mAbs 4:6, 732-739; November/December 2012; © 2012 Landes Bioscience

Characterization of a variety of neutralizing
anti-heparin-binding epidermal growth
factor-like growth factor monoclonal antibodies
by different immunization methods

Isamu Tsuji," Shuji Sato,"* Kentaro Otake, Takahiro Watanabe, Hiroko Kamada and Tomofumi Kurokawa

Pharmaceutical Research Division; Takeda Pharmaceutical Company, Limited; Fujisawa, Kanagawa, Japan

These authors contributed equally to this work.

Keywords: heparin-binding epidermal growth factor-like growth factor, epidermal growth factor receptor, antibody generation,

neutralizing antibody, immunization

Abbreviations: BSA-conjugate, BSA-conjugated sHB-EGF; 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; HRP, horseradish-peroxidase; KLH, keyhole limpet hemocyanin; KLH-conjugate, KLH-conjugated sHB-EGF; MFI,
median fluorescence intensity; proHB-EGF, membrane-bound form of HB-EGF; sHB-EGF, soluble form of HB-EGF

Heparin-binding epidermal growth factor-like growth factor (HB-EGF) is a member of the epidermal growth factor
family. The accumulated evidence on the tumor-progressing roles of HB-EGF has suggested that HB-EGF-targeted cancer
therapy is expected to be promising. However, the generation of neutralizing anti-HB-EGF monoclonal antibodies (mAbs)
has proved difficult. To overcome this difficulty, we performed a hybridoma approach using mice from different genetic
backgrounds, as well as different types of HB-EGF immunogens. To increase the number of hybridoma clones to screen,
we used an electrofusion system to generate hybridomas and a fluorometric microvolume assay technology to screen
anti-HB-EGF mAbs. We succeeded in obtaining neutralizing anti-HB-EGF mAbs, primarily from BALB/c and CD1 mice, and
these were classified into 7 epitope bins based on their competitive binding to the soluble form of HB-EGF (sHB-EGF).
The mAbs showed several epitope bin-dependent characteristics, including neutralizing and binding activity to human
sHB-EGF, cross-reactivity to mouse/rat sHB-EGF and binding activity to the precursor form of HB-EGF. The neutralizing
activity was also validated in colony formation assays. Interestingly, we found that the populations of mAb bins and
the production rates of the neutralizing mAbs were strikingly different by mouse strain and by immunogen type. We
succeeded in generating a variety of neutralizing anti-HB-EGF mAbs, including potent sHB-EGF neutralizers that may
have potential as therapeutic agents for treating HB-EGF-dependent cancers. Our results also suggest that immunization
approaches using different mouse strains and immunogen types affect the biological activity of individual neutralizing

antibodies.

Introduction

Heparin-binding epidermal growth factor-like growth factor
(HB-EGF) is a member of the epidermal growth factor (EGF)
family. It is synthesized as membrane-bound proHB-EGF, which
is a precursor of the soluble form of HB-EGF (sHB-EGF).!
Ectodomain shedding of proHB-EGF results in the release of
sHB-EGF, which has potent mitogenic activity through the bind-
ing and activation of EGF receptor (EGFR) on EGFR-expressing
cells.? Previous studies have shown overexpression of HB-EGF
in multiple cancer types,®” and the HB-EGF expression level is
correlated with poor prognosis in cancer patients.”” Therefore,
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blockage of HB-EGF/EGEFR signaling by a potent neutralizing
anti-HB-EGF mAb has the potential to be a promising anti-
cancer therapy. However, it has been difficult to obtain anti-
HB-EGF mAbs by using a hybridoma approach because of the
high homology between the amino acid sequences of human and
mouse HB-EGFE." To date, only a few neutralizing anti-HB-EGF
monoclonal antibodies (mAbs) have been reported.''* DEI10 is
the first reported anti-HB-EGF antibody with neutralizing activ-
ity. This mAb, which is cross-reactive to rat HB-EGF, inhibits
sHB-EGF-induced DNA synthesis and inhibits the binding of
cells to fibronectin and laminin." More recently, KM3566 was
established as a neutralizing mAb specific to human HB-EGF."?
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Table 1. Summary of anti-HB-EGF mAb generation by mouse strain
and immunogen

Neutralizing

Immunization Total  HB-EGF binder 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/C3Hs® 2,640 210 (8.0%) 2 (0.08%)
KLH/CD1f 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 immu-
nization with akKLH-conjugated sHB-EGF; "the KLH-conjugate and a final
boost of sHB-EGF; ‘co-immunization of the KLH-conjugate and proHB-
EGF-expressing cells; 4C57BL immunization with the KLH-conjugate;
¢C3H immunization with the KLH-conjugate; *9CD1 immunization with
fthe KLH-conjugate; 9BSA-conjugated sHB-EGF.

Both of these mAbs were obtained by immunizing a single type
of immunogen, recombinant sHB-EGF protein, and screening
by an enzyme-linked immunosorbent assay (ELISA). The devel-
opment of neutralizing anti-HB-EGF mAbs with different bio-
chemical or biological profiles is helpful for the advancement of
HB-EGF research. For example, more potent neutralizing anti-
HB-EGF mAbs might expedite progress in the clinical research
of HB-EGEF. 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 and adverse events profile in
mouse models of cancer.

Previous studies have shown that the same immunogen can
elicit different antibody responses in different mouse strains,'*"
and different forms of the antigen can also alter antibody

responses.'*'®

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, we succeeded in generating a variety of neutral-
izing anti-HB-EGF mAbs by using different mouse strains and
different preparations of the immunogen HB-EGF. Here, we dis-
cuss the characteristics of the mAbs and their correlation to the
epitope bin and the immunization method.

Results

Generation of anti-HB-EGF mAbs. To maximize the chances
of obtaining neutralizing anti-HB-EGF mAbs, we tested vari-
ous immunization methods and screened hybridomas in a high-
throughput manner. We used mice with four different genetic
backgrounds (BALB/c, C57BL, C3H and CD1) 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,
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BSA-conjugated sHB-EGF (BSA-conjugate) was tested in CD1
mice (BSA/CD1), 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). We 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, we iden-
tified 3,337 HB-EGF-specific mAb-secreting hybridoma clones.
The rates of obtaining HB-EGF-specific mAb-secreting hybrid-
oma clones for each immunization are summarized in Table 1.

Neutralizing activity of anti-HB-EGF mAbs. Hybridoma
clones secreting neutralizing anti-HB-EGF mAbs were then
screened by 2 assays. We 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 phos-
phorylation by more than 50% (Table 1). Because antibody con-
centrations in culture supernatants differed for each hybridoma
clone, we 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. We found that they
neutralized the sHB-EGF-induced EGFR phosphorylation with
a broad range of IC, | values, ranging from 5.5 x 10" M to 7.6 x
107 M (“All” column in Fig. 1A). We 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 IC, val-
ues of less than 5 x 10” M in the EGFR phosphorylation assay,
were applied to the colony formation assay (“All” column in
Figure 1B). The IC, | values of neutralizing anti-HB-EGF mAbs
in the EGFR phosphorylation and colony formation assays were
positively correlated (Fig. 1C), suggesting that the inhibition of
sHB-EGF-induced EGFR phosphorylation leads to suppression
of the sHB-EGF-dependent cancer cell growth.

Binding activities of neutralizing anti-HB-EGF mAbs to
sHB-EGF and proHB-EGF. As a method to characterize the neu-
tralizing mAbs, we evaluated the binding activities of the mAbs
to human, mouse, and rat sHB-EGF by ELISA and to human
proHB-EGF by flow cytometry. The EC, | values to human sHB-
EGF ranged from 1.3 x 10! M to 7.8 x 107* M (“All” column
in Fig. 2A). We found that the range of EC values to mouse
and rat sHB-EGF was much broader (1.6 x 107 M to 3.0 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 Fig. 2B and C). 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. 2D).

Epitope binning study of neutralizing anti-HB-EGF mAbs.
On the basis of the findings described above, we hypothesized
that neutralizing anti-HB-EGF mAbs might recognize different
epitopes. We performed an epitope binning study by measuring
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(p < 0.0001).

Figure 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 IC,  values of 146 mAbs used in the epitope binning study (Fig. 3). The
horizontal line indicates the median IC,  value. (B) Neutralizing activity of anti-HB-EGF mAbs against sHB-EGF-induced colony formation in RMG-I cells.
We used the 89 mAbs with IC,  values of less than 5 x 10~ M in the EGFR phosphorylation assay, and this plot represents the IC,  values of the 83 mAbs
with IC_; values of less than 1 x 107 M. The horizontal line indicates the median IC,, value. (C) Correlation of neutralizing activities of anti-HB-EGF mAbs
against sHB-EGF-induced EGFR phosphorylation and colony formation. Each dot represents the IC, values of 83 mAbs with an IC,  value of less than

1 x 107 M in the colony formation assay (B). The data were analyzed by the Spearman’s test (two-tailed). The Spearman correlation was r = 0.6730

their competitive binding to human sHB-EGF in the FMAT
assay. Of the 210 neutralizing mAbs, we used 156 that provided
a sufficient amount for this assay from a small-scale hybridoma
culture. At first, 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. 3). The remaining 10 mAbs were not catego-
rized into any of these epitope bins. Because mAbs in epitope
bins A and C showed heterogenous properties regarding neutral-
izing and/or binding activities (data not shown), we decided to
subdivide these bins. Therefore, based on the visual inspection of
the hierarchical dendrogram in Figure 3, we 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 bind-
ing 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 = 8), A4 (n = 16),
B (n=28),Cl (n=29) and C2 (n = 34).

The epitope binning study allowed us to identify characteris-
tics of the antibodies that were unique to each epitope bin. The
mAbs in epitope bins A3, Cl and C2 exhibited potent neutraliz-
ing activities, whereas those in epitope bins Al and B had weaker
activity (Fig. 1A and B). The mAbs in epitope bins C1 and C2
were highly cross-reactive to mouse and rat sHB-EGF, while the
mAbs in epitope bin B were less cross-reactive to mouse and rat
sHB-EGF (Fig. 2B and C). 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
(Fig. 1A and B; Fig. 2A-C). However, epitope bin A2 consisted
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of mAbs with a weaker binding activity to proHB-EGF than
those in epitope bin A4 (Fig. 2D). The mAbs in epitope bin B
demonstrated the strongest binding activity to proHB-EGF, as
well as to sHB-EGF (Fig. 2A and D). 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 epitope bins. These epit-
ope bin-specific characteristics indicated that the epitope bins of
the mAbs were properly determined.

Unique epitope bin population by mouse strain and
immunogen type. We 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, we
excluded the mAbs from C57BL and C3H mice because both
strains produced very few neutralizing mAbs (Table 1). As shown
in Figure 4, we found that epitope bin populations were strik-
ingly different among the immunization methods. These results
clearly indicated that mouse strain and immunogen type can
both affect antibody functionality.

Discussion

Previously reported neutralizing anti-HB-EGF mAbs were gen-
erated using the carrier-free recombinant sHB-EGF protein as
the immunogen.!™? 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 auto-antigen because they do not develop immune
tolerance to the antigen.” Because of the high homology between
the amino acid sequences of human and mouse HB-EGEF,
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As shown in Table 1, KLH-conjugate
immunizations of different mouse strains

produced anti-HB-EGF mAb-positive and

Figure 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 sHB-EGF and (C) rat sHB-EGF. The binding
activities were determined by ELISA. The plots represent EC_; values of 146 mAbs used in the
epitope binning study (Fig. 3). The horizontal line indicates the median EC, value. (D) Binding
activity of anti-HB-EGF mAbs to proHB-EGF was measured by flow cytometry. The plots rep-
resent median fluorescence intensity (MFI) ratio of the 146 mAbs used in the epitope binning
study (Fig. 3). The MFlI ratio of anti-HB-EGF mAb to a control sample was used as the measure
of binding activity to proHB-EGF. The horizontal line indicates the median MFI ratio.

neutralizing mAb-positive hybridoma clones
at different rates. CDI mice produced neu-
tralizing 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 CDI mice.

HB-EGF-null mice were used for the generation of anti-HB-EGF
mAbs.""'? However, the reported number of anti-HB-EGF mAbs
from the antigen-null mouse was limited. Herein, we succeeded
in identifying 3,337 hybridoma clones secreting HB-EGF-
specific antibody, including 210 neutralizing mAb clones from
wild-type mice. We leveraged multiple approaches to efficiently
obtain neutralizing anti-HB-EGF mAbs. We immunized differ-
ent mouse strains with different forms of HB-EGF as the immu-
nogen. We 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 us to
obtain and evaluate a large number of hybridoma clones. We
speculate that the combination of these approaches contributed
to the identification of the unprecedented number of the neutral-
izing mAbs. A subset of the mAbs obtained here showed a previ-
ously unreported cross-reactivity to mouse HB-EGF. The mAbs
in epitope bins C1 and C2 showed a strong binding activity to
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In contrast, the positive rate of neutraliz-
ing mAbs in C3H mice 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
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Figure 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 mAb to sHB-EGF was detected in the presence of a label-free anti-HB-EGF mAb. Horizontal and vertical axes indicate unla-
beled 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.

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 in mAb characteristics, we classi-
fied the neutralizing mAbs by using an epitope binning study.
To date, multiple methods have been established for epitope
binning.?® Although competitive assays using ELISA or Biacore
are convenient, these methods are not practical for epitope bin-
ning of a large number of mAbs. Therefore, we chose to use
the FMAT assay,”" which enabled us to classify antibodies in a
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high-throughput manner and gave us several insights for HB-EGF
studies. Because we used only neutralizing mAbs in the FMAT
assay, we 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 mAbs in epitope bin B did not
competitively bind to sHB-EGF with those in epitope bins A and
C (Fig. 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, pre-
vious studies have demonstrated that multiple sites are involved
in the interaction between EGF and EGFR. Two domains (I and
I1T) in the extracellular portion of EGFR have been shown to play
important roles in ligand binding.?*** Crystal structure analysis
has proposed that the interface between EGF and EGFR consists
of 3 sites.?”> One of them is located in domain I and the other two
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Figure 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 immuniza-
tion with ?KLH-conjugated sHB-EGF; ’KLH-conjugate and a final boost
of sHB-EGF; ‘co-immunization of the KLH-conjugate and proHB-EGF-
expressing cells; °CD1 immunization with ‘KLH-conjugate; °BSA-conju-
gated sHB-EGF.

in domain III. Binding studies using sHB-EGF and proHB-EGF
also provided interesting information. The mAbs in epitope bins
C1 and C2 showed weaker binding activity to proHB-EGF, but
stronger binding activity to sHB-EGF, compared with the mAbs
in epitope bins A2, A3 and A4 (Fig. 2A and D). This result is
likely due to the different conformations of sHB-EGF and the
ectodomain of proHB-EGF.

In this study, we obtained a number of neutralizing anti-
HB-EGF mAbs by using different immunization methods and
several high-throughput approaches. We found that the neutral-
izing activities of these mAbs, as well as their binding features,
were defined by the epitope bin. Some of the tested neutralizing
mAbs showed potent anti-cell proliferation activity against can-
cer cells, suggesting that they may be effective anti-cancer agents.
Our findings further provide evidence that the immunization
method has an effect on the production rates of mAbs and their
characteristics.

Materials and Methods

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 proHB-EGF into the pcDNA3.1
vector (Invitrogen). Because the pro-peptide sequences of mouse
and rat HB-EGF were not cleaved in human-derived 293F cells
(Invitrogen), mouse and rat sHB-EGF ¢DNA encoding amino
acids 1-62 was replaced with a corresponding sequence of human
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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 cul-
ture supernatant of the 293F cells with HiTrap Heparin HP (GE
Healthcare), followed by a purification with a TSKgel CM-5PW
column (Tosoh).

We also produced recombinant EGFR ectodomain fused
to the human IgG, Fc region (EGFR-hFc). EGFR ectodomain
c¢DNA (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 cul-
ture supernatant with rProteinA Sepharose FF (GE Healthcare),
and subsequently with a Superdex 200 10/300 column (GE
Healthcare).

Generation of anti-HB-EGF mAbs. Five 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 pg of recombinant human sHB-EGF protein
was intravenously injected as a final boost. We also performed
co-immunization with the KLH-conjugate and human proHB-
EGF-expressing cells. In brief, 1 x 107 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. Five CDI1 mice
(8 weeks old, Charles River) were immunized subcutaneously
with 10 g 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. Five C57BL and five
C3H mice (8 weeks old, Japan Clea) were immunized with the
KLH-conjugate alone in the same way. In all cases, other than
the injection of the proHB-EGF-expressing cells, immuniza-
tions were performed every 2 weeks. Three days after the final
boost, the spleen was isolated from each mouse, and the sple-
nocytes 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 tempera-
ture. The mADb bound to the beads was detected by measuring
fluorescence intensity of Cy5 by 8200 Cellular Detection System
(Applied Biosystems).

The animal studies were performed 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
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of Animal Experiments of Takeda Pharmaceutical Company
Limited (Permit Number: 2802).

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 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 neu-
tralized with 1 M TRIS-HCI (pH 8.0). The buffer was then
exchanged to PBS by ultrafiltration with Amicon Ultra-4
Centrifugal Filter (Millipore).

sHB-EGF/EGFR-hFc binding assay. The inhibitory activ-
ity of the hybridoma culture supernatant against the binding
of sHB-EGF to EGFR-Fc was detected as described previ-
ously.?® In brief, recombinant EGFR-hFc protein was captured
by anti-human IgG Fc antibody (Jackson ImmunoResearch
Laboratories) immobilized on 96-well plates. Hybridoma cul-
ture supernatant was incubated with 6 ng/mL biotinylated sHB-
EGF and with 50 ng/mL sodium heparin on the plates for 1 h
at 37°C, followed by incubation with horseradish peroxidase-
labeled (HRP-labeled) streptavidin (Jackson ImmunoResearch
Laboratories) for 1 h 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, and the absorbance at 450 nm was measured by a
SPECTRA MAX plate reader (Molecular Devices). The inhibi-
tory activity of the hybridoma culture supernatant was deter-
mined by measuring the binding of sHB-EGF to EGFR-Fc.
We 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 phosphoryla-
tion assay.

EGFR phosphorylation assay. EGFR phosphorylation was
detected as described previously.”” Briefly, SK-OV-3 ovarian
cancer cells (American Type Tissue Collection) were seeded at
1 x 10* cells/well in McCoy’s 5A medium containing 10% fetal
bovine serum in a 96-well plate for 1 d and were then serum-
starved for 1 d. Hybridoma culture supernatant or various con-
centrations of purified mAb were pre-incubated with 10 ng/
mL human sHB-EGF for 30 min at room temperature, and the
reaction mixture was added to SK-OV-3 cells. After a 30 min
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
EGEFR phosphorylation by more than 50%. To accurately mea-
sure the neutralizing activity of the mAb clones, we 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 percent-
age of the maximum phosphorylation induced by sHB-EGF
in the absence of mAb. The maximum phosphorylation was
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considered as 100% and basal phosphorylation in the absence of
sHB-EGF and mAb as 0%. IC values of purified mAbs were
calculated using Prism (GraphPad).

Colony formation assay. Colony formation assay was per-
formed as described previously.? In brief, RMG-I ovarian can-
cer cells (Japanese Collection of Research Bioresources) were
seeded at 750 cells/well in RPMI1640 containing 0.35% aga-
rose, 10% fetal bovine serum and 1 ng/mL human sHB-EGF
in the presence or absence of 10 pwg/mL anti-HB-EGF mAb,
into Hydrocell 96-well plates (CellSeed). After a 1-week culture
period, formed colonies were stained with 0.5 wM Calcein-AM
(Invitrogen) and detected with an Acumen eX® instrument
(TTP Labtech). The number of colonies per well in the pres-
ence of anti-HB-EGF mAD was calculated as the percentage of
the number of colonies induced by sHB-EGF in the absence of
anti-HB-EGF mAb. The number of colonies in the absence of
sHB-EGF and mAb was considered 0%. IC, values of purified
mADbs were calculated using an SAS preclinical package (SAS).

Species specificity test. ELISA was performed as described
previously.”” Human, mouse or rat sHB-EGF was immobilized
at a concentration of 1 pug/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 h at 37°C, fol-
lowed by incubation with HRP-labeled anti-mouse IgG anti-
body (Jackson ImmunoResearch Laboratories). The plates were
washed with PBS containing 0.05% Tween-20 after each incu-
bation step. SureBlue TMB Microwell Substrate was then added
to the 96-well plates, and the reaction was stopped after 2 min
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. EC values were calculated with Prism.

Flow cytometry. Human proHB-EGF expression plasmid
was prepared by cloning the full-length human proHB-EGF
c¢DNA into pEF1 vector (Invitrogen). 293F cells were transfected
with the proHB-EGF expression plasmid as described above.
Two days after transfection, the cells were reacted with 2 pg/
mL anti-HB-EGF mAb for 1 h on ice, followed by incubation
with 2 pg/mL Alexa488-labeled anti-mouse IgG (Invitrogen) for
1 h on ice. The cells were washed with PBS containing 2% fetal
bovine serum after each antibody incubation step. The bind-
ing of anti-HB-EGF mAb was measured by detecting fluores-
cence intensity with a Cytomics FC 500 instrument (Beckman
Coulter). The median fluorescence intensity (MFI) ratio was cal-
culated by dividing the MFI of mAb-treated sample by that of a
control mAb-treated sample. MFI ratio was then used as a mea-
sure of the binding activity to proHB-EGEF. The control sample
was prepared by incubating cells with mouse IgG control (BD
PharMingen) instead of anti-HB-EGF mAb.

Epitope binning study. The epitope binning study was per-
formed using the FMAT assay as described previously.?" In brief,
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 pwg/mL bioti-
nylated 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 h at
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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 mADb was calculated using the formula:

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

where A represents total fluorescence in the presence of unla-
beled 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. We first classified the
mAbs into 3 epitope bins, namely, A, B and C, which were dis-
tinguished by the hierarchical dendrogram and the color-coded
map (Fig. 3). We then subdivided epitope bin A into Al, A2,
A3 and A4, and epitope bin C into Cl and C2, based on visual
inspection of the hierarchical dendrogram (Fig. 3).
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