab and bevacizumab.
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Fig. 0-2. Increase in new cases of ovarian and gastric cancers
Newly diagnosed cases of ovarian (A) and gastric cancers (B). Patient number was graphed with a reference
of EpiDatabase. JP, Japan; EU includes UK, France, Germany, Spain, and Italy; BRICs includes Brazil,

Russia, India, and China.
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Fig. 0-3. HB-EGF domain structure
proHB-EGF domain structure is depicted. Propeptide is cut off soon after proHB-EGF is presented at cell

surface. Ectodomain shedding occurs at the site of juxtamembrane domain.
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Fig. 0-4. HB-EGF cellular signaling

proHB-EGF is cleaved by a protease such as ADAMI17. Soluble form of HB-EGF (sHB-EGF) activates
EGFR-ERK and EGFR-AKT pathways, leading to cell proliferation and survival, respectively. C-terminal
fragment (CTF) translocates into a nucleus and induces CyclinA/CyclinD2 expression by inhibiting their

transcriptional repressors.
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Fig. 0-5. Binding preference of SHB-EGF
sHB-EGF binds to a homo- or hetero-dimers, composed of EGFR or ERBB4. Modified from Miyamoto et al,
2007.
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A

Human HB-EGF MKLLPSVVLKLFLAAVLSALVTGESLERLRRGLAAGTSNPDPPTV 45
Mouse HB-EGF MKLLPSVMLKLFLAAVLSALVTGESLERLRRGLAAATSNPDPPTG
RatHB-EGF MKLLPSVVLKLFLAAVLSALVTGESLERLRRGLAAATSNPDPPTG

Human HB-EGF [STDQLLPLGGGRDRKVRDLQEADLDLLRVTLSSKPQALATPNKEE 90
Mouse HB-EGF STNQLLPTGGDRAQGMQDLEGTDLNLFKVAFSSKPQGLATPSKER 90
RatHB-EGF NQLLPTGADRAQEVQDLEGTDLDLFKVARSSKPQALATRGKEK 90

Human HB-EGF HGKRKKKGKGLGKKRDPCLRKYKDFC IHGECKYVKELRAPSCICH 135
Mouse HB-EGF NGKKKKKGKGLGKKRDPCLRKYKDYC IHGECRYLQEERTPS L 135
NG H

RatHB-EGF RKGKGLGKKRDPCLKKYKDY(C IHGECRYLKELRIPS L 135

Human HB-EGF PGYHGERCHGLSLPVENRLYTYDHTT ILAVVAVVLSSVCLLVIVG 180
Mouse HB-EGF PGYHGHRCHGLTLPVENPLYTYDHTTVLAVVAVVLSSVCLLVIVG 180
RatHB-EGF PGYHGQRCHGLTLPVENPLYTYDHTTVLAVVAVVLSSVCLLVIVG 180

Human HB-EGF |LLMFRYHRRGGYDVENEEKVKLGMTNS 208
Mouse HB-EGF LLMFRYHRRGGY SEEKVKLGVASS 208
RatHB-EGF LLMFRYHRRGGYDL SEEKVKLG ASS 208
B C
Mo Ra Mo Ra Mo Ra
Hu 808 817 Hu 736 759 Hu 773 795
Mo — 92.3 Mo — 87.4 Mo — 86.4

Fig. 0-6. Amino acid alignment of human, mouse, and rat HB-EGF

A. Amino acid alignment of proHB-EGF. Amino acids identical to human proHB-EGF are boxed. EGF-like
domain is highlighted in gray. Amino acid identity of human, mouse, and rat proHB-EGF (B), human, mouse,
and rat sHB-EGF (C), and the EGF-like domain in human, mouse, and rat HB-EGF (D). Hu, human; Mo,

mouse; Ra, rat.
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2.8. Table

Table 0-1. Anti-cancer antibody drug in the market

Generic name Brand name Target Type Indication Approval
Us JP
Mogamulizumab Poteligeo CCR4 Humanized Tcell lymphoma Non-approved 2012
Pertumumab Perjeta HER2 Humanized Metastatic breast 2012 Non-approved
cancer
Brentuximab Adcetris CD30 Chimeric (monomethyl Hodgkin 2011 Non-approved
vedotin auristatin-conjugate) lymphoma
Ipilimumab Yervoy CTLA-4 Human Metastatic melanoma 2011 Non-approved
Ofatumumab Arzerra CD20 Human Chronic lymphocytic 2009 Non-approved
leukemia
Panitumumab Vectibix EGFR Human Colon cancer 2006 2010
Bevacizumab Avastin VEGF Humanized Colon cancer 2004 2007
Cetuximab Erbitux EGFR Chimeric Head and neck cancer 2004 2008
Colon cancer
Todine 131 Bexxar CD20 Mouse (13'I-labeled) Non-hodgkin lymphoma 2003 Non-approved
Toshitumomab
Ibritumomab Zevalin CD20 Mouse (**Y-labeled) Non-hodgkin 2002 2008
tiuxetan lymphoma
Alemutuzumab  Campath/MabCampath CD52 Humanized Chronic lymphocytic 2001 Non-approved
leukemia
Gemtuzumab Myotarg CD33 Humanized Acute myeloid leukemia 2000 2005
azogamicin (calicheamicin-conjugate)
Trastuzumab Herceptin HER2 Humanized Metastatic breast 1998 2001
cancer
Rituximab Rituxan/MabThera CD20 Chimeric Non-hodgkin lymphoma 1997 2001

19



3. Chapter I: Characterization of a variety of neutralizing anti-HB-EGF monoclonal

antibodies by different immunization methods

3.1. Introduction

The development of neutralizing anti-HB-EGF mAbs with various biochemical or biological
profiles is helpful for the advancement of HB-EGF research. In addition, more potent neutralizing
anti-HB-EGF mAbs might expedite progress in the clinical research of HB-EGF. In addition, if the
neutralizing anti-HB-EGF mAbs are cross-reactive to mouse HB-EGF, they could be useful for the
evaluation of its anti-tumor activity as well as adverse events in mouse models of cancer.

Previous studies have shown that the same immunogen can elicit different antibody responses in
different mouse strains (Stollar et al, 1973; Hoffenbach et al, 1985; Kasai et al, 1987) and different
forms of the antigen can also alter antibody responses (Baraldo et al, 2004; Defendini et al, 1990;
Karle et al, 2003). However, the antibody responses were tested with antisera in these studies, and
little information is known about the effects of different mouse strains and immunogen types on the
characteristics of individual mAbs.

In this study, I succeeded in generating a variety of neutralizing anti-HB-EGF mAbs by using
different mouse strains as well as different preparations of the immunogen HB-EGF. Here, I discuss
the characteristics of the mAbs and their correlation to the epitope bin and the immunization

method.

3.2. Materials and Methods
3.2.1. Preparation of recombinant proteins

To prepare recombinant human, mouse, or rat sHB-EGF, the expression plasmids were
constructed by cloning human, mouse, or rat sHB-EGF cDNA encoding amino acids 1-148 of
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proHB-EGF into the pcDNA3.1 vector (Invitrogen). Because pro-peptide sequence of mouse and
rat HB-EGF were not cleaved in human-derived 293F cells (Invitrogen), mouse and rat sHB-EGF
c¢DNA encoding amino acids 1-62 was replaced with a corresponding sequence of human sHB-
EGF cDNA. sHB-EGF expression plasmid was transfected into 293F cells by using 293fectin
(Invitrogen) according to the supplier’s recommendation. SHB-EGF was purified from the culture
supernatant of the 293F cells with HiTrap Heparin HP (GE Healthcare), followed by a purification
with a TSKgel CM-5PW column (Tosoh).

I also produced recombinant EGFR ectodomain fused to the human IgG, Fc region (EGFR-hFc).
EGFR ectodomain ¢cDNA (amino acids 1-645 of human EGFR) was inserted into pcDNA3.1
already containing the hFc gene. The expression plasmid was transfected into 293F cells as
described above, and the recombinant EGFR-hFc¢ protein was purified from the culture supernatant
with rProteinA Sepharose FF (GE Healthcare), and subsequently with a Superdex 200 10/300

column (GE Healthcare).

3.2.2. Generation of anti-HB-EGF mAbs

BALB/c mice (8 weeks old, Japan Clea) were immunized subcutaneously with 10 pg of keyhole
limpet hemocyanin-conjugated human sHB-EGF (KLH-conjugate) 3 times, and then 5 pg of KLH-
conjugate or 5 ug of recombinant human sHB-EGF protein was intravenously injected as a final
boost. I also performed co-immunization with the KLH-conjugate and human proHB-EGF-
expressing cells. In brief, 1 x 10’ proHB-EGF-expressing 293F cells were injected intraperitoneally
4 times on a weekly basis and at a final boost. KLH-conjugate was subcutaneously immunized at
the first and fourth injections. CD1 mice (8 weeks old, Charles River) were immunized
subcutaneously with 10 pg of KLH-conjugate or with 10 pg of BSA-conjugated sHB-EGF (BSA-
conjugate) 3 times, followed by an intravenous final boost with 5 pg of the same antigen. C57BL
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and C3H mice (8 weeks old, Japan Clea) were immunized with the KLH-conjugate alone in the
same way. Five mice were used for each immunization. In all cases, other than the injection of the
proHB-EGF-expressing cells, immunizations were carried out every 2 weeks. Three days after the
final boost, the spleen was isolated from each mouse, and the splenocytes were fused with
P3X63Ag8U.1 mouse myeloma cells (American Type Culture Collection) at a ratio of 1:1 by using
the Hybrimune Electrofusion System (Cyto Pulse Sciences). The fused cells were seeded in a semi-
solid selective culture media including hypoxanthine-aminopterin-thymidine, and the grown
hybridoma clones were manually transferred to 96-well plates. Hybridomas secreting anti-HB-EGF
mAbs were screened using FMAT. First, biotinylated sHB-EGF was prepared with Biotin Labeling
Kit-NH, (Dojindo). Next, the biotinylated sHB-EGF was captured with streptavidin beads
(Polysciences), and then incubated with hybridoma culture supernatant and Cy5-labeled anti-mouse
IgG Fc antibody (Jackson ImmunoResearch Laboratories) in Can Get Signal solution I (Toyobo) in
FMAT 384-well plates (Applied Biosystems) for 7 h at room temperature. The mAb bound to the
beads was detected by measuring fluorescence intensity of Cy5 by 8200 Cellular Detection System

(Applied Biosystems).

The animal studies were carried out in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Committee on the Ethics of Animal Experiments of Takeda Pharmaceutical

Company Limited (Permit Number: 2802).

3.2.3. mAb preparation
Hybridoma clones secreting anti-HB-EGF mAbs were expanded in a culture media containing
10% Ultra-low IgG fetal bovine serum (Invitrogen). Hybridoma culture supernatant was mixed with

rProteinA Sepharose in MAPSII Binding Buffer (Bio-Rad) and incubated with end-over-end
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rotation overnight at 4°C. After a washing step with PBS, the bound mAb was eluted with 0.1 M
glycine-HCI (pH 3.0) containing 0.15 M NaCl and was immediately neutralized with 1 M Tris-HCl
(pH 8.0). The buffer was then exchanged to PBS by ultrafiltration with Amicon Ultra-4 Centrifugal

Filter (Millipore).

3.2.4. sHB-EGF/EGFR-hFc binding assay

The inhibitory activity of the hybridoma culture supernatant against the binding of sHB-EGF to
EGFR-Fc was detected as described previously (Jin et al, 2009) .In brief, recombinant EGFR-hFc
protein was captured by anti-human IgG Fc antibody (Jackson ImmunoResearch Laboratories)
immobilized on 96-well plates. Hybridoma culture supernatant was incubated with 6 ng/mL
biotinylated sHB-EGF and with 50 ng/mL sodium heparin on the plates for 1 hour at 37°C,
followed by incubation with horseradish peroxidase-labeled (HRP-labeled) streptavidin (Jackson
ImmunoResearch Laboratories) for 1 hour at 37°C. The plates were washed with PBS containing
0.05% Tween-20 after each incubation step. SureBlue TMB Microwell Substrate (KPL) was added
to each well and incubated for 2 min. The reaction was stopped by 1 M H,SO,4 and the absorbance
at 450 nm was measured by a SPECTRA MAX plate reader (Molecular Devices). The inhibitory
activity of hybridoma culture supernatant was determined by measuring the binding of sHB-EGF to
EGFR-hFc. I selected 210 hybridoma clones, whose culture supernatant inhibited sHB-EGF binding
to EGFR by more than 70% and confirmed their inhibitory activity by an EGFR phosphorylation

assay.

3.2.5. EGFR phosphorylation assay
EGFR phosphorylation was detected as described previously (Giorgio et al, 2011). Briefly, SK-
OV-3 ovarian cancer cells (American Type Tissue Collection) were seeded at 1 x 10* cells/well in
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McCoy’s 5A containing 10% serum in a 96-well plate for 1 day and were then serum-starved for 1
day. Hybridoma culture supernatant or various concentrations of purified mAb were pre-incubated
with 10 ng/mL human sHB-EGF for 30 minutes at room temperature, and the reaction mixture was
added to SK-OV-3 cells. After a 30-minute incubation period at 37°C, phosphorylated EGFR was
detected by Human Phospho-EGFR DuoSet IC ELISA Kit (R&D Systems). Inhibitory activity of
hybridoma culture supernatant was determined by measuring the phosphorylation of EGFR. All the
culture supernatants tested inhibited the sHB-EGF-induced EGFR phosphorylation by more than
50%. To accurately measure the neutralizing activity of the mAb clones, I confirmed their
neutralizing activity with protein A-purified antibodies. In the case of purified mAbs, the
phosphorylation of EGFR in the presence of each purified mAb was calculated as the percentage of
the maximum phosphorylation induced by sHB-EGF in the absence of mAb. The maximum
phosphorylation was considered as 100% and basal phosphorylation in the absence of sHB-EGF

and mAb as 0%. ICs, values of purified mAbs were calculated using Prism (GraphPad).

3.2.6. Colony formation assay

Colony formation assay was performed as described previously (Beerli et al, 1996). In brief,
RMG-I ovarian cancer cells (Japanese Collection of Research Bioresources) were seeded at 750
cells/well in RPMI1640 containing 0.35% agarose, 10% serum, and 1 ng/mL human sHB-EGF in
the presence of 10 pg/mL anti-HB-EGF mAb, into Hydrocell 96-well plates (CellSeed). After 1-
week culture period, formed colonies were stained with 0.5 uM Calcein-AM (Invitrogen) and
detected with an Acumen eX® instrument (TTP Labtech). The number of colonies per well in the
presence of anti-HB-EGF mAb was calculated as the percentage of the number of colonies induced

by sHB-EGF in the absence of anti-HB-EGF antibody. The number of colonies in the absence of
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sHB-EGF and mAb was considered 0%. ICs, values of purified mAbs were calculated using a SAS

preclinical package (SAS).

3.2.7. Species specificity test

ELISA was performed as described previously (Engvall et al, 1971). Human, mouse, or rat sHB-
EGF was immobilized at a concentration of 1 pg/mL onto 96-well plates overnight at 4°C. Various
concentrations of anti-HB-EGF mAb were then added to each well and incubated for 1 hour at 37°C,
followed by incubation with HRP-labeled anti-mouse IgG antibody (Jackson ImmunoResearch
Laboratories). The plates were washed with PBS containing 0.05% Tween-20 after each incubation
step. SureBlue TMB Microwell Substrate was then added to the 96-well plates, and the reaction was
stopped after 2 minutes by adding 1 M H,SO,. The mAb binding to sHB-EGF was detected by
measuring the absorbance at 450 nm by a Spectra Max plate reader. ECs, values were calculated

with Prism.

3.2.8. Flow cytometry

Human proHB-EGF expression plasmid was prepared by cloning the full-length human proHB-
EGF cDNA into pEF1 vector (Invitrogen). 293F cells were transfected with the proHB-EGF
expression plasmid as described above. Three days after transfection, cells were reacted with 2
pg/mL anti-HB-EGF mAb for 1 hour on ice, followed by incubation with 2 pg/mL Alexa488-
labeled anti-mouse IgG (Invitrogen) for 1 hour on ice. Cells were washed with PBS after each
antibody incubation step. The binding of anti-HB-EGF mAb was measured by detecting
fluorescence intensity with a Cytomics FC 500 instrument (Beckman Coulter). The median
fluorescence intensity (MFI) ratio was calculated by dividing the MFI of mAb-treated sample by
that of a control mAb-treated sample. MFI ratio was then used as a measure of the binding activity
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to proHB-EGF. The control sample was prepared by incubating cells with mouse IgG control (BD

Pharmingen) instead of anti-HB-EGF mAb.

3.2.9. Epitope binning study

The epitope binning study was performed using the FMAT assay. Anti-HB-EGF mAbs were
biotinylated with Biotin Labeling Kit-NH,. In brief, polystyrene beads (Spherotech) were coated
with human sHB-EGF and incubated with 0.1 pg/mL biotinylated anti-HB-EGF mAb, 5 pg/mL
unlabeled anti-HB-EGF mAb, and 0.33 pg/mL streptavidin-Alexa Fluor 647 (Invitrogen) in Can
Get Signal solution I in FMAT 384-well plates for 7 hours at room temperature. Biotinylated mAbs
on the beads were detected by measuring Alexa Fluor 647 with 8200 Cellular Detection System.
Inhibited binding of the biotinylated mAb to sHB-EGF by unlabeled mAb was calculated using the
formula:

Binding inhibition (%) = (1 — A/B) x 100

where A represents total fluorescence in the presence of unlabeled mAb and B represents total
fluorescence in the absence of unlabeled mAb. Clustering analysis was performed with the percent
inhibition of all combinations of mAb pairs by using Ward’s methods with Euclidean distance. I
first classified the mAbs into 3 epitope bins, namely, A, B, and C, which were distinguished by the
hierarchical dendrogram and the color-coded map (Fig. 1-3). I then subdivided epitope bin A into
Al, A2, A3, and A4, and epitope bin C into C1 and C2, based on visual inspection of the

hierarchical dendrogram (Fig. 1-3).

3.3. Results

3.3.1. Generation of anti-HB-EGF mAbs
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To maximize the chances of obtaining neutralizing anti-HB-EGF mAbs, I tested various
immunization methods and screened hybridomas in a high-throughput manner. I used mice with 4
different genetic backgrounds (BALB/c, C57BL, C3H, and CDI1) as hosts. Carrier protein-
conjugated forms of HB-EGF were used as immunogens through all the immunizations to enhance
the antibody response. The four mouse strains were immunized subcutaneously with KLH-
conjugated sHB-EGF (KLH-conjugate). In addition, BSA-conjugated sHB-EGF (BSA-conjugate)
was tested in CD1 mice (BSA/CDI), and 2 other immunizations were tested in BALB/c mice:
KLH-conjugate immunization plus a final boost of sHB-EGF (KLH/sHB-EGF/BALB/c), and co-
immunization with KLH-conjugate plus proHB-EGF-expressing 293F cells (KLH/cell/BALB/c). 1
used an electrofusion system for high-efficiency hybridoma production, and subsequent
fluorometric microvolume assay technology (FMAT) assay to screen anti-HB-EGF mAb-secreting
hybridoma clones with hybridoma culture supernatant as the antibody source. Using this approach, I
identified 3,337 HB-EGF-specific mAb-secreting hybridoma clones. The rates of obtaining HB-

EGF-specific mAb-secreting hybridoma clones for each immunization are summarized in Table 1-1.

3.3.2. Neutralizing activity of anti-HB-EGF mAbs

Hybridoma clones secreting neutralizing anti-HB-EGF mAbs were then screened by 2 assays. I
selected 210 hybridoma clones, whose culture supernatant inhibited sHB-EGF binding to EGFR by
more than 70%. The culture supernatant was then applied to EGFR phosphorylation assay using
SK-OV-3 ovarian cancer cells, and they all inhibited the sHB-EGF-induced EGFR phosphorylation
by more than 50% (Table 1-1). Because antibody concentrations in culture supernatants differed for
each hybridoma clone, I then tested their neutralizing activity in the EGFR phosphorylation assay
by using protein A-purified mAbs and confirmed that they possessed a neutralizing activity against
sHB-EGF-induced EGFR phosphorylation. I found that they neutralized the sHB-EGF-induced
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EGFR phosphorylation with a broad range of ICs, values, ranging from 5.5 x 10™"' M to 7.6 x 107
M (‘All’ column in Fig. 1-1A). I further tested the effect of the neutralizing mAbs against sHB-
EGF-dependent cancer cell growth by measuring colony formation of RMG-I ovarian cancer cells.
Eighty-nine anti-HB-EGF mAbs, which possessed ICs, values of less than 5 x 10° M in the EGFR
phosphorylation assay, were applied to the colony formation assay (‘All’ column in Fig. 1-1B). The
ICs values of neutralizing anti-HB-EGF mAbs in the EGFR phosphorylation and colony formation
assays were positively correlated (Fig. 1-1C), suggesting that the inhibition of sHB-EGF-induced

EGFR phosphorylation leads to suppression of the sHB-EGF-dependent cancer cell growth.

3.3.3. Binding activities of neutralizing anti-HB-EGF mAbs to sHB-EGF and proHB-EGF

As a method to characterize the neutralizing mAbs, I evaluated the binding activities of the
mADbs to human, mouse, and rat sHB-EGF by ELISA and to human proHB-EGF by flow cytometry.
The ECs values to human sHB-EGF ranged from 1.3 x 10" M to 7.8 x 1071 M (‘All’ column in
Fig. 1-2A). I found that the range of ECs, values to mouse and rat sHB-EGF was much broader (1.6
x 10" M t03.0 x 10° M and 1.4 x 10" M to 1.0 x 107 M, respectively) than that to human sHB-
EGF (‘All’ column in Figs. 1-2B, 1-2C). Likewise, the neutralizing anti-HB-EGF mAbs showed a
diverse binding activity to proHB-EGF. Some mAbs showed a strong binding activity to proHB-

EGF (‘All’ column in Fig. 1-2D).

3.3.4. Epitope binning study of neutralizing anti-HB-EGF mAbs

On the basis of the findings described above, I hypothesized that neutralizing anti-HB-EGF
mAbs might recognize different epitopes. I carried out an epitope binning study by measuring their
competitive binding to human sHB-EGF in the FMAT assay. Of the 210 neutralizing mAbs, I used
156 that provided a sufficient amount for this assay from a small-scale hybridoma culture. At first,
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129 mAbs were tested, and of those, 119 mAbs were classified into 3 epitope bins, designated A, B,
and C, which were distinguished by the hierarchical dendrogram and the color-coded map (Fig. 1-3).
The remaining 10 mAbs were not categorized into any of these epitope bins. Because mAbs in
epitope bins A and C showed heterogenous properties regarding neutralizing and/or binding
activities (data not shown), I decided to subdivide these bins. Therefore, based on the visual
inspection of the hierarchical dendrogram in Fig. 1-3, I further subdivided epitope bin A into Al,
A2, A3, and A4, and epitope bin C into C1 and C2. Another 27 mAbs were additionally purified

and sorted into the epitope bins by performing the competitive binding assay with several
representative mAbs from each epitope bin. Finally, 146 neutralizing anti-HB-EGF mAbs were
classified into epitope bins Al (n=19), A2 (n=12), A3 (n=28), A4 (n=16), B(n=28),Cl (n=

29), and C2 (n = 34).

The epitope binning study allowed me to identify characteristics of the antibodies that were
unique to each epitope bin. The mAbs in epitope bins A3, C1, and C2 exhibited potent neutralizing
activities, whereas those in epitope bins Al and B had weaker activity (Figs. 1-1A, 1-1B). The
mAbs in epitope bins C1 and C2 were highly cross-reactive to mouse and rat sHB-EGF, while the
mADbs in epitope bin B were less cross-reactive to mouse and rat sHB-EGF (Figs. 1-2B, 1-2C). The
mAbs in epitope bin A3 cross-reacted selectively to mouse HB-EGF, while those in epitope bins Al
and A4 cross-reacted specifically to rat HB-EGF. The mAbs in epitope bin A2 showed a profile
similar to those in epitope bin A4 in terms of neutralizing and binding activities to sHB-EGF (Figs.
1-1A, 1-1B, 1-2A-1-2C). However, epitope bin A2 consisted of mAbs with a weaker binding
activity to proHB-EGF than those in epitope bin A4 (Fig. 1-2D). The mAbs in epitope bin B
demonstrated the strongest binding activity to proHB-EGF, as well as to sHB-EGF (Figs. 1-2A, 1-
2D). Meanwhile, the mAbs in epitope bin C1 and C2 showed a weak binding activity to proHB-

EGF instead of their binding activities to human sHB-EGF comparable to the mAbs of other
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epitope bins. These epitope bin-specific characteristics indicated that the epitope bins of the mAbs

were properly determined.

3.3.5. Unique epitope bin population by mouse strain and immunogen type

I analyzed each epitope bin population by immunization method to determine whether mouse
strain or immunogen type affected the antibody characteristics. Of the 146 antibodies classified in
the epitope binning study, I excluded the mAbs from C57BL and C3H mice because both strains
produced very few neutralizing mAbs (Table 1-1). As shown in Fig. 1-4, I found that epitope bin
populations were strikingly different among the immunization methods. These results clearly

indicated that mouse strain and immunogen type can both affect antibody functionality.

3.4. Discussion

Previously reported neutralizing anti-HB-EGF mAbs, DE10 and KM3566, were generated using
the carrier-free recombinant sSHB-EGF protein as the immunogen (Khong et al, 2000; Miyamoto et
al, 2011). In these studies, hybridoma clones were generated by a conventional polyethylene glycol
fusion method, and HB-EGF mAb-secreting clones were screened by ELISA. Antigen-null mice are
useful tools while obtaining antibodies against an autoantigen because they do not develop immune
tolerance to the antigen (Amagai et al, 2007). Because of the high homology between the amino
acid sequences of human and mouse HB-EGF, HB-EGF-null mice were used for the generation of
anti-HB-EGF mAbs (Khong et al, 2000; Miyamoto et al, 2011). However, the reported number of
anti-HB-EGF mAbs from the antigen-null mouse was limited. Herein, I succeeded in identifying
3,337 hybridoma clones secreting HB-EGF-specific antibody, including 210 neutralizing mAb
clones from wild-type mice. I leveraged multiple approaches to efficiently obtain neutralizing anti-
HB-EGF mAbs. I immunized different mouse strains with different forms of HB-EGF as the
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immunogen. I used KLH- or BSA-conjugated forms of sHB-EGF for an enhanced immune response.
An electrofusion system and a homogeneous high-throughput screening assay enabled me to obtain
and evaluate a large number of hybridoma clones. 1 speculate that the combination of these
approaches contributed to the identification of the unprecedented number of the neutralizing mAbs.

A subset of the mAbs obtained here showed a previously unreported cross-reactivity to mouse
HB-EGF. The mAbs in epitope bins C1 and C2 showed a strong binding activity to mouse and rat
sHB-EGF (Fig. 1-2B, 2C). Their neutralizing activity was evaluated only against human sHB-EGF
(Fig. 1-1A); however, these antibodies are likely to be effective neutralizers against mouse and rat
sHB-EGF, making them useful tools for validating in vivo sHB-EGF functions caused by blocking
HB-EGF/EGFR signaling in these animals. I also found that the mAbs in epitope bin C2 showed a
potent neutralizing activity, with ICs, values of less than 1 x 10"° M in a colony formation assay
(Fig. 1-1B). Some mAbs completely inhibited 1 ng/mL of sHB-EGF-induced colony formation at a
dose as low as 0.1 nM (data not shown). Although it is difficult to directly compare the neutralizing
activities in different cell-based assays, the neutralizing activities of the mAbs obtained here seemed
to be more potent than those of previously reported mAbs (Khong et al, 2000; Miyamoto et al,
2011). In addition, the neutralizing activity of anti-HB-EGF mAbs in the EGFR phosphorylation
assay was well correlated with that in the colony formation assay (Fig. 1-1C). This finding strongly
suggests that blockage of sHB-EGF/EGFR signaling is a promising therapy for treating sHB-EGF-
dependent cancers.

As shown in Table 1-1, KLH-conjugate immunizations of different mouse strains produced anti-
HB-EGF mAb-positive and neutralizing mAb-positive hybridoma clones at different rates. CD1
mice produced neutralizing anti-HB-EGF mAbs at a higher positive rate than did the other mouse
strains (0.72% vs. 0.11%, 0.06%, and 0.08%), which probably reflects the highest positive rate of
anti-HB-EGF mAbs in CD1 mice. In contrast, the positive rate of neutralizing mAbs in C3H mice
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was only 0.08%, although its positive rate was as high as 8.0% for HB-EGF-specific mAbs. Thus,
the production rates for HB-EGF-specific and neutralizing mAbs were mouse strain-dependent. In
the BALB/c immunizations, sHB-EGF injection at the final boost (KLH/sHB-EGF/BALB/c)
resulted in a higher positive rate for neutralizing mAbs than KLH-conjugate (KLH/BALB/c)
(0.91% vs. 0.11%), although the positive rates for anti-HB-EGF mAbs were similar (7.8% vs.
5.7%). In the CD1 immunizations, BSA-conjugate gave a higher positive rate for neutralizing mAbs
than did KLH-conjugate (1.97% vs. 0.72%), although the positive rates for anti-HB-EGF mAbs
were similar (11.6% vs. 13.2%). These results suggested that the type of immunogen also affected
the production rates for anti-HB-EGF mAbs and neutralizing mAbs.

The population of epitope bins was markedly different between mouse strains and immunogen
types. The mAbs in epitope bin A2 were obtained only from BSA/CD1 and those in epitope bin A3
were obtained only from KLH/BALB/c and KLH/sHB-EGF/BALB/c. In addition, the mAbs in
epitope bins A4 and B were obtained primarily from CD1 and BALB/c mice, respectively.
Although further analysis is required to clarify the mechanism behind this phenomenon, these
results demonstrate that immunization methods using different mouse strains and immunogen types
produce neutralizing anti-HB-EGF mAbs with various features.

Considering the variation of mAb characteristics, I classified the neutralizing antibodies by using
an epitope binning study. To date, multiple methods have been established for epitope binning
(Ladner, 2007). Although competitive assays using ELISA or Biacore are convenient, these
methods are not practical for epitope binning of large number of mAbs. Therefore, I chose to use
the FMAT assay (Swartzman et al, 1999), which enabled me to classify antibodies in a high-
throughput manner and gave me several insights for HB-EGF studies. Because I used only
neutralizing mAbs in the FMAT assay, I expected that all the mAbs could competitively bind to
sHB-EGF by recognizing an epitope in sHB-EGF that is critical for EGFR binding. However, the
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mADbs in epitope bin B did not competitively bind to sHB-EGF with those in epitope bins A and C
(Fig. 1-3), suggesting that the mAbs in epitope bin B and those in epitope bins A and C recognize
different epitopes and inhibit sHB-EGF binding to EGFR by different approaches. In fact, previous
studies have demonstrated that multiple sites are involved in the interaction between EGF and
EGFR. Two domains (I and III) in the extracellular portion of EGFR have been shown to play
important roles in ligand binding (Defize et al, 1989; Lax et al, 1989; Lax et al, 1991). Crystal
structure analysis has proposed that the interface between EGF and EGFR consists of 3 sites (Ogiso
et al, 2002). One of them is located in domain I and the other 2 in domain III. Binding studies using
sHB-EGF and proHB-EGF also provided interesting information. The mAbs in epitope bins C1 and
C2 showed a weaker binding activity to proHB-EGF but a stronger binding activity to sHB-EGF
compared to the mAbs in epitope bins A2, A3, and A4 (Figs. 1-2A, 1-2D). This result is likely due
to the different conformations of sHB-EGF and the ectodomain of proHB-EGF.

In this study, I obtained a number of neutralizing anti-HB-EGF mAbs by using different
immunization methods and several high-throughput approaches. I found that the neutralizing
activities of these mAbs, as well as their binding features, were defined by the epitope bin. Some of
the tested neutralizing mAbs showed a potent anti-cell proliferation activity against cancer cells,
suggesting that they may be effective anti-cancer agents. My findings further provide evidence that

the immunization method has an effect on the production rates of mAbs and their characteristics.
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3.5. Figures
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Fig. 1-1. Neutralizing activity of anti-HB-EGF mAbs against sHB-EGF functions

(A) Neutralizing activity of anti-HB-EGF mAbs against sHB-EGF-induced EGFR phosphorylation in SK-
OV-3 cells. The plots represent the ICsy values of mAbs used in the epitope binning study (Fig. 1-3). The
horizontal line indicates the median ICs, value. (B) Neutralizing activity of anti-HB-EGF mAbs against sHB-
EGF-induced colony formation in RMG-I cells. I used the 89 mAbs with ICs, values of less than 5 x 10° M in
the EGFR phosphorylation assay, and this plot represents the ICs, values of the 83 mAbs with ICs, values of
less than 1 x 107 M. The horizontal line indicates the median ICs, value. (C) Correlation of neutralizing
activities of anti-HB-EGF mAbs against sHB-EGF-induced EGFR phosphorylation and colony formation.
Each dot represents the ICs, values of 83 mAbs with an ICsy value of less than 1 x 107 M in the colony
formation assay (Fig. 1B). The data were analyzed by the Spearman’s test (two-tailed). The Spearman
correlation was r = 0.6730 (P < 0.0001).
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Fig. 1-2. Binding activities of neutralizing anti-HB-EGF mAbs to HB-EGF

Binding activity of anti-HB-EGF mAbs to (A) human sHB-EGF, (B) mouse HB-EGF, and (C) rat sHB-EGF.
The binding activities were determined by ELISA. The plots represent ECs, values of mAbs used in the
epitope binning study (Fig. 1-3). The horizontal line indicates the median ECs, value. (D) Binding activity of
anti-HB-EGF mAbs to proHB-EGF was measured by flow cytometry. The plots represent median
fluorescence intensity (MFI) ratio of the mAbs used in the epitope binning study (Fig. 1-3). The MFI ratio of
anti-HB-EGF mAD to a control sample was used as the measure of binding activity to proHB-EGF. The

horizontal line indicates the median MFI ratio.
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Fig. 1-3. Epitope binning study of anti-HB-EGF mAbs

The competitive binding of all mAb pairs to sHB-EGF was measured in the FMAT assay. Binding of
biotinylated anti-HB-EGF antibody to sHB-EGF was detected in the presence of a label-free anti-HB-EGF
antibody. Horizontal and vertical axes indicate unlabeled and biotinylated mAbs, respectively. Data were
analyzed by Ward’s method with Euclidean distance. Dendrogram on the left axis represents the similarity of
each mAb in the competitive binding pattern to sHB-EGF. The color scale from 0 to 100 shows the
competitive binding of the 2 mAbs.
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Fig. 1-4. Difference of epitope bin population by mouse strain and immunogen type

Epitope bin populations were analyzed based on the immunization method used to generate the mAbs. *
*BALB/c immunization with “KLH-conjugated sHB-EGF; "the KLH-conjugate and a final boost of sHB-EGF;
‘co-immunization of the KLH-conjugate and proHB-EGF-expressing cells; “°CD1 immunization with ‘the

KLH-conjugate; “BSA-conjugated sHB-EGF.
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3.6. Table

Table 1-1. Summary of anti-HB-EGF mAb generation by mouse strain and immunogen.

Immunization Total ~ HB-EGF binder Neutralizing mAb
KLH/BALB/c" 17,952 1,018 (5.7%) 19 (0.11%)
KLH/sHB-EGF/BALB/c" 2,640 207 (7.8%) 24 (0.91%)
KLH/cell/BALB/c* 5,280 589 (11.2%) 33 (0.63%)
KLH/C57BL? 1,670 30 (1.8%) 1 (0.06%)
KLH/C3H® 2,640 210 (8.0%) 2 (0.08%)
KLH/CD1" 5,720 754 (13.2%) 41 (0.72%)
BSA/CD1® 4,576 529 (11.6%) 90 (1.97%)
Total 40,478 3,337 (8.2%) 210 (0.52%)

The number of hybridoma clones of mAb for each immunization is shown. The production rates are noted in
parentheses. “*“BALB/c immunization with *KLH-conjugated sHB-EGF; the KLH-conjugate and a final
boost of sHB-EGF; ‘co-immunization of the KLH-conjugate and proHB-EGF-expressing cells; ‘C57BL
immunization with the KLH-conjugate; *C3H immunization with the KLH-conjugate; ")CD1 immunization

with ‘the KLH-conjugate; BSA-conjugated sHB-EGF

38



4. Chapter I1: An anti-HB-EGF monoclonal antibody inhibits cancer cell proliferation and

multiple angiogenic activities of HB-EGF: a potential anti-cancer therapeutic agent

4.1. Introduction

Recent studies have revealed a variety of physiological and pathological functions of HB-EGF
(Iwamoto et al, 2003; Jackson et al, 2003; Mine et al, 2005; Shirakata et al, 2005; Das et al, 1994;
Raab et al, 1996; Asakura et al, 2002; Powell et al, 1993; Miyagawa et al, 1995; Peoples et al, 1995;
Fu et al, 1999). More recently, increasing evidence has demonstrated that HB-EGF is over-
expressed in multiple types of cancer (Kobrin et al, 1994; Naef et al, 1996; Mishima et al, 1998;
Thegersen et al, 2001; Miyamoto et al, 2004) and the over-expression has been shown to correlate
with poor prognosis (Thegersen et al, 2001; Tanaka et al, 2005; Hoffmann et al, 2009). Due to these
findings, anti-HB-EGF agents have been actively pursued for therapeutic applications. An HB-EGF
inhibitor of the diphtheria toxin mutant, CRM197, is in phase I clinical development for the
treatment of advanced ovarian cancers (Tsujioka et al, 2011). Anti-HB-EGF antibody KHK?2866, a
humanized version of KM3566, is currently in phase I clinical trials for solid cancers (Miyamoto et
al, 2011). In this study, I report the characterization of anti-HB-EGF mAb, Y-142, by analyzing its
functional activities and binding epitope. The potent biological activity of Y-142 was compared
with those of the HB-EGF inhibitor CRM197, the anti-VEGF antibody bevacizumab, and the anti-

EGFR antibody cetuximab.

4.2. Materials and Methods
4.2.1. Materials

Human, mouse, and rat sHB-EGF, and EGFR-hFc were prepared as described in the Chapter I.
EGFR ligands, anti-EGFR, anti-ERBB4, and anti-HB-EGF polyclonal antibodies, FITC-labeled
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anti-CD31, anti-vascular endothelial growth factor (VEGF), biotinylated anti-VEGF, horseradish
peroxidase (HRP)-labeled anti-phosphotyrosine antibodies were purchased from R&D Systems.
Anti-phosphorylated ERK1/2 and anti-phosphorylated AKT antibodies were purchased from Cell
Signaling Technology. Alexa488-labeled anti-rabbit IgG antibody was obtained from Invitrogen.
Mouse control IgG, HRP-labeled streptavidin, HRP-labeled anti-mouse, anti-goat IgG antibodies,
Cy5-labeled goat anti-mouse IgG Fcy specific antibody, and anti-human IgG Fc antibody were
purchased from Jackson ImmunoResearch Laboratories. Cetuximab and CRM197 were from
ImClone and Sigma Aldrich, respectively. Sulfo-tagged anti-mouse antibody and streptavidin were
purchased from Meso Scale Discovery. Sulfo-tagged anti-phosphotyrosine antibody was prepared
by labeling anti-phosphotyrosine antibody (Millipore) with MSD Sulfo Tag reagent (Meso Scale

Discovery).

4.2.2. Antibody preparation
Anti-HB-EGF mAb Y-142 was generated through the KLH/cell/BALB/c immunization
campaign in the Chapter 1. Y-142 was purified from its hybridoma culture supernatant with

rProteinA Sepharose (GE Healthcare).

4.2.3. Cell culture

Ovarian cancer cell line SK-OV-3, breast cancer cell line T47D, and colorectal cancer cell line
SW480 cells were purchased from American Type Culture Collection and maintained with
McCoy’s SA, RPMI1640, and Leibovit’z L-15 media supplemented with 10% serum, respectively.
Normal human dermal fibroblasts (NHDF) and human umbilical vein endothelial cells (HUVEC)

were purchased from Lonza and maintained with FGM-2 and EGM-2 kits (Lonza), respectively.
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4.2.4. Binding specificity test

Human, mouse, or rat sHB-EGF prepared in the Chapter I was immobilized on an MSD 384-
well plate (Meso Scale Discovery). Non-specific binding was blocked with PBS containing 1%
BSA. Y-142 was then added to each well and incubated for 1 hour at room temperature. Sulfo-
tagged anti-mouse IgG antibody was added and incubated for 1 hour at room temperature. MSD
Read Buffer T (Meso Scale Discovery) was added and chemiluminescence was measured with a
Sector Imager 6000 (Meso Scale Discovery). EGFR ligand specificity of Y-142 was determined by
incubating various concentrations of Y-142 for 1 hour in an EGFR ligand-immobilized 384-well
plate followed by incubating HRP-labeled anti-mouse IgG antibody for 1 hour at room temperature.
TMB Peroxidase EIA Substrate (BIORAD) was then added to the 384-well plate and the reaction
was stopped after 15 minutes by adding 1N H,SO,4. Antibody binding to EGFR ligand was then
detected by measuring the absorbance at 450 nm using a SPECTRA MAX instrument (Molecular

Devices).

4.2.5. Biophysical measurement of Kp

KinExA experiments were performed using a KinExA 3200 instrument (Sapidyne) at 22°C.
sHB-EGF was reconstituted into PBS. sHB-EGF and Y-142 samples were prepared in vacuum-
degassed HBS-P buffer (10 mM HEPES, 150 mM NaCl, and 0.005% Tween-20) from GE
Healthcare with filtered 0.01% BSA and 0.02% sodium azide. For the detection antibody, Cy5-
labeled goat anti-mouse IgG, Fcy specific was used. For each KinExA experiment, 20 ug of sHB-
EGF was diluted into 1 mL of 50 mM sodium carbonate (pH 9.2) which was added directly to 50
mg of azlactone beads (UltraLink Biosupport, Thermo Scientific), and rocked overnight at 4°C.
After rocking, the beads were rinsed once with 1 M Tris-HCI (pH 8.5) containing 1% BSA and
rocked for 1 hour at room temperature in the same buffer. Coupled beads were added to the bead
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reservoir in the KinExA instrument and diluted to 30 mL with HBS-N (10 mM HEPES and 150
mM NaCl, GE Healthcare) containing 0.02% sodium azide which was also the running buffer for
the KinExA instrument. All antigen-coupled beads were used immediately after preparation.

For Kp-controlled experiments, 12 concentrations of sHB-EGF at a range of 4.04 fM—207 pM
were equilibrated at room temperature for 72 hours with 1.03 pM Y-142 binding sites. The volume
flowed through the bead pack for each sample in the Kp-controlled titration was 23 mL at a flow
rate of 0.25 mL/min. For antibody-controlled experiments, 12 concentrations of sHB-EGF at a
range of 4.67 fM—239 pM were equilibrated at room temperature for 24 hours with 35.6 pM Y-142
binding sites. The volume flowed through the bead pack for each sample in the antibody-controlled
titration was 3 mL at a flow rate of 0.25 mL/min. Kp-controlled data and antibody-controlled data
were simultaneously fit with a dual-curve positive cooperativity model using KinExA software

(Version 3.13, Sapidyne).

4.2.6. sHB-EGF binding inhibition to EGFR

Anti-human IgG Fc antibody was immobilized onto a 96-well plate overnight at 4°C. After the
plates were blocked with PBS containing 20% Immunoblock (Dainippon Sumitomo Pharma),
EGFR-hFc was added and reacted for 1 hour at room temperature. Y-142 was then added and
incubated at a concentration of 6.7 nM in the presence of 0.63 nM biotinylated sHB-EGF and 25
ng/mL of sodium heparin for 1 hour at 37°C, followed by adding HRP-labeled streptavidin and
incubating for 1 hour at 37°C. SureBlue TMB Microwell Substrate was then added and the reaction
was stopped after 15 minutes by adding 1N H,SO,. Absorbance at 450 nm was measured using
SPECTRA MAX. The binding of sHB-EGF to EGFR-hFc in the presence of Y-142 was calculated

as the percentage of the maximum binding that was measured of sHB-EGF binding to EGFR-hFc¢ in
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the absence of Y-142. The minimum binding control signal was detected in the absence of sHB-

EGF and Y-142.

4.2.7. EGFR phosphorylation assay

In the EGFR phosphorylation assay, SK-OV-3 cells were plated at 1 x 10* cells/well in McCoy’s
5A containing 1% serum into a 96-well plate. After a 1-day culture, cells were incubated with 10
nM sHB-EGF or ARG together with Y-142 for 30 minutes at 37°C. Cells were lysed in Cell lysis
buffer (Cell Signaling Technology) with a protease inhibitor cocktail (Roche Applied Science) and
a phosphatase inhibitor cocktail (Sigma Aldrich). Cell lysates were then incubated in an anti-EGFR
polyclonal antibody-coated plate for 1 hour at room temperature, followed by an incubation with
HRP-labeled anti-phosphotyrosine antibody for 1 hour at room temperature. After an incubation
with TMB Peroxidase EIA Substrate for 15 minutes, the reaction was stopped by adding 1N H,SOj.
EGFR phosphorylation was detected by measuring the absorbance at 450 nm using an Envision
plate reader (Perkin Elmer). EGFR phosphorylation in the presence of Y-142 was calculated as the
percentage of the maximum EGFR phosphorylation measured in the absence of Y-142. The

minimum phosphorylation control was signal detected in the absence of sHB-EGF and Y-142.

4.2.8. ERBB4 phosphorylation assay

T47D cells were seeded at 2.5 x 10* cells/well into a 96-well plate with RPMI1640 containing
10% serum and cultured for 1 day. After being plated, the cells were serum-starved for 1 day and
then treated with 10 nM sHB-EGF together with various concentrations of Y-142 for 30 minutes at
37°C. Cell lysates were prepared as in the EGFR phosphorylation assay described above and then
incubated in an anti-ERBB4 polyclonal antibody-coated MSD 384-well plate for 1 hour at room
temperature. To detect receptor phosphorylation, sulfo-tagged anti-phosphotyrosine antibody was
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incubated for 1 hour at room temperature. MSD Read Buffer T was then added as a substrate and
chemiluminescence was measured with a Sector Imager 6000. ERBB4 phosphorylation in the
presence of Y-142 was calculated as the percentage of the maximum ERBB4 phosphorylation
measured in the absence of Y-142. The minimum phosphorylation control was signal detected in

the absence of sHB-EGF and Y-142.

4.2.9. ERK1/2 and AKT phosphorylation assays

For the detection of the phosphorylation of ERK1/2 or AKT, SK-OV-3 cells were plated as
described above. The plated cells were then fixed with 3.8% paraformaldehyde for 1 hour at room
temperature, washed with PBS containing 0.05% Tween-20 (wash buffer) three times, and blocked
with wash buffer containing 1% BSA, 2% goat serum, 0.3 % cold fish skin gelatin, 0.1% TritonX-
100, and 0.05% sodium azide. Cells were then incubated with anti-phosphorylated ERK1/2
antibody or anti-phosphorylated AKT antibody overnight at 4°C, washed three-times with wash
buffer, and incubated with Alexa488-labeled anti-rabbit IgG antibody for 2 hours at room
temperature. In order to measure total protein in each well, cells were incubated with Alexa647
succinimidyl ester (Invitrogen) in wash buffer. Phosphorylated ERK1/2 and AKT as well as total
protein were detected with an ImageXpress Micro instrument (Molecular Devices). The levels of
phosphorylation for ERK1/2 and AKT were normalized with the total amount of protein in each
well. Phosphorylation levels were calculated as the percentage of the maximum phosphorylation
levels detected in the absence of Y-142. The minimum control signal was detected in the absence of

sHB-EGF and Y-142.

4.2.10. Cell proliferation assay
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SK-OV-3 cells were added at 3 x 10° cells/well in McCoy’s 5A containing 1% serum and
HUVEC were added at the same density in EBM-2 (Lonza) containing 5% charcoal-stripped serum
(Hyclone) to 96-well plates and cultured for 1 day. Cells were further cultured in the presence of 10
nM sHB-EGF with various concentrations of Y-142, cetuximab, or CRM197 for 3 days. Cell
proliferation was detected with CellTiter-Glo (Promega) using Envision. Cell proliferation of SK-
OV-3 cells and HUVEC calculated as the percentage of the proliferation level measured in the

absence of sHB-EGF, Y-142, cetuximab, and CRM197.

4.2.11. Tube formation assay

NHDF were seeded at 1 x 10* cells/well with an FGM-2 kit into a clear-bottom black 96-well
plate and cultured for 3 days. One thousand HUVEC were seeded onto the monolayer of NHDF
with EBM-2 media containing 2% charcoal-stripped serum in the presence of 50 nM sHB-EGF with
various concentrations of Y-142, cetuximab, or CRM197. After a 4-day incubation period, HUVEC
were stained with FITC-labeled anti-CD31 antibody. CD31-positive cells were detected using an
Acumen ex3 instrument (TTP Labtech). Tube formation in the presence of Y-142, cetuximab, or
CRM197 was calculated as the percentage of the tube formation detected without the presence of

sHB-EGF, Y-142, cetuximab, and CRM197.

4.2.12. VEGF measurement

Anti-VEGF mAb was immobilized in an MSD high binding plate overnight at 4°C. Each well
was then blocked with PBS containing 1% BSA for 1 hour at room temperature. Culture
supernatant from the tube formation assay described above was then added into each well and the
plate was incubated for 1 hour at room temperature. Biotinylated anti-VEGF antibody was then
reacted for 1 hour at room temperature followed by an incubation with sulfo-tagged streptavidin for
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1 hour at room temperature. Read T Buffer was then added as a substrate and chemiluminescence
was measured with a Sector Imager 6000 instrument. The VEGF amount in the culture supernatant
was calculated as a percentage of the VEGF amount in the absence of sHB-EGF, Y-142, cetuximab,

and CRM197.

4.2.13. Western blot

sHB-EGF was boiled in laemmli sample buffer (BIORAD) with or without 10 mM dithiothreitol
for 5 minutes at 95°C. Various amounts of the non-reduced or reduced sHB-EGF were then
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis. SHB-EGF was detected
with either 3 pg/mL of Y-142 or 3 pg/mL of anti-HB-EGF polyclonal antibody as the primary
antibody, followed by incubation with HRP-labeled anti-mouse IgG antibody or HRP-labeled anti-

goat IgG antibody, respectively, as the secondary antibody.

4.2.14. Epitope mapping

Expression plasmids of proHB-EGF alanine mutants were prepared with a KOD Plus
Mutagenesis Kit (TOYOBO). Each expression plasmid was transfected into SW480 with
Lipofectamine LTX with Plus reagent (Invitrogen) in 96-well plates. Two days after the
transfection, cells were washed once with PBS(+) (PBS with 0.5 mM CacCl, and 0.5 mM MgCl,)
and then incubated in 1% BSA-containing PBS for 30 minutes at 4°C. Cells were then washed three
times with PBS(+) and incubated with 200 nM Y-142 or anti-HB-EGF polyclonal antibody for 30
minutes at 4°C. After the washing steps, HRP-labeled anti-mouse IgG or HRP-labeled anti-goat
IgG-antibody was added to detect Y-142 or anti-HB-EGF polyclonal antibody, respectively. After
washing twice with PBS(+), TMB Peroxidase EIA Substrate was added to each well and incubated
for 15 minutes. The reaction was stopped by adding 1N H,SO,. Antibody binding was detected by
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measuring the absorbance at 450 nm using an Envision instrument. In order to take into
consideration the differences among proHB-EGF expression levels, the binding of Y-142 to each
proHB-EGF mutant was normalized with that of the anti-HB-EGF polyclonal antibody by each
mutant. The percent binding of Y-142 was then calculated using the following formula: Y-142
binding (%) = (A/B)/(C/D) x 100, where A represents the absorbance at 450 nm of the indicated
concentrations of Y-142 in mutant proHB-EGF, B represents the absorbance (450 nm) of 200 nM
anti-HB-EGF polyclonal antibody in mutant proHB-EGF, C represents the absorbance (450 nm) of
200 nM Y-142 in wild-type proHB-EGF, and D represents the absorbance (450 nm) of anti-HB-

EGF polyclonal antibody in wild-type proHB-EGF.

4.3. Results
4.3.1. Binding specificity of Y-142

Neutralizing anti-HB-EGF antibodies were generated by a hybridoma approach in the Chapter 1.
In the study, I characterized one of the anti-HB-EGF mAbs, Y-142. I first tested the binding profile
of Y-142 to EGF ligands using ELISA (Fig. 2-1A). Y-142 showed comparable binding to sHB-EGF
and amphiregulin (ARG), but not to the other four EGFR ligands. I then examined species
specificity of Y-142 by testing its binding to human, mouse and rat sHB-EGF. As shown in Fig. 2-

1B, Y-142 bound to human sHB-EGF but not to mouse and rat sHB-EGF.

4.3.2. Biophysical measurement of Ky for Y-142 to sHB-EGF

The Kp value of Y-142 to human sHB-EGF was measured using the kinetic exclusion assay
(KinExA) method. Kp-controlled titration data were obtained by using a range of sHB-EGF
concentrations equilibrated with a constant Y-142 binding site concentration (2x the molecular
concentration) of 1.03 pM. For antibody-controlled experiments, several concentrations of sHB-
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EGF were equilibrated with a constant Y-142 binding site concentration of 35.6 pM. In a dual-curve
analysis, the Kp-controlled curve contains most of the Kp information while the antibody-controlled
curve returns a value for the binding site concentration of the mAb. The latter parameter can be
compared to the nominal binding site concentration of the mAb which can determine if the
estimated Kp should be adjusted for the activity of the antigen in certain cases (Darling et al, 2004).
The Kp-controlled titration data and antibody-controlled titration data were initially fit in a dual-
curve analysis with a standard 1:1 equilibrium binding model. It was observed, however, that the
titration curves collected under both Kp- and antibody-controlled conditions decreased with a slope
steeper than that described by the standard 1:1 model. This steeper slope can only be explained by
use of a positive cooperativity model. In the positive cooperativity model, the binding of sHB-EGF
to one mAb binding site causes the affinity of the second binding site of the antibody to increase
(Blake et al, 2003). Hence, a positive cooperativity equilibrium model was used to fit the dual-curve
titration data which provided an improved fit to the dual curve data set, yielding an effective Kp =
1.50 pM (Fig. 2-2). In addition, the resulting Hill coefficient (n = 1.68) was greater than 1 which

also indicated positive cooperativity (n = 1 signifies independent binding) (Blake et al, 2004).

4.3.3. Neutralizing activity of Y-142 against sSHB-EGF and ARG signaling

As the over-expression of HB-EGF in cancer tissues has been reported (Kobrin et al, 1994; Naef
et al, 1996; Mishima et at, 1998; Thegersen et al, 2001; Miyamoto et al, 2003), the neutralization of
sHB-EGF functionality is expected as a promising therapeutic potential. Neutralizing activity of Y-
142 against sHB-EGF was therefore evaluated in both biochemical and cell-based assays. EGFR is
one of the HB-EGF receptors, and the binding of sHB-EGF to EGFR leads to phosphorylation of
EGFR and its downstream signaling. I found that the binding of sHB-EGF to EGFR-hFc was
completely blocked with Y-142, whereas a control mouse IgG had no effect (Fig. 2-3A). The sHB-
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EGF blocking activity of Y-142 was translated with the complete inhibition of sHB-EGF-induced
EGFR phosphorylation (Fig. 2-3B). In addition to EGFR, sHB-EGF binds to and activates signaling
pathway (Higashiyama et al, 1991; Beerli et al, 1996); indeed I showed that Y-142 could neutralize
the sHB-EGF-induced phosphorylation endogenously expressed ERBB4 on T47D cells (Fig. 2-3C).
Importantly, the neutralizing activity of Y-142 affected EGFR downstream signaling events. As
shown in Figs. 2-3D and 2-3E, Y-142 neutralized sHB-EGF-induced phosphorylation of ERK1/2
and AKT, respectively. Taken together, these results showed that sHB-EGF binds to and activates
EGFR and ERBBA4, and that Y-142 can neutralize sHB-EGF-induced EGFR and ERBB4 signaling.
In a binding specificity test, Y-142 recognized ARG as well as sHB-EGF, which were both
EGFR ligands (Fig. 2-1A). I then tested if Y-142 could neutralize the biological activity of ARG,
which is a known ligand of EGFR. I hypothesized that Y-142 would be able to neutralize the
functionality of ARG because of its neutralizing activity against sSHB-EGF and cross-reactivity to
ARG. However, | was able to show that phosphorylation of EGFR induced by ARG was only
partially neutralized by Y-142 (Fig. 2-3F), whereas Y-142 completely blocked the sHB-EGF-
induced EGFR phosphorylation (Fig. 2-3B). These results suggested that Y-142 could neutralize
both sHB-EGF and ARG functional activities, albeit ARG activity on EGFR is only partially

blocked by Y-142.

4.3.4. Comparison of sHB-EGF neutralizing activity of Y-142 with cetuximab and CRM197
The neutralizing activity of Y-142 against sHB-EGF was compared with two known inhibitors
of the EGFR pathway: cetuximab and CRM197. Cetuximab, an anti-EGFR mAb used as a cancer
therapeutic agent, suppresses EGFR-dependent cancer cell growth by inhibiting EGFR activation.
CRM197, a mutant diphtheria toxin, binds to proHB-EGF and the subsequent internalization of
CRM197 causes the inhibition of protein synthesis. I observed that sHB-EGF-induced SK-OV-3
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cell proliferation was completely inhibited by Y-142 and cetuximab, and partially inhibited by
CRM197 (Fig. 2-4A). Y-142 showed a more potent effect in suppressing cell proliferation than
cetuximab. ICsy values of Y-142 and cetuximab were 4.1 nM and 38 nM, respectively.

sHB-EGF has been reported to be involved in multiple processes of angiogenesis (Abramovitch
et al, 1998; Ushiro et al, 1996). I therefore studied the effect of Y-142 in the proliferation assay of a
human umbilical vein endothelial cells (HUVEC). Y-142 neutralized sHB-EGF-induced HUVEC
proliferation in a concentration dependent manner. Conversely, in the same assay, cetuximab and
CRM197 showed no significant activity (Fig. 2-4B). To confirm this initial observation, I
investigated the ability of Y-142, cetuximab, and CRM197 to block the angiogenic activities of
sHB-EGF in a tube formation assay in which HUVEC and normal human dermal fibroblasts
(NHDF) were co-cultured. Y-142 showed a complete inhibition of sHB-EGF-induced tube
formation while cetuximab and CRM197 had no significant effect (Fig. 2-4C). To further evaluate
the role of Y-142 in the angiogenic activity of sHB-EGF, I tested the neutralizing activity of Y-142
against sSHB-EGF-induced VEGF production. I observed that Y-142 inhibited VEGF production
induced by sHB-EGF while cetuximab and CRM197 showed no inhibitory effects (Fig. 2-4D).
These results indicate that Y-142 could neutralize the angiogenic activities of sHB-EGF more
effectively than cetuximab and CRM197.

I further compared the inhibitory activity of Y-142 against the sHB-EGF-induced tube formation
with that of anti-VEGF antibody bevacizumab, which is used as a cancer therapeutic agent. As
shown in Fig. 2-4E, bevacizumab only partially inhibited the sHB-EGF-induced tube formation,

while Y-142 showed complete inhibition (Fig. 2-4C).

4.3.5. Conformational epitope recognition and epitope mapping of Y-142
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These results show that Y-142 binds to HB-EGF and ARG and blocks the binding of HB-EGF to
EGFR and ERBB4 as well as ARG to EGFR. These findings suggest Y-142 recognizes the EGF-
like domain of HB-EGF because the EGF-like domain is required for the interaction of the EGF
family of ligands and receptors. When probing HB-EGF by Western blot under reducing and non-
reducing conditions, Y-142 only recognized sHB-EGF under non-reducing condition, suggesting it
might recognize a conformational epitope (Fig. 2-5). To identify the Y-142 epitope, I tested its
binding activity against a series of proHB-EGF mutants where an alanine point mutation was
introduced in the EGF-like domain. Six cysteines in this domain were not replaced so as not to
disrupt the disulfide bonds required for EGFR activation (Hoskins et al, 2008). Data demonstrated
that the binding of Y-142 to G119A, G140A, and R142A mutants decreased by more than 70%,
while binding to F115A, Y123A, and G137A mutants decreased by more than 50% (Fig. 2-6).
These results indicate that Y-142 recognizes F115, G119, Y123, G137, G140, and R142 in the

EGF-like domain of HB-EGF.

4.4, Discussion

In this study, I characterized an anti-HB-EGF mAb Y-142 and evaluated its therapeutic potential.
The results show that Y-142 has unique properties with its potent neutralizing activity in multiple
HB-EGF signaling.

My results clearly demonstrated that Y-142 inhibits sHB-EGF-induced cancer cell proliferation
as well as sHB-EGF-induced angiogenic processes more effectively than cetuximab and CRM197,
suggesting that Y-142 may have more promising therapeutic possibilities that cetuximab and
CRM197. 1 hypothesized that the unique epitope of Y-142 and its high affinity to HB-EGF
accounted for its superior activities in blocking cell proliferation and angiogenic activities of sHB-
EGF. Previous studies have reported that the K value of sHB-EGF binding to EGFR 1is 3.8 nM (Jin
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et al, 2009), the Kp of CRM197 binding to sHB-EGF is 27 nM (Brooke et al, 1998), and that the Kp
of cetuximab binding to EGFR is 0.2 nM (Goldstein et al, 1995). Compared to these reported
affinities, the Kp value of Y-142 measured in this study (1.5 pM) was several orders of magnitude
lower (Fig. 2-2). More interestingly, the inhibitory activity of Y-142 seemed to be enhanced in the
HUVEC proliferation and tube formation assays compared to that in the cancer cell proliferation
assay (Figs. 2-4A, 2-4B and 2-4C). As shown in Fig. 2-4E, the sHB-EGF-induced tube formation
was only partially blocked by bevacizumab, implying that sHB-EGF uses VEGF-independent and
VEGF-dependent pathways. Therefore, I speculate that the complete inhibition of Y-142 against the
function of sHB-EGF, which led to the subsequent inhibition of the VEGF function, resulted in the
enhanced activity of Y-142.

I compared the neutralizing activity of Y-142 with that of KM3566, which is a parental antibody
of KHK2866 (Miyamoto et al, 2011). KHK2866 is the humanized version of mouse anti-HB-EGF
antibody KM3566. The ICs, value of KM3566 was estimated to be approximately 0.2 pg/mL (1.3
nM) in an MCAS cell growth assay using 3 ng/mL (0.32 nM) of sHB-EGF (Miyamoto et al, 2011).
This estimated 1Csy value was more than four-fold higher than the concentration of sHB-EGF used.
In contrast, the ICs value of Y-142 was 4.3 nM in an SK-OV-3 cell growth assay using 10 nM
sHB-EGF (Fig. 2-4A). In the Chapter I, I identified the ICs, values of anti-HB-EGF monoclonal
antibodies with a colony formation assay (Fig. 1-1B). In the assay, Y-142 showed an ICs, value of
0.02 nM against 0.11 nM sHB-EGF. Hence, each assay showed the I1Csy values of Y-142 were less
than half the concentrations of sHB-EGF used, indicating a superior neutralization activity of Y-142
compared to KM3566.

The study here also shed light on the functional epitope of Y-142. An alanine scanning approach
to the whole EGF-like domain revealed six amino acids, F115, G119, Y123, G137, G140, and R142,
as the Y-142 binding epitope (Fig. 2-6). This mapping result is consistent with the finding that Y-
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142 did not recognize a linear conformational epitope (Fig. 2-5). Structural analyses by nuclear
magnetic resonance and crystallography demonstrated that Y13 and R41 of EGF, corresponding to
F115 and R142 of HB-EGF, were in close proximity to each other (Hommel et al, 1992; Ogiso et al,
2002). Mutational analyses of EGF identified Y13, 123, R41, and L47 of EGF as crucial amino
acids in its binding to EGFR (Engler et al, 1992; Koide et al, 1992; Tadaki et al, 1993). R41 in EGF
is an especially critical determinant for EGFR binding (Engler et al, 1992) because it forms a salt
bridge with D355 in domain III of EGFR (Hommel et al, 1992). Y13 in EGF was reported to
hydrophobically interact with the F357 side chain in domain III of EGFR (Ogiso et al, 2002).
Consistent with the mutagenesis data of EGF, the neutralizing activity of Y-142 against sHB-EGF-
induced EGFR was predicted to be attributed to the recognition of F115 and R142. In addition to
the binding studies of EGF to EGFR, mutagenesis approaches with heregulinp (HRGp), a ligand for
ERBBA4, identified several residues critical for ERBB4 binding (Jones et al, 1998). Replacement of
R44 in HRGP with an alanine showed the greatest reduction of ERBB4 binding. Furthermore, the
replacement of F13, G18, and G42 in HRGf also resulted in an apparent reduction in ERBB4
binding. Similar to the binding between HRGP and ERBB4, the binding activity of Y-142 to HB-
EGF was reduced when R142, F115, G119, and G140 in HB-EGF were mutated. The HRGp
mutagenesis approach was consistent with the model that describes the neutralizing activity of Y-
142 to ERBB4 as being attributed to the recognition of these amino acids on HB-EGF.

Species specificity and EGFR ligand specificity provided additional information of the epitope
of Y-142. Of the six amino acids determined to be the Y-142 binding epitope (F115, G119, Y123,
G137, G140, R142), all except for F115 were conserved between human, mouse, and rat HB-EGF
(Fig. 2-1D), yet Y-142 binds to human HB-EGF specifically. This indicates that human HB-EGF
specificity was determined by F115. Among the six amino acids which define the Y-142 epitope,
F115 and Y123 are the only two which are shared between ARG and HB-EGF and not with other
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EGF ligands (Fig. 2-1C). Therefore, I concluded that the cross-reactivity of Y-142 to ARG resulted
from the recognition of the combination of F115 and Y123. Among EGF ligands, ARG and HB-
EGF share common features. Both ARG and HB-EGF possess a heparin-binding domain (Inui et al,
1997) and bind to CD9, which potentiates their juxtacrine activities (Cook et al, 1991). In the
Chapter II, however, Y-142 only partially neutralized ARG (Fig. 2-3F), whereas sHB-EGF-induced
EGFR phosphorylation was completely neutralized by Y-142 (Fig. 2-3B). This finding may indicate
that ARG uses amino acids not recognized by Y-142 when interacting with EGFR. Although the
neutralizing activity of Y-142 was partial, interestingly, the co-expression of ARG with HB-EGF
has been reported (Nakagawa et al, 2009), suggesting that Y-142 may be able to exert its synergistic
anti-cancer activity by neutralizing sHB-EGF and ARG functionalities at the same time.

I have demonstrated the potent neutralizing activity of Y-142 against sHB-EGF and the
superiority of Y-142 over cetuximab, CRM197, and bevacizumab in sHB-EGF neutralizing

activities. My findings may expedite progress in the clinical research of HB-EGF.
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4.5. Figures
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Fig. 2-1. Binding specificity of Y-142 to EGFR ligands and to different species of sSHB-EGF

(A) The binding activity of Y-142 to EGFR ligands by ELISA. The various concentrations of Y-142 were
incubated in an EGFR ligand-immobilized plate. The binding was then detected with HRP-labeled anti-mouse
IgG antibody. Data points represent the mean + standard deviation (SD) of values acquired in duplicate.

(B) The binding activity of Y-142 to human, mouse, and rat sHB-EGF by ELISA. The binding activity to
different species sHB-EGF was measured by ELISA using an electroluminescence-based technology. The
various concentrations of Y-142 were incubated in a sHB-EGF-immobilized plate. The binding was detected
with sulfo-tagged anti-mouse IgG antibody. Data points represent the mean = SD of values acquired in
duplicate.

(C) Amino acid alignment of the EGF-like domain of EGFR ligands. A dot indicates an amino acid different
than HB-EGF. A dash represents a gap. Arrowheads labeled with a number indicate the Y-142 binding
epitopes identified in Fig. 2-6.

55



(D) Amino acid alignment of the EGF-like domain of human, mouse, and rat HB-EGF. A dot indicates an
amino acid identical to human HB-EGF. Arrowheads labeled with a number indicate the Y-142 binding
epitopes identified in Fig. 2-6.
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Fig. 2-2. Measuring the Kp of the Y-142/sHB-EGF complex

Dual-curve KinExA equilibrium titration of sHB-EGF binding to Y-142. Kp-controlled data (bottom fitted
curve) were acquired by equilibrating sHB-EGF at a concentration range of 4.04 fM—207 pM with 1.03 pM
Y-142 binding sites. Antibody-controlled data (top fitted curve) were acquired by equilibrating sHB-EGF at a
concentration range of 4.67 fM—239 pM with 35.6 pM Y-142 binding sites. All data points were acquired in
duplicate. Both curves were simultaneously fit to a standard positive cooperativity equilibrium model,
yielding an effective Kp = 1.50 pM (0.31) where the number in parentheses is the 95% confidence interval of
the fit, and a Hill coefficient n = 1.68.
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Fig. 2-3. Neutralizing activities of Y-142 against sHB-EGF and ARG signaling

(A) Inhibitory activity of Y-142 to sHB-EGF binding to EGFR. EGFR-hFc was incubated in an anti-human
IgG Fc antibody-coated plate. Y-142 was then incubated at a concentration of 6.7 nM in the presence of 0.63
nM biotinylated sHB-EGF for 1 hour at 37°C. sHB-EGF bound to EGFR-hFc was detected by HRP-labeled
streptavidin. sHB-EGF binding to EGFR-hFc in the presence of Y-142 was calculated as a percentage of the
“control” sHB-EGF binding to EGFR which occurred without Y-142. Data points represent the mean + SD of

values acquired in triplicate.

(B) Neutralizing activity of Y-142 against EGFR phosphorylation. SK-OV-3 cells were treated with 10 nM
sHB-EGF and 67 nM Y-142. Cell lysates were incubated in an anti-EGFR antibody-coated plate, followed by
an incubation with HRP-labeled anti-phosphorytosine antibody. EGFR phosphorylation in the presence of Y-
142 was calculated as a percentage of the “control” EGFR phosphorylation which occurred without Y-142.

Data points represent the mean + SD of values acquired in triplicate.
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(C) Neutralizing activity of Y-142 against ERBB4 phosphorylation. Cell lysates of T47D cells as prepared in
Fig. 2-3A were incubated on an anti-ERBB4 antibody-coated plate. The phosphorylation of ERBB4 was
detected by a sulfo-tagged anti-phosphotyrosine antibody. ERBB4 phosphorylation in the presence of Y-142
was calculated as a percentage of the “control” ERBB4 phosphorylation which occurred without Y-142. Data
points represent the mean + SD of values acquired in duplicate.

(D) and (E) Neutralizing activity of Y-142 against (D) ERKI1/2 phosphorylation and (E) AKT
phosphorylation. In (D) and (E) SK-OV-3 cells treated with 10 nM sHB-EGF and 200 nM Y-142 were
stained with an anti-phosphorylated ERK1/2 antibody or an anti-phosphorylated AKT antibody, respectively,
followed by an Alexa488-labeled anti-rabbit IgG antibody. Phosphorylated ERK1/2 and phosphorylated AKT
were both detected with an ImageXpress Micro instrument and calculated as a percentage of the “control”
phosphorylation levels which occurred without Y-142. Data points represent the mean + SD of values
acquired in duplicate.

(F) Neutralizing activity of Y-142 to ARG. SK-OV-3 cells were treated with 10 nM ARG plus 67 nM anti-
ARG antibody or various concentrations of Y-142 (2 nM, 6.7 nM, 20 nM, and 67 nM). Cell lysates were
incubated in an anti-EGFR antibody-coated plate followed by an incubation with an HRP-labeled anti-
phosphorytosine antibody. EGFR phosphorylation was calculated as a percentage of the “control” EGFR
phosphorylation which occurred without Y-142. Data points represent the mean + SD of values acquired in

triplicate.
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Fig. 2-4. Inhibitory activity of Y-142 against sHB-EGF functions

(A) and (B) Neutralizing activities of Y-142 against (A) sHB-EGF-induced SK-OV-3 cell proliferation and
(B) HUVEC proliferation. SK-OV-3 cells or HUVEC were cultured for 3 days in the presence of sHB-EGF
and the indicated concentrations of Y-142, cetuximab, or CRM197. Cell proliferation was detected with a
CellTiter-Glo instrument and calculated as a percentage of the “control” cell proliferation without sHB-EGF.
Data points represent the mean = SD of values acquired in triplicate.

(C) Inhibition of HUVEC tube formation by Y-142. HUVEC were cultured on a monolayer of NHDF in the
presence of 50 nM sHB-EGF and the indicated concentrations of Y-142, cetuximab, or CRM197 for 4 days.
HUVEC were then stained with FITC-labeled anti-CD31 antibody. Tube formation (CD31-positive area) was
calculated as a percentage of the “control” amount of tube formation without the presence of sHB-EGF. Data
points represent the mean + SD of values acquired in triplicate.

(D) Inhibition of VEGF production by Y-142. HUVEC were prepared as in Figure 4C and treated with 50 nM
sHB-EGF and the indicated concentrations of Y-142, cetuximab, or CRM197 for 4 days. VEGF concentration
in the supernatant of co-culture was measured in an electrochemiluminescence-based method. VEGF
production was calculated as a percentage of the “control” amount of VEGF produced without the presence of
sHB-EGF. Data points represent the mean = SD of values acquired in triplicate.

No sHB-EGF, closed circles; sHB-EGF plus control IgG, closed triangles; sHB-EGF plus Y-142, closed
squares; sHB-EGF plus CRM197, open circles; sHB-EGF plus cetuximab, open squares.

(E) Inhibition of sHB-EGF-induced HUVEC tube formation by bevacizumab. HUVEC were prepared as in
Figure 4C and treated with 50 nM sHB-EGF and the indicated concentrations of bevacizumab for 4 days.
Tube formation was calculated as a percentage of the “control” amount of tube formation without the

presence of sHB-EGF. Data represent mean + SD of triplicate values.
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Fig. 2-5. Recognition of a conformational epitope by Y-142
The binding of Y-142 to a linear or conformational epitope was tested using Western blot. SHB-EGF was
prepared in reducing or non-reducing conditions with or without dithiothreitol, respectively. The sHB-EGF

was probed with an anti-HB-EGF polyclonal antibody and with Y-142.
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Fig. 2-6. Recognition of F115, G119, Y123, G137, G140, and R142 by Y-142

Epitope mapping of Y-142 was performed using alanine scanning. Each mutant proHB-EGF expression
plasmid was transfected into SW480 cells. The binding activity of Y-142 to the cells was measured in a cell
ELISA. The expression level of mutant proHB-EGF was normalized with the binding of anti-HB-EGF
polyclonal antibody by each mutant. The binding of Y-142 to mutant proHB-EGF was calculated as a
percentage of the “control” binding of Y-142 to wild-type proHB-EGF. Data points represent the mean + SD

of values acquired in triplicate.
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5. Chapter 111: Identification of cancer cell proliferative and survival role of proHB-EGF

using anti-HB-EGF antibody

5.1. Introduction

Other than as a precursor of sHB-EGF, membrane-bound form of HB-EGF, proHB-EGF has
unique properties as a diphtheria toxin (DT) receptor (Naglich et al, 1992), a cell adhesion molecule
(Raab et al, 1996), and a juxtacrine factor (Higashiyama et at, 1995). The functions of proHB-EGF
in cell proliferation and survival have been evaluated by assessing its juxtacrine activity in a co-
culture system, where proHB-EGF expressing cells were seeded on EGFR-over-expressing cells, or
by analyzing the effects of proHB-EGF over-expression on autonomous cellular events
(Higashiyama et al, 1995; Nakagawa et al, 1996; Takemura et al, 1997; Iwamoto et al, 1999;
Miyoshi et al, 1997; Takemura et al, 1999). However, these studies have not reached to a definitive
conclusion about if proHB-EGF promotes or inhibits cell proliferation and survival.

In this study, I report the functions of proHB-EGF in cancer cells by using 2 anti-HB-EGF mAbs
that have different specificities toward proHB-EGF. These findings suggest that proHB-EGF plays

roles in the cell proliferation and survival of cancer cells.

5.2. Materials and Methods
5.2.1. Materials

The anti-HB-EGF mAbs Y-073 and Y-142 were obtained through the KLH/BALB/c and
KLH/cel/BALB/c immunizations, respectively, in the Chapter I. sHB-EGF was prepared in the
Chapter I. I also used the following reagents: mouse control IgG and horseradish peroxidase-labeled
(HRP-labeled) anti-mouse IgG antibody from Jackson ImmunoResearch Laboratories; Alexa488-
labeled anti-mouse IgG antibody, HRP-labeled anti-goat IgG antibody, and HRP-labeled anti-rabbit
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IgG antibody from Invitrogen; anti-amphiregulin (anti-ARG) mAb, anti-HB-EGF polyclonal
antibody, anti-EGFR polyclonal antibody, and biotinylated anti-EGFR polyclonal antibody from
R&D Systems; anti-f-actin antibody from Cell Signaling Technology; erlotinib from Selleck
Chemicals; biotinylated anti-phosphotyrosine antibody from Millipore; sulfo-tagged streptavidin

from Meso Scale Discovery; and phorbol 12-myristate 13-acetate (PMA) from Wako.

5.2.2. Cell culture

NUGC-3 gastric cancer cells (Japanese Collection of Research Bioresources), 5637 bladder
cancer cells (American Type Culture Collection), and BXxPC-3 pancreatic cancer cells (American
Type Culture Collection) were maintained in RPMI1640 supplemented with 10% serum. EFO-27
ovarian cancer cells (DMSZ) were maintained in RPMI1640 with 20% serum. The cells were
maintained in 2D cell culture plates, and 3D spheroid culture experiments, they were transferred to

a Celltight Spheroid culture plate (Sumitomo Bakelite).

5.2.3. Flow cytometry

Cells were detached from a culture dish with cell dissociation buffer (Invitrogen) and incubated
with anti-HB-EGF antibody, or anti-ARG antibody for 1 hour at 4°C. After washing with PBS
containing 1% BSA, the cells were incubated with Alexa488-labeled secondary antibody for 1 hour
at 4°C. Protein expression was measured using a FACS Cantoll instrument (Becton Dickinson) and

the data were then analyzed with the FlowJo software (Tree Star).

5.2.4. sHB-EGF binding assay
sHB-EGF or BSA was immobilized at 1 pg/mL on a 96-well plate overnight at 4°C. After non-
specific binding was blocked with PBS containing 1% BSA, anti-HB-EGF mAb was incubated at
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various concentrations in the plate. HRP-labeled anti-mouse IgG antibody was then reacted for 1
hour at room temperature. TMB Peroxidase EIA Substrate (Bio-rad) was then added into each well.
Antibody binding to sHB-EGF was detected by measuring the absorbance at 450 nm by using a

SPECTRA MAX plate reader (Molecular Devices).

5.2.5. EGFR phosphorylation assay

NUGC-3 cells were seeded at 1 x 10* cells/well in RPMI1640 with 1% serum. After a 1-day
incubation period, the cells were treated with various concentrations of anti-HB-EGF antibody and
10 nM sHB-EGF for 15 minutes at 37°C. Cell lysates were prepared with cell lysis buffer (Cell
Signaling Technology) containing protease inhibitor cocktail (Roche Applied Science) and
phosphatase inhibitor cocktail (Sigma Aldrich), and were used for analysis with pEGFR detection

ELISA kit (R&D Systems).

5.2.6. Cell proliferation and caspase assays

Cells were seeded at a concentration of 1 x 10* cells/well in RPMI1640 containing 1% serum
into Celltight Spheroid culture plates. I measured caspase 3/7 activation after a 1-d incubation
period by using Caspase-Glo 3/7 (Promega) and measured cell proliferation after a 3-d incubation
period by using CellTiter-Glo (Promega). Measurements for both parameters were obtained using
an Envision instrument (Perkin Elmer). Cell proliferation was calculated as the percentage of the

proliferation level measured in the absence of antibody.

5.2.7. siRNA transfection
NUGC-3 cells were transfected with negative control siRNA or HB-EGF siRNA (Dharmacon)
by using Lipofectamine2000 (Invitrogen) during 2D culture. After transfection, the cells were
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transferred to a 3D spheroid culture. siRNA-transfected cells were then used in the cell proliferation
assay. Reduction in HB-EGF protein expression was examined by Western blot. HB-EGF
expression was detected by anti-HB-EGF polyclonal antibody and HRP-labeled anti-goat IgG
antibody. B-actin, an internal loading control, was detected as an internal control with anti-f-actin

antibody and HRP-labeled anti-rabbit IgG antibody.

5.2.8. Measurement of proHB-EGF juxtacrine activities

NUCG-3 cells were incubated with 200 nM Y-142 or Y-073 for the indicated times under the
spheroid culture condition. Mouse control IgG (200 nM) and 1 nM erlotinib were also used in the
assay as negative and positive controls, respectively. For the detection of EGFR phosphorylation,
cell lysates prepared as described above were incubated in an MSD plate (Meso Scale Discovery)
pre-coated with anti-EGFR polyclonal antibody. The plate was then incubated with biotinylated
anti-phosphotyrosine antibody, followed by incubation with sulfo-tagged streptavidin. For the
detection of total EGFR, the cell lysates were incubated in an MSD plate pre-coated with anti-
EGFR polyclonal antibody. Biotinylated anti-EGFR polyclonal antibody was then incubated in the
plate, followed by incubation with sulfo-tagged streptavidin. Read T buffer (Meso Scale Discovery)
was then added and chemiluminescence was measured with a Sector Imager 6000 instrument (Meso
Scale Discovery). The EGFR phosphorylation signal was normalized to the total EGFR signal, and
then calculated as the percentage of the maximum EGFR phosphorylation that was measured in the
absence of Y-142, Y-073, control IgG, and erlotinib.

For the detection of the phosphorylation of ERK1/2 and AKT, I used the phosphoERK1/2 and
phosphoAKT kits (Meso Scale Discovery), respectively, according to the supplier’s instructions. In
brief, cell lysates prepared as described above were added to the plate with spots of anti-ERK1/2
and anti-phosphoERK1/2 antibodies, or with spots of anti-AKT and anti-phosphoAKT antibodies.
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Then each plate was incubated with sulfo-tagged anti-ERK1/2 antibody or with sulfo-tagged anti-
AKT antibody. Read T buffer with surfactant was then added and chemiluminescence was
measured with a Sector Imager 6000 instrument. The ERK1/2 or AKT phosphorylation signal was
normalized to the total ERK1/2 or AKT signal, respectively. ERK1/2 or AKT phosphorylation was
then calculated as the percentage of the maximum ERK1/2 or AKT phosphorylation, respectively,

which was measured in the absence of Y-142, Y-073, control IgG, and erlotinib.

5.2.9. Detection of CTF

NUGC-3 cells were treated with 200 nM Y-142 for 3 days or 50 nM PMA for 30 min as a
control for ectodomain shedding induction and CTF production. Cell lysates prepared as described
above were subjected to Western blot. The CTF fragment was detected using the anti-CTF
polyclonal antibody and HRP-labeled anti-rabbit IgG antibody. Anti-CTF polyclonal antibody was
generated by immunizing a rabbit with an antigen peptide corresponding to amino acids 185-208 of

proHB-EGF, as described previously (Miyagawa et al, 1995).

5.3. Results
5.3.1. Characterization of Y-142 and Y-073

Anti-HB-EGF antibodies were generated using a hybridoma approach in the Chapter I. During
the characterization of the antibodies, I found that Y-142 (epitope bin A1) and Y-073 (epitope bin
C1) had a different binding profileto cancer cell lines endogenously expressing proHB-EGF. Y-142
bound to the tested cancer cell lines, whereas Y-073 showed no binding (Fig. 3-1A).

In the Chapter II, I showed that Y-142 recognizes another EGF ligand amphiregulin (ARG) in
addition to HB-EGF. To confirm that the Y-142 binding to cells was attributable to its recognition
of proHB-EGF, and not from ARG, ARG expression was examined by flow cytometry, and no
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ARG expression was detected (Fig. 3-1B). To rule out the possibility that the anti-ARG antibody
did not have binding activity for ARG, I used transfected ARG as a positive control. This result
further confirmed that the binding of Y-142 to the tested cancer cell lines was attributable to its
recognition of proHB-EGF.

To further examine the characteristics of the antibodies, I tested their binding activity to sHB-
EGF by ELISA. Interestingly, Y-142 and Y-073 bound to sHB-EGF with comparable ECs, values
of 56 pM and 110 pM, respectively, and neither of them bound to the negative control BSA (Fig. 3-
2A). In addition, I tested their neutralizing activity on sHB-EGF-induced EGFR phosphorylation.
The NUGC-3 gastric cancer cell line was used to detect EGFR phosphorylation because of the high
EGFR expression. As shown in Fig. 3-2B, both the antibodies inhibited the phosphorylation of
EGFR in a concentration-dependent manner with similar ICsy values (Y-142 = 3.8 nM; Y-073 = 4.1
nM). These findings indicated that only Y-142 had the ability to bind to proHB-EGF, although both

Y-142 and Y-073 had similar binding and neutralizing activities toward sHB-EGF.

5.3.2. Cell proliferation and survival functions of proHB-EGF

A previous study has shown that proHB-EGF is involved in cell-cell contact (Raab et al, 1996).
In a 3D spheroid culture, cancer cells undergo more extensive cell-cell contacts than in a 2D culture
(Santini et al, 1999). I speculated that the cell-cell contact-mediated proHB-EGF effect might be
more pronounced and easier to detect in the 3D spheroid culture. To this end, I established a 3D
spheroid culture cell-based assay by using NUGC-3 cells. When NUGC-3 cells were seeded in a
spheroid culture plate, they formed a spheroid with a small cell mass in the center core and loosely
distributed cells surrounding the core (dark gray and light gray, respectively, in the PBS control in
Fig. 3-3A). Interestingly, under the Y-142 treatment, the cells were more diffuse and had a smaller
center core and a larger halo. The morphological change caused specifically by Y-142 suggested
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that this change in spheroid morphology was attributable to the modulation of proHB-EGF
functions. I further explored the proHB-EGF functions by using the 3D spheroid culture assay. In
the cell proliferation assay, Y-142 significantly inhibited the proliferation of NUGC-3 in a
concentration-dependent manner (Fig. 3-3B). The inhibition of cell proliferation reached 72% at the
maximum antibody concentration. In contrast, Y-073 had no effect on proliferation. Similar results
were obtained in the other cell lines tested, that is, 5637 and BxPC-3 (Fig. 3-3B). Since Y-073
inhibited the functions of sHB-EGF, and had no effect on any of the proHB-EGF cell lines in the
spheroid culture, it was suggested that the function of endogenous proHB-EGF was dominant in the
spheroid culture compared to the endogenous sHB-EGF function. These results indicated that
proHB-EGF acted as an important cell proliferation factor in cancer cells.

To further confirm that the inhibition of cell proliferation was caused by the perturbation of
proHB-EGF function, I evaluated the effect of HB-EGF siRNA on cell proliferation in the spheroid
assay for NUGC-3 cells. Reduced expression of proHB-EGF due to HB-EGF siRNA was confirmed
by Western blot (Fig. 3-3C). In accordance with the knockdown of proHB-EGF expression, HB-
EGF siRNA caused reduced cell proliferation (Fig. 3-3D). I found that the extent of inhibition of
cell proliferation by HB-EGF siRNA was similar that observed with Y-142. These results are
consistent with the notion that Y-142 inhibits proHB-EGF function, which may lead to reduced cell
proliferation.

To explore the molecular mechanism underlying the functions of proHB-EGF in cell survival, I
measured caspase activation, a key event in apoptosis (Boatright et al, 2003), in NUGC-3 cells. As
indicated in Fig. 3-4, Y-142 promoted the activation of caspase-3/7 (Fig. 3-4), while Y-073 had no
effect. This result indicated that proHB-EGF has cell survival activity in cancer cells, and that

inhibiting proHB-EGF triggers caspase-mediated apoptosis.
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5.3.3. Inhibition of proHB-EGF juxtacrine activities by Y-142

Unlike sHB-EGF, which acts by autocrine and paracrine mechanisms, juxtacrine signaling is a
mechanism unique to proHB-EGF (Higashiyama et al, 1995). I hypothesized that the effect of Y-
142 may be mediated specifically through the inhibition of proHB-EGF juxtacrine signaling.
Because the juxtacrine activity was reported to be EGFR-mediated (Higashiyama et al, 1995), 1
measured the phosphorylation of EGFR as well as of its downstream proteins ERK1/2 and AKT,
which are involved in cell proliferation and caspase-mediated apoptosis, respectively, in NUGC-3
cells. The EGFR inhibitor erlotinib, used as a positive control, inhibited the phosphorylation of
EGFR, ERK1/2, and AKT (Fig. 3-5). Similar to the effect of erlotinib, Y-142 decreased the
phosphorylation of EGFR, ERK1/2, and AKT, whereas Y-073 as well as control IgG did not. The
inhibition of their phosphorylation by Y-142 was significant at 15 minutes after the treatment and
lasted for up to 3 days, suggesting that the juxtacrine signal was constitutively switched on in the
spheroid. These data suggested that proHB-EGF juxtacrine activity leads to cell proliferation as

well as cell survival activity.

5.3.4. No effect of Y-142 on CTF generation

CTF, which is produced along with sHB-EGF by ectodomain shedding, drives cell proliferation
(Higashiyama et al, 2008). To evaluate the contribution of CTF in the inhibition of cell proliferation
by Y-142, the CTF amount was examined in NUGC-3 cells. PMA (Hirata et al, 2001) was used as a
control to stimulate the ectodomain shedding and CTF production. As shown in Fig. 3-6, the
amount of CTF generated in the presence and absence of Y-142 was not substantially different,

suggesting that Y-142 had no impact on the generation of CTF.

5.4. Discussion
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HB-EGF consists of a membrane-bound form (proHB-EGF), a soluble form (sHB-EGF) and a
C-terminal fragment (CTF), and each form has a unique biological activity. Among these 3 forms,
the function of sHB-EGF has been widely evaluated using recombinant proteins. To date, the
biological activity of proHB-EGF has been suggested on the basis of the effect of formalin-fixed
proHB-EGF transfectants on the proliferation and survival of EGFR-expressing cells (Higashiyama
et al, 1995; Nakagawa et al, 1996; Takemura, 1997) or the basis of the effect of proHB-EGF over-
expression on autonomous cell proliferation (Miyoshi et al, 1997; Takemura et al, 1999). However,
information on proHB-EGF function has been scanty and inconsistent possibly because of the lack
of a method for specifically activating or inhibiting proHB-EGF. In some other studies, uncleavable
mutant proHB-EGF (uc-proHB-EGF), which has 2 amino acid replacements (Leul48 and Pro149)
in the cleavage site, was used to evaluate proHB-EGF function (Hirata et al, 2001). uc-proHB-EGF
has been shown to possess juxtacrine activity in formalin-fixed EGFR-expressing cells (Yamazaki
et al, 2003). If uc-proHB-EGF fully represents wild-type proHB-EGF functions even in live cells,
this mutant might be useful in identifying proHB-EGF functions in spheroid culture. Recently,
another version of uc-proHB-EGF, whose cleavage site was deleted, was used to study proHB-EGF
functions. This uc-proHB-EGF prevented anoikis of Madin-Darby canine kidney cells (Singh et al,
2007). However, in comparison with these approaches used so far, there are some advantages in the
approach here using a 3D spheroid culture and a functional anti-HB-EGF antibody: the functions of
endogenously expressed proHB-EGF can be detected, and formalin fixation, which may cause
artifacts, is not required because there is no endogenous sHB-EGF function.

The approach here will be useful for further identifying proHB-EGF functions. Accumulated
reports showed that spheroid culture mimics the cancer environment better than a 2D culture in
terms of cell-cell contacts, drug resistance, drug penetration, and nutrient efficiency (Santini et al,
1999; Friedrich et al, 2007); therefore, the functions of endogenously expressed proHB-EGF found
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in the 3D spheroid suggest that proHB-EGF may play important roles in tumor progression. In this
study, I used 3 cancer cell lines endogenously expressing proHB-EGF. Y-142 inhibited the
proliferation of NUGC-3 cells by 72%, 5637 cells by 55%, and BxPC-3 cells by 24% at the
maximum concentration (Fig. 3-3B). As shown in Fig. 3-1A, the 3 cell lines have different levels of
proHB-EGF expression (NUGC-3 cells > 5637 cells > BxPC-3 cells), which may explain the
relative effect of Y-142 on proliferation. The 3 cell lines are derived from gastric, bladder, and
pancreatic cancer tissues, which are known to over-express HB-EGF (Naef et al, 1996; Thegersen
et al, 2001; Kobrin et al, 1994). HB-EGF has been reported to be up-regulated in other cancer types
such as breast and ovarian cancers and glioblastoma (Suo et al, 2002; Miyamoto et al, 2004;
Mishima et al, 1998); proHB-EGF may exert its functions in a broad range of cancer types.

In this study, to investigate proHB-EGF functions in cancer cells, I used 2 anti-HB-EGF
antibodies Y-142 and Y-073, which had activities similar to those of sHB-EGF, but different
specificities toward proHB-EGF (Figs. 3-1A and 3-2). The result in the Chapter Il showed that the
neutralizing activity of Y-142 is attributable to its recognition of amino acids in the EGF-like
domain of HB-EGF. The EGF-like domain is required for the binding of HB-EGF to EGFR. I,
therefore, presume that the epitope of neutralizing antibody Y-073 should also be located in the
EGF-like domain. Y-073, however, did not bind to proHB-EGF. These findings allowed me to
speculate that Y-073 may also recognize the newly exposed site in sHB-EGF after proHB-EGF
ectodomain shedding. Consistent with my speculation, several antibodies to different molecules
such as type II collagen, aggrecan, fibrin, and link protein have been reported to specifically
recognize a newly exposed site resulting from a protein cleavage (Mort et al, 1999). Epitope
mapping studies will provide detailed information about Y-073 functionality.

In the spheroid culture, the treatment with Y-142 increased the number of cells that diffused out
of the spheroid core (Fig. 3-3A). The inhibition of proHB-EGF juxtacrine activity was detected
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even 3 days after the Y-142 treatment (Fig. 3-5), when cell diffusion was seen. I speculate that the
proHB-EGF-mediated cell-cell contact is directly associated with its proHB-EGF juxtacrine activity.
The results of a previous study using uc-proHB-EGF supported this speculation in that the results
indicated a cytoprotective role of proHB-EGF by enhancing EGFR-mediated cell-cell contact and
showed that caspase activation was inhibited by the proHB-EGF-EGFR-AKT pathway (Singh et al,
2007). I also detected caspase activation and inhibited EGFR and AKT phosphorylation by Y-142
treatment in the spheroid culture (Figs. 3-4 and 3-5). These results may be derived from the
blockage of the proHB-EGF cytoprotective role. While measuring the juxtacrine activity of proHB-
EGF, I also noted the inhibition of ERK1/2 phosphorylation by Y-142, suggesting that the ERK1/2
pathway induced cell proliferation.

In summary, I have shown that the endogenously expressed proHB-EGF acts as a cell
proliferation and cell survival factor in cancer cells and that it may play an important role in cell

proliferation and survival in tumor tissues.
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5.5. Figures
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Fig. 3-1. Comparison of Y-142 and Y-073 binding activities toward proHB-EGF

A. Binding of anti-HB-EGF antibody to proHB-EGF. The cells were incubated with anti-HB-EGF antibody,
followed by incubation with Alexa488-labeled anti-mouse IgG antibody. The binding was detected by flow
cytometry. No IgG, black line; Y-142, black histogram; Y-073, gray histogram. B. Expression of
amphiregulin (ARG) in the cancer cell lines. Cells were incubated with anti-ARG antibody, followed by
incubation with Alexa488-labeled anti-mouse IgG antibody. The binding activity of anti-ARG antibody was
confirmed using cells transfected with an ARG expression plasmid. No IgG, black line; anti-ARG antibody,

gray histogram.
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Fig. 3-2. Comparison of Y-142 and Y-073 biological activities toward sHB-EGF

A. Binding activity of Y-142 and Y-073 toward sHB-EGF. Anti-HB-EGF antibody was incubated at various
concentrations in a SHB-EGF-coated or a BSA-coated plate. Antibody binding was detected with an HRP-
labeled anti-mouse IgG antibody. The data points represent the mean + standard deviation (SD) of values
acquired in duplicate. B. Neutralizing activity of Y-142 and Y-073 against sHB-EGF-induced EGFR
phosphorylation. Anti-HB-EGF antibody was incubated at the indicated concentrations in the presence of 10
nM sHB-EGF with NUGC-3 cells for 15 minutes at 37°C. Cell lysates were incubated on an anti-EGFR
antibody-coated plate, followed by incubation with HRP-labeled anti-phosphotyrosine antibody. The data

points represent the mean + SD of values acquired in triplicate.
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Fig. 3-3. Spheroid-forming and cell proliferation effects of proHB-EGF

Spheroid formation and cell proliferation by proHB-EGF function were assessed under Y-142 treatment. The
cells were seeded into a spheroid culture plate in the presence of 1% serum. After a 1-day incubation period,
the cells were treated with the indicated concentrations of anti-HB-EGF antibody and cultured for 3 days. A.
Spheroid formation of NUGC-3 cells. The bar in each image indicates 500 pm. B. Inhibition of proHB-EGF-
dependent cell proliferation by Y-142. Cell proliferation was measured by CellTiter-Glo and is shown as the
percentage of the proliferation of PBS-treated cells. The data points represent the mean + SD of values

acquired in triplicate. C. Reduction in proHB-EGF protein expression by HB-EGF siRNA. Cell lysates of
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siRNA-transfected NUGC-3 cells were subjected to SDS-PAGE. HB-EGF was detected by Western blot, with
B-actin as the internal control. D. Confirmation of proHB-EGF-dependent cell proliferation by HB-EGF
siRNA. NUGC-3 cells were transfected with HB-EGF siRNA prior to spheroid culture. One day after the
siRNA transfection, the cells were seeded into a spheroid culture plate. Cell proliferation was measured by
CellTiter-Glo and shown as a percentage of the cell proliferation of PBS-treated cells. The data points

represent the mean + SD of values acquired in triplicate.
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Fig. 3-4. Cell survival signaling through proHB-EGF
The cell survival activity of proHB-EGF was tested by measuring caspase activation. NUGC-3 cells were
seeded into a spheroid culture plate in the presence of 1% serum. After a 1-day incubation period, the cells

were treated with Y-142 and cultured for 1 day. Caspase activation was measured by Caspase-Glo 3/7.
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Fig. 3-5. Inhibition of proHB-EGF juxtacrine activity by Y-142

proHB-EGF juxtacrine activity was measured using Y-142. NUGC-3 cells in a spheroid culture plate were
treated with 200 nM control IgG, 200 nM Y-142, 200 nM Y-073, or 1 nM erlotinib for the indicated times. A.
Phosphorylation of EGFR. B. Phosphorylation of ERK1/2. C. Phosphorylation of AKT. Phosphorylation was
calculated as the percentage of the phosphorylation of PBS-treated cells. The data points represent the mean +
SD of values acquired in triplicate. Statistical analysis was performed using the unpaired t-test (one-tailed, vs

PBS-treated sample at the corresponding time point). *, p<0.05; **, p<0.005; ***, p<0.0005.
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Fig. 3-6. Y-142 did not affect CTF production

The effect of CTF on the observed inhibition of cell proliferation (Fig. 3-3B) was examined by measuring the
amount of CTF. Cell lysates of the PMA, control IgG, Y-142, or Y-073-treated NUGC-3 cells were subjected
to SDS-PAGE. CTF was detected with anti-CTF polyclonal antibody in Western blot.
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6. Conclusion

Cancer incidence has been increasing as the population ages. Patients with an unresectable
cancer usually require anti-cancer drugs for treatment. However, cancer cells show heterogenous
properties depending on tissue of origin as well as on microenvironment. Therefore, it is
recommended to appropriately select anti-cancer drug that is efficacious to targeted cancer cells and
less harmful to normal cells. The accumulated evidence on the tumor-progressing roles of HB-EGF
has suggested that HB-EGF-targeted cancer therapy is expected to be promising. In the present
research, with the aim of developing anti-cancer drug targeting HB-EGF, neutralizing anti-HB-EGF
mAbs were generated, and the therapeutic possibility of Y-142 was evaluated. In addition, the
functions of proHB-EGF in cancer cell were identified.

In the Chapter I, I challenged the generation of neutralizing anti-HB-EGF mAbs by a hybridoma
approach using mice from different genetic backgrounds, as well as different types of HB-EGF
immunogens. The populations of mAb bins and the production rates of the neutralizing mAbs were
strikingly different by mouse strain and by immunogen type. The finding presented here is the first
evidence of the effects of mouse strains and immunogen types on the characteristics of individual
mAbs. This would provide important insight on the generation of functional antibodies against any
target molecule.

In the Chapter II, the therapeutic possibility of Y-142 was explored by characterizing its
biological activity. The antibody has a potent HB-EGF neutralizing activity that modulates multiple
biological activities of HB-EGF including cancer cell proliferation and angiogenic activities. The
results indicated that Y-142 may have a potential to be developed into a therapeutic agent for the
treatment of HB-EGF-dependent cancers.

In the Chapter III, I utilized the anti-HB-EGF mAbs Y-142 and Y-073, which have differential
specificities toward proHB-EGF, in order to elucidate proHB-EGF functions in cancer cells. The
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use of 3D spheroid culture in combination with the monoclonal antibodies enabled to identify the
cell proliferation and survival functions of proHB-EGF.

In the present research, the therapeutic possibilities of Y-142 against HB-EGF have been
evaluated in terms of efficacy. Next challenge would be an assessment of adverse events of the HB-
EGF-targeting therapy. As described in the General introduction section, EGFR inhibitors cause
unnecessary adverse events possibly by excessively disturbing the activation of EGFR by multiple
EGFR ligands. Previous reports evidenced that the expression of HB-EGF was significantly
increased in ovarian cancer compared with that in normal ovaries, but those of other EGFR ligands
were not (Miyamoto et al, 2004; Tanaka et al, 2005; Yagi et al, 2005). The differential expression
of HB-EGF may lead to reduced adverse events in the HB-EGF-targeting therapy. To avoid
immunogenicity against different species IgG, antibody drugs have to be human, humanized, or
chimeric IgG. The antibodies obtained in this research are all mouse IgG; therefore, anti-HB-EGF
antibodies here need to be engineered to humanized or chimerc IgG for the purpose of treatment. Fc
region of IgG heavy chain binds to Fc receptor on NK cells, and the interaction leads to ADCC
against target-expressing cells. Fc region is usually fucosylated at the position of N297. In contrast,
IgG with the absence of fucose on N297 more strongly binds to Fc receptor and shows an enhanced
ADCC. The non-fucosylated IgG can be produced by using fucosyltransferase-null cells. This
finding is applied to mogamulizumab, which was approved for the treatment of T cell lymphoma in
Japan. This approach may help to enhance the cytotoxicity of Y-142 against proHB-EGF-
expressing cancer cells. I showed that Y-142 could simultaneously inhibit both proHB-EGF and
sHB-EGF functions. In contrast, Y-073 was a sHB-EGF-specific neutralizer. Therefore, if Y-142
causes proHB-EGF-on-target adverse events, Y-073 can become an alternative antibody drug to

inhibit only sHB-EGF pathways.
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Multiple reports indicated the over-expression of HB-EGF in ovarian and gastric cancer tissues
(Tanaka et al, 2005; Yagi et al, 2005; Miyamoto et al, 2004; Hirata et al, 2009; Yasumoto et al,
2001; Naef et al, 1996). Notably, in ovarian cancer, the over-expression of HB-EGF is not only
associated with a poor prognosis of patients, but also noted in advanced cancer stage. More
interestingly, the over-expression of HB-EGF is not exclusive to these cancer types. Glioblastoma,
bladder, pancreas, and breast cancer tissues show the over-expression of HB-EGF (Mishima et al,
1998; Thegersen et al, 2001; Kobrin et al, 1994; Suo et al, 2002). These facts enhance the value of
development of Y-142 for the treatment of a broad range of cancer types.

The findings here would advance basic and clinical researches of HB-EGF, and furthermore,
provide important insights into biological mechanisms of HB-EGF-dependent cancers. The
concepts and approaches in the present research also would contribute to the development of an

antibody drug field.
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9. Abstract in Japanese

E R ERCAETEEH B O LIV ORAEFRIL LA LT Y, i RIBRIE OB L
FNTWD, T, BRSO TIFEAIN A B0 b TE 22, i Xm—
FY 72 MIRRAERA Ci 7 < . FEAMERR7Z T Ttz JmMifa & B D B < BUNRERIC K o TR S
PE AT 5700, WCROILFEREZ TR & LIZIGIRIE TIIRIRD A4 TRIEH b %
RTEne WS MER D -7z, & T 2L ORE L 43 FHEH) & BAIZ L7z B Al
E LT, EE, PUREENER SN TWD, RBFETIE, ~ Y UREAE ERERER T
(HB-EGF) #iERy & L7zHiEAl o4 BN L, HB-EGF ORI 215 M4 JI &
3% Z & TPl HB-EGF HiikDEH T & L CORREMZRFET 5 L [RIFFC, 2 E TR
T - = HIHAE A proHB-EGF OFEMILIC 51T ke %4 B L7, HB-EGF | LRzsk
FBRFZHKTHL EGFRO U I Ne LTHRREEL, MIdOMIE - AF4FHET 55T
&%, HB-EGF 1%, URELE. B, BEMORE. WElgm. FLk. M. risriEse S 2o
PRI C B W TRBUTHE L TV D Z EHd S, BAERICRT 2 RBBL L EEFEOTER
RICHBEDROND Z EDNHLNATWD,

AT = L Ak &, % ClX HB-EGF (ST 2 FRfiikOEH . b
OYERAENT, 8 X i S EHES & 25 2 LI X Y 5T HB-EGF ik Y-
142 OFERIEA~ O ATREVERRGE, 55 =5 TITEH U2 HUk % v 72 proHB-EGF OFEMIEIZ 35
T D HERERRAT 21T 7R o 72,

aral— = =3

%5 —% : Characterization of a variety of neutralizing anti-HB-EGF monoclonal antibodies by
different immunization methods
(RO EE O TS L7228k E A L7 Hi HB-EGF "R FIfLiR O MR ARAT)
HB-EGF [TM@H G2 A L, FrE Ol W TRIDITTER RO D Z &b,
PURAI ORI+ L L TOMREMEIRIRENTE 2, Ll 24 % T HB-EGF Ik
TER DRI BNF A 72 < ) LTz &9 2 WA Bl 3 T b 45 7 il i 3 5 2 ) 9~ % 7
PEEALTWD LITF0NEE,
ARFE T, PIENEZ A9 %60 HB-EGF HUAO/EHZ BRy & Lz, HUR/ERO R <
ZEEB L, BReBENEREAT LIV RE, BROBERZHAN, "7V F—<ik
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X DPURDOERICHIR LT, A 7 ) R—~OEAICITBRMAEEZ Az, JUkEE
AT Y R—<OERUZIT fluorometric microvolume assay technology % Fv 7z,

AWz~ o 2fi 5 5, FIZ BALB/e, CDI ~ 7 A X Y i HB-EGF FFIHLIAME S 4,
Bt 146 O P RIGUL L RERHIIC Vo, 200D OFUKRIL AT ME HB-EGF  (sHB-EGF)
X 2 BARIREAMEIC LY THOZE h—7 Ui, G oz hmatiii,
sHB-EGF (Zx}9 % a4, & ~ sHB-EGF (Zxt4 &1, ~ 7 2/7 v b sHB-EGF IZ
R DA FEREOME, R OSHIEERS 57 HB-EGF (proHB-EGF) (253 A5 A iEtED W3
IZBWTH, T8 b= BRI RIEREZ R LT e, TRPURDFEAEDFE, KDY
TE =T EOEEIEIY U AT, REFREICE S TELI AR ZE RIS,

REIZBWTEHNMEAEZ A LI2ft HB-EGF HUARNER I, ~ v Af, GEFREOE
D, EHA OPUROIEMEICHTR < BT 5 2 LA REN T, AFIEL HB-EGF O 472 &3 i
FERYZr PR DBEREMEFUA O BUSRHIC b A e iR & 2 0 155, £, TG LIHURD
IRV T FIEE 2 AT 280K b & TV,

Parami el

% % : An anti-HB-EGF monoclonal antibody inhibits cancer cell proliferation and multiple
angiogenic activities of HB-EGF: a potential anti-cancer therapeutic agent

(§1 HB-EGF £ / 7 v —J VHiK X 5 HB-EGF 38V f a5l - M2 753 oo fHL#)

ARETIE, BBV CER L= H1 HB-EGF Hffi{kd 5 &, HB-EGF (25} L Tt
RGP 2R L7z Y-142 OFEMIR OGRS K O BB ISkt 9- 2 PoRiEtE 2 JE L, bus
Uik & U CorTReME 2 ReGE L7z,

Y-142 @ EGFR VU Y RIZkT 266, 6 K OFERF RS G1L BELISA JRIZ X W IREL .,
sHB-EGF {259 5 FAEMEOFAMIX, 454K Tdh 5 EGFR 35 LU ERBB4 OfifaN s 275
NOIEALZRIET D Z LI L ViToT0, Y-142 OEMIEHIT, Y77 V7 hE VAR
& HB-EGF FEREFHTE # > /327 H CRMI197. H1 EGFR Hi{K cetuximab, #i VEGF #ii{k
bevacizumab & [HEZ L, Y-142 D=V F—TRIEIZIET 7= AXx v = ZiEE AW,

Y-142 |3 EGFR U 7> R Té& % HB-EGF, K" amphiregulin (ARG) (ZxF L a4
RUT, F72, Y-1421 3~ 7 A, 7 v bk HB-EGF ~IfE6H7 . & b HB-EGF lZxf§ 5 Fl
FRRAREAYEZ R LTZ, Y-142 1% sHB-EGF |2 & > CiF& S v/ EGFR, ERBB4 O U g
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b, MIENY Z7 O FHUCALE T 5 BRK12, BEL P AKT OV VEbEE L, &5
12, Y-142 1% CRM197, £ X cetuximab (Zbb~, {KIRFEIZIVC HB-EGF #3104 4
R DHEAE ., LE N AN HUVEC OR5E, EWEER. VEGF OREAZIM L7z, £/,
sHB-EGF #5384/ HUVEC OEBEERUZT 2 Y-142 OBLEFIEMEIX, bevacizumab & Hhik
LCHENSDTH-T2, Y-142D= h—7L LTEGF # RAAL VIZFET D 6 7 2 /1R
MEESH, 2095 Fl15, BILOYI23 12K > T ARG IZHT 55850, F11512X
ST Y-142 OFERZZEENRE SN TND Z EDRIB SN2, Y-142 O8RS 72 FFniEtE i
Y-142 7% EGFR ~OfEAIZEE 72 HB-EGF @ R142, Y123 Z38ik9 5 Z &, BIL O EHR
PEICHR L TV 5D EHER ST,

AREIZFBWT, Y-142 @ HB-EGF ~DiE Gk ZH 57202 L, Y-142 7% sHB-EGF O
PEZGRIZHNEIT2 2 & T, Mo, B X OO ME LT v 22+ 25 2
xR LT, Y-142 [ 3ARFE THW N B 2 5 0, HB-EGF + 7 /VIHAF L 728
DIRFEIR L L TORBEES IR S Tz,

% = : Identification of cancer cell proliferative and survival role of proHB-EGF using anti-HB-
EGF antibody

(HT HB-EGF $ifk % IV 7= proHB-EGF O ¥ M sE « A fAEERERE D[R E)

MRS 5 proHB-EGF (X sHB-EGF OHiBRA &L L THET H, ZiLE T sHB-EGF O
PERRIIE A < REE S AL, MO - AFARET L2 RN TS, L AN,
proHB-EGF (Z DWW T ORI 72 < | BEREMEITIIHEA TWvie, F—ETIER L7 2D
PR (Y-142, Y-073) % proHB-EGF (Zxf L TR DiEAMEERT, £ TAETIT Y-
142 &£ Y-073 ZFIfH L proHB-EGF DOFEREMEAT & 7k 72,

ZOFER, Y-142, &Y Y-073 i% sHB-EGF (%) UIRIFLEE OfEATETE, RFiEtE 2 A4
2HDD, Y-142 DA proHB-EGF 2k 2 GTEMEZ AL TWD Z &3 L7z, Y-
142 % AT proHB-EGF OEREAINHI L7= & Z A, BHEMIE NUGC-3 D A7 =1 A KE
FENE] & BB TEINE 3 R DA, W A R—BIEH L b FE SN DL Z EnH L ol

ZNHDORERN D, proHB-EGF M OHGHE - Afr 2T oL AT o2 &0
R E AU, proHB-EGF 723 OHEATICHE R BI 2> T\ D 2 & VR STz,
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ARFFETIE, HUfF L7280 HB-EGF $Huil, FFlZ Y-142 OFHI 2170, EfidhTn bt
EGFR #i{&=<°f> HB-EGF FLEANC b~ HB-EGF (2% § 2 FFEEN RN 2 & & R L7z,
HB-EGF ##E#9 L L7z Y-142 [Z L D IERNEWEM QMmO HEN TV D 2 &R S
. Y-142 OBFEMEIX S HIZEmED L E X LD, It EGFR #iik% & 7= EGFR BRLEH
FEEORZBHEWEN & LTHEBLT 2, ZORWEMIX EGFR FHEAIC S L CTHELT 572
. EGFR ¥ 7 /LW L2 b D LB X Hivd, EGFR BERIL, #%D EGFR U T~
ROMREZFRET 223, B2 X, IPEEHAAKIC IV T HB-EGF ORBLLER A ST
L, Ml EGFR U # > ROFETTHEIL A 5T, T HB-EGF HufRlL, ik <3
Bt A 7~ HB-EGF ¥ 7 7L 2 FERAICPHE T 5729, EGFR FLEANZ L LRITER O
A CENL TV ATREMENE 2 HivDd, Y-142 1% sHB-EGF K (¥ proHB-EGF OHERE %[5
%o, —Ji. Y-073 1% sHB-EGF ORED B A HET 5, £ D72, proHB-EGF OiE 4 [H
I DHZECRIERANHET 255121X, Y-073 %A sHB-EGF > 7LD A% fAES
HEWIBIRHEAEETH D, £, AMFZRICEWTIE, Ii8E. Bilakkz EicHW T
R 2 el L7228, AR EEIE, BEIDbRE . B . FLBESAERR TV T h HB-EGF D38 BLILHE
TS SN TWD2D, Y-142 13RIV EREICR L TAEITH D E /SN 5,

AHFFEICINT, A ITHL HB-EGF HADEHK M & L TOMMfEz A3 720 Tidde <,
proHB-EGF O MifalC 31T HHREO T EEMEZ R L7c, 260 AL, HB-EGF 212y
& LTPUAREZEOBSE, WONTE O A 7 = X AOfFIICEE 2R E 7o T2,
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