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Growth factors are implicated in several processes essential for cancer progression. Specifically, epider-
mal growth factor (EGF) family members, including epiregulin (EREG), are important prognostic factors in
many epithelial cancers, and treatments targeting these molecules have recently become available. Here,
we constructed and expressed humanized anti-EREG antibodies by variable domain resurfacing based on
the three-dimensional (3D) structure of the Fv fragment. However, the initial humanized antibody (HMO)
had significantly decreased antigen-binding affinity. Molecular modeling results suggested that frame-
work region (FR) residues latently important to antigen binding included residue 49 of the light chain
variable region (VL). Back mutation of the VL49 residue (tyrosine to histidine) generated the humanized
version HM1, which completely restored the binding affinity of its murine counterpart. Importantly, only
one mutation in the framework may be necessary to recover the binding capability of a humanized anti-
body. Our data support that HM1 exerts potent antibody-dependent cellular cytotoxicity (ADCC). Hence,
this antibody may have potential for further development as a candidate therapeutic agent and research
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1. Introduction

The epidermal growth factor (EGF) signaling system consists of
at least seven ligands, that is, EGF, amphiregulin, transforming
growth factor o, heparin-binding EGF, betacellulin, epiregulin
(EREG), and epigen [1]. These ligands bind to the extracellular re-
gion of the EGF receptor (EGFR) and induce a conformational
change in EGFR, leading to its dimerization and activation. Subse-
quently, activated EGFR stimulates many intracellular signaling
pathways, such as the mitogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase (PI3K)/Akt pathways, and promotes
proliferation, cell survival, and angiogenesis [1,2]. In many differ-
ent cancer cells, EGFR ligands are produced either by the cancer
cells themselves or by surrounding stromal cells, leading to consti-
tutive EGFR activation [3]. Of the EGF ligands, EREG is produced as
a transmembrane precursor and exerts mitotic activity in various
primary cell types, such as rat hepatocytes, and various types of
human cancer cells, particularly epithelial tumor cells [4,5]. Inter-
estingly, EREG is expressed at relatively low levels in most adult
normal tissues, but is highly expressed in various human cancers,
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including colon, breast, prostate, and ovary cancers [6-9]. Many
studies have demonstrated the possible involvement of EREG in
tumorigenesis and the oncogenic effects of cancer-specific overex-
pression of EREG. Thus, EREG is likely to be involved in the devel-
opment of a variety of human cancers, and its potential use as a
therapeutic target is being intensely investigated. To this end, sev-
eral anti-EREG murine monoclonal antibodies (mAbs) have been
successfully tested in vivo (unpublished data). However, one of
the primary problems in developing monoclonal antibodies as
drugs is the human anti-mouse antibody response (HAMA), which
limits the administration of murine antibodies [10]. In this study,
we have described the construction and expression of humanized
anti-EREG antibodies with high-affinity targeted cytotoxicity and
decreased immunogenicity through resurfacing the variable region
and recombination.

2. Materials and methods
2.1. Materials
9E5, a human anti-EREG antibody, was a member of a panel of

murine monoclonal antibodies (mAbs) generated using a subtrac-
tive immunization protocol in hybridoma cells and was provided
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as a kind gift by Dr. Kenji Yoshida (Forerunner Pharma Research,
Tokyo, Japan), along with its sequence information. The nucleotide
sequences of 9E5 heavy and light variable regions (VH and VL,
respectively), synthesized by Hokkaido System Science (Sapporo,
Japan), were inserted into the pUC57 vector.

2.2. Modeling the variable fragment (Fv) of 9E5

The 3D structure of the 9E5 variable region was constructed by
homology modeling based on Ig VH and VL domains with highly
matched amino acid sequences and known structures. The Protein
Data Bank (PDB) was searched for antibody sequences with more
than 70% similarity to the 9E5 variable region. Two separate
BLASTP searches were performed for VH and VL. Candidate tem-
plate structures were selected based on the IMGT database for res-
idue numbering and CDR location [11]. For refining the modeling of
the CDR conformations, CDR loop template structures were se-
lected based on the framework region sequence identity of two
sides of the CDR loop and the canonical structure type of the
CDR loop in candidate template structures. Canonical structures
were used to predict the backbone structures of CDRs L1-3, H1,
and H2 [12]. Only CDR H3 and the neighboring side chains were
remodeled de novo using a kinematic loop modeling algorithm in
a Rosetta protocol. The complex models of 9E5 VH and VL were
built with Rosetta Antibody [13]. The 200 lowest energy conforma-
tions from this run were extracted and subjected to energy mini-
mization. The five lowest energy conformers were used in
subsequent analyses. Differences between murine and humanized
variants of HMO antibodies were individually analyzed to investi-
gate their possible influence on the CDRs.

2.3. Humanization of 9E5 antibodies

We chose human variable regions that were the most homolo-
gous in sequence to the murine variable regions as the human
framework for humanized 9E5 antibodies. 9E5 VH and VL se-
quences were subjected to separate IgBLAST searches against the
immunoglobulin GenBank database. A set of human data, which
contained 1000 antibody sequences sharing the highest identities
with 9E5, was selected for each variable region, and another set
of murine data was chosen in the same way. Several systematic dif-
ferences were found when comparing the murine and human
selections, and these were collected as candidates for humaniza-
tion, excluding the CDR residues. Candidates from differential re-
gions were selected according to the analysis of the constructed
model and the following criteria: (i) the candidates were located
within the solvent accessible surface area according to CHIMERA
[14]; (ii) surface residues of 9E5 variable regions (defined as having
>30% relative solvent accessibility) [15] were found by aligning the
sequences of antibodies of known structure to the sequence of 9E5
to identify homologous positions; (iii) the candidates could not
form pivotal contacts comprising intermolecular hydrogen bonds
between VH and VL or intramolecular hydrogen bonds that were
important for retaining the conformation of CDRs and interaction
with CDRs directly; and (iv) the candidates were only differential
residues, not unique residues.

2.4. Construction, expression, and purification of antibodies

Humanized VH and VL gene sequences were subcloned into
predigested expression vectors containing the human interleukin
2 (IL2) signal sequence [16] and encoding human IgG1, including
the constant hinge, CH2, and CH3 regions. Humanized anti-EREG
heavy and light chain expression plasmids were cotransfected into
CHO-S host cells. Selection of cell lines was followed by puromycin
selection (5-15 pg/mL) to obtain high and stable expression of

humanized mAbs. Conditioned media containing humanized mAbs
was harvested and passed through a 0.2-pum filter. The clarified
supernatant was purified using Bio-Scale Mini UNOsphere SUPrA
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s rec-
ommendations. Eluted antibodies were neutralized with 1M
Tris-HCI (pH 9), and buffer exchange was carried out using phos-
phate-buffered saline (PBS) through dialysis of purified antibodies
overnight. The concentration of the purified antibodies was deter-
mined by measuring the absorbance at 280 nm.

2.5. Cell lines and culture

Human colonic adenocarcinoma cell lines, including HCT116
(American Type Culture Collection [ATCC], CCL-247) and DLD-1
(ATCC, CCL-221), and a human gastric cancer cell line, AGS (ATCC,
CRL-1739), were propagated and maintained according to the
manufacturer’s instructions.

2.6. Immunostaining

Cells were cultured on cover glass and fixed with ice-cold etha-
nol for 10 min. After three washes with PBS, nonspecific sites were
blocked with 1 x PBS and 0.2% fish skin gelatin (PBS/FSG) for
10 min. The primary antibodies (9E5, HMO, and HM1) were diluted
to 0.1 mg/mL in PBS/FSG, 50 puL of diluted primary antibodies was
added to each well, and coverslips were incubated at room temper-
ature (RT) for 1 h. Following three washes with PBS/FSG, the sam-
ples were incubated for 30 min with appropriate secondary
antibodies (Alexa Fluor 488-labeled mouse/human anti-IgG).
Images were taken using a Leica DM LB microscope (Leica
Microsystems).

2.7. Flow cytometry

Cells were detached from culture plates with PBS containing
2 mM EDTA at RT for 10-20 min and centrifuged at 1000 rpm for
5 min. Detached cells were washed once with PBS and were then
resuspended in FACS buffer (PBS containing 1% bovine serum albu-
min [BSA], 0.1 mM EDTA, and 0.01% NaNjs). The cells were counted,
plated at 1 x 10° cells per well in 96-well plates (50 pL volume per
well), and kept on ice for 30 min. After washing three times with
ice-cold FACS buffer, the cells were then incubated in the presence
or absence of 0.1, 0.5, or 1 pg/mL Alexa Fluor 488-labeled antibod-
ies in 10 pL of ice-cold FACS buffer. After 1 h of incubation on ice in
the dark, cells were washed three times with ice-cold FACS buffer.
Subsequently, cells were resuspended in 200 pL FACS buffer and
analyzed by Guava EasyCyte (Millipore). The experiment was per-
formed in triplicate, and data were analyzed with GuavaSuite
(Millipore).

2.8. Surface plasmon resonance (SPR)

SPR measurements were performed on a Biacore T200 instru-
ment (GE Health Sciences). Antibodies were immobilized onto a
CM5 chip using standard amine-coupling chemistry addressing
flow cells individually (200 RU level). Human EREG-Fc (MW,
76 kDa), used as a ligand for antibodies, was serial diluted into
HBS-EP + buffer (GE Health Sciences) to obtain 1.5 uM, 300, 60,
12, and 2.4 nM concentrations. Each hEpiregulin-Fc was titrated
from low to high concentration samples, and single-cycle kinetic
analysis was performed with an on-time of 120 s and an off-time
of 600 s at 30 puL/min. Curve fitting and Kp determinations were
performed with the Biacore T200 Evaluation software and were
used to evaluate the data assuming a bivalent analyte model. The
results were based on three independent experiment repeats.
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2.9. ADCC assay

ADCC assays were performed using Jurkat NFAT luciferase re-
porter cells (Promega, Madison, WI, USA), that is, effector cells that
stably express the FcyRllla receptor, V158 variant, and an NFAT-
response element driving expression of firefly luciferase. Target
cells (2 x 10%/well) prepared in ADCC assay buffer (RPMI 1640
medium with 4% low IgG serum supplemented with 100 IU/mL
penicillin and streptomycin) were added to each well. Serial dilu-
tions of antibodies (threefold dilutions from 2000 to 0.3 ng/mL)
were added and incubated for 2 h at 37 °C with 5% CO,. After
two washes with ADCC assay buffer, Jurkat NFAT luciferase repor-
ter cells were added to each well, for a 5:1 effector:target cell ratio,
and the plates were incubated for an additional 24 h. Bio-Glo lucif-
erase assay reagent (Promega) was then added to each well, and
the plates were incubates at RT for 10 min, followed by lumines-
cence measurements on a plate reader.

3. Results
3.1. 3D structure modeling of 9E5 antibodies

For the variable region of 9E5, the top 20 sequences were iden-
tified according to framework region (FR) identity, which was de-
fined as greater than 70% sequence identity. A global alignment
was manually constructed by adjusting for differences in the CDRs,
and a first ranking was performed based on sequence identity
(excluding CDRs). For 9E5 VH and VL, 10 and 4 sequences, respec-
tively, were found to have more than 90% FR identity. The crystal-
lographic resolution and sources of the top 10 selected variable
domain sequences for 9E5 VH and the VL were assessed (Supple-
mentary Table 1). The antibody 3T3P (PDB codes) showed 95% FR
identity with the 9E5 VH, while 2ADF (PDB codes) showed 98%
FR identity with the 9E5 VL. Moreover, the CDRs of the light chains
(L1, L2, and L3) of 2ADF (86-100% sequence identity) were very
similar to 9E5, and CDRs 1 and 2 of the heavy chain of 9E5 tem-
plates, i.e., 1J05 (100% sequence identity) and 3Q3G (94% sequence
identity), were chosen for H1 and H2, respectively. All CDRs other
than H3 were modeled using templates in the PDB, whereas CDR-
H3 was remodeled de novo using a kinematic loop modeling algo-
rithm in a Rosetta protocol [17]. After homology modeling, the best
discrete optimized protein energy score result was optimized to
establish the final 3D model of 9E5 using energy minimization
(Fig. 1A). Recently, the crystal structure of 9E5 in apo-form and
complexed with its antigen was resolved (Kado et al., manuscript
in preparation); the similarities between the crystal structure
and the modeled structure will be discussed in a separate report.

3.2. Humanization of 9E5 antibodies

Using the modeled 9E5, we identified residues that should be
mutated to obtain HMO. Moreover, a human target sequence
homologous to 9E5 variable regions was identified by searching
the immunoglobulin GenBank database. By combining information
on which positions were surface exposed with an alignment of the
most homologous human variable region sequence, surface posi-
tions of 9E5 displaying nonhuman residues were identified
(Fig. 1A). Fourteen of the nonhuman residues in HMO0-VH were sur-
face residues, and 13 of the nonhuman residues in HMO-VL were
exposed residues (Fig. 1B). Within these candidates, five residues
(H1Q, H12K, H23K, H40A, and H82E) in VH and five residues
(L17D, L42Q, L49Y, L69T, and L79Q) in VL were mutated; these
changes would affect the charge of the antibody (amino acids are
identified by their chain, H or L, the single-letter amino acid code,
and their position in the sequence). Other candidates with differ-

ential residues were considered; for these, the structures of side
chains would become smaller, but the physical and chemical char-
acteristics related to charge, hydrophobicity, and polarity would be
similar.

However, our results indicated that the initial version of the
humanized antibody (HMO) lost its binding activity (Table 1),
which may have resulted from mutations near the antigen-binding
site causing loss of binding affinity. Thus, we sought to identify
mutated residues that played an important part in constructing
the CDR loops upon mutation to their respective human consensus
sequence. Of these, six FR residues (H23K, H38R, H48M, H97A,
L33L, and L49Y), which were near the CDRs (within ~5 A), were
identified. Additional modeling revealed that residue L49Y pro-
duced some rearrangements of the neighboring side chains and
possibly modified the overall conformation of the CDR-L2 loop
(Supplementary Fig. 1). Other FR residues produced either stabi-
lized the conformation of CDR loops or did not bind to EREG. There-
fore, L49Y was ‘back-mutated’ into the first humanized construct
to obtain the HM1 antibody.

3.3. Production of anti-EREG antibodies

Anti-EREG mAbs were purified by protein A agarose-affinity
chromatography and analyzed by SDS-PAGE under reducing con-
ditions. Two polypeptides of approximately 55 and 25 kDa, corre-
sponding to the heavy and light chains, respectively, were
identified. The cell lines synthesizing these proteins secreted intact
human IgG1 with yields from 4 to 10 pg/mL/10° cells (data not
shown).

3.4. Binding activity of antibodies to EREG expressed on the cell surface
and other subcellular locations

To elucidate the binding activity of each antibody, we examined
the cell surface and subcellular localization of EREG by immunoflu-
orescence staining. For this purpose, antibody-binding assays were
performed using colorectal carcinoma cells (DLD-1, HCT116) and
gastric cancer cells (AGS). 9E5 and HM1 were detected predomi-
nantly as intense green florescence spots in the cell surface with
some faint fluorescence demonstrating subcellular distribution in
colon cancer cells (Fig. 2A). HMO also exhibited weak and diffuse
cell surface stained (Fig. 2A). This confirmed the antibody-binding
activity and accumulation of EREG on the cell surface in colon can-
cer cells. Binding assays in gastric cancer cells supported the low
expression of EREG in these cells, and no antibody binding was ob-
served (data not shown). We further analyzed the subcellular
localization of EREG under permeabilization conditions.

3.5. Binding efficiency of anti-EREG antibodies by flow cytometry

The cell surface binding efficiency of each antibody to EREG-
expressing cells was determined by flow cytometry as described
in Section 2. DLD-1 and HCT116 cells were used as EREG" cells,
and AGS cells were used as a negative control. In these assays,
binding efficiency was tested by adding various concentrations
(0-1 pg/mL) of each antibody to cells, followed by staining with
Alexa Fluor 488-labeled antibodies. The results of flow cytometry
indicated that HM1 bound more efficiently to DLD-1 and HCT116
cells than the same concentration of HMO (Fig. 2B). The binding
efficiency was found to be dependent on the concentration of the
antibody used. Importantly, HM1 was able to bind EREG-
expressing cells at a relatively low concentration (0.1 pg/mL),
while HMO was not.
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3.6. Binding affinity determination

Interactions between EREG and each antibody were compared
by real-time SPR analyses. Next, we measured the binding affinity
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and kinetics of human EREG-Fc (analytes) to each antibody cou-
pled as ligand to a CM5 sensor chip. Initially, we tested several po-
tential regeneration conditions (acidic, high salt, addition of
chelator or detergent) for incomplete removal of human EREG-Fc
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Fig. 1. (A) View of the 9E5 variable region constructed by homology modeling. (B) Amino acid sequences of anti-epiregulin antibody heavy and light chain variable regions.
The CDRs are enclosed with red brackets. Identical residues between the mouse and human consensus sequences are marked in grey, and differing residues are marked in
blue (charge variation) or green (non-charge variation). The residues that were reconstituted during humanization are indicated in red.
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Kinetic parameters for anti-EREG antibodies. All parameters were determined by Biacore analysis and are expressed as mean + SD values.
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Antibody
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Fig. 2. (A) Immunofluorescent staining of antibodies in human colorectal carcinoma cells. DLD-1 and HCT116 cells, representing two human colorectal carcinoma cell lines,
were fixed with paraformaldehyde and treated with or without 0.2% Triton X-100 solution (localization to endomembranes was observed; white arrow). (B) Flow cytometry
analysis. Antibodies were tested for their ability bind to the surface of each cell line (DLD-1, HCT116, and AGS). Green line: 0.1 pg/mL, blue line: 0.5 pg/mL, purple line: 1 pg/
mL, red line: negative control (0 pg/mL). Data are representative of three independent experiments, all with similar results.
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Fig. 3. Single-cycle kinetic analysis of 9E5, HMO, and HM1 antibody binding to an
amine-coupled CM5 chip on Biacore. hEpiregulin-Fc was injected at concentrations
of 1.5 uM, 300, 60, 12, and 2.4 nM, respectively, and analyzed in duplicate binding
cycles over three differing capacity reaction surfaces.

from the biosensor with immobilization of each antibody. In addi-
tion, reduced antibody activity was observed in subsequent mea-
surements for all cases (data not shown). Therefore, all Biacore
data reported in this study were obtained from single-cycle kinetic
experiments. In single-cycle mode, the analyte is injected in
increasing concentrations within a single scan and without surface
regeneration between injections. Importantly, both modes provide
very similar kinetic rate constants [18]. Fig. 3 shows the experi-
mental sensorgrams obtained. The kinetic rate constants (kai, kao,
kq1, and kgo), as well as equilibrium dissociation constant (Kp),

were estimated by global fitting analysis of the titration curves
to the bivalent analyte model. The results of this analysis are sum-
marized in Table 1. Good fitting of experimental data to the calcu-
lated curves was observed, suggesting the correctness of the fitting
model used. Generally, HM1 had slower off rates than HMO. Addi-
tionally, HM1 had a lower apparent Kp (20-fold lower) than HMO,
and HM1 and 9E5 showed binding kinetics similar to that of hu-
man EREG-Fc, with binding affinities of 45 and 37 nM, respectively.
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Fig. 4. Anti-epiregulin antibodies induced NFAT-driven luciferase activity in Jurkat
cells expressing human FcyRIlla. Data were fitted using the 4PLC curve fit of the
GraphPad Prism software.
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3.7. ADCC assay

ADCC function is important for the in vivo activity of many ther-
apeutic mAbs. Thus, we assessed the ADCC activity using Jurkat
NFAT luciferase reporter cells as described in Section 2. The cellular
cytotoxicity of each antibody to colon cancer cells (DLD-1 and
HCT116 cells) with enhanced FcyRIlla binding was evaluated
(Fig. 4). Consequently, we generated humanized anti-EREG mAbs
(HM1) and examined their effector properties. Analysis of the ADCC
in DLD-1 cells revealed that HM1 possessed the highest levels of
cellular cytotoxicity, exhibiting a 90-fold increase in cytotoxicity
([induced — background]/[no antibody control — background]) at
a concentration of 2 pg/mL, whereas HMO induced only a 10-fold
increase in cytotoxicity when used at the same concentration. How-
ever, no significant differences in the ADCCs of 9E5 in colon cancer
cells were found with varying concentrations. The results of the
ADCC assay for the 9E5 antibody were inconsistent with those ob-
tained in binding assays.

4. Discussion

Cancer therapy has undergone a major revolution characterized
by the introduction of targeted drugs that inhibit specific mole-
cules. In the past decade, researchers have begun to recognize that
the EGF family of proteins may not represent promising targets for
cancer therapy because there are many growth factors that can
provide redundant growth-promoting signals; thus, when a sole
factor is neutralized, other ligands or pathways may compensate
[19]. However, in this study, we found that EREG was expressed
at low levels in normal tissues, but exhibited high expression in
9 of 11 human carcinoma cell lines (Supplementary Fig. 2), sug-
gesting a role for EREG in cancer progression. Kobayshi and col-
leagues recently reported that anti-EREG antibodies may be
efficacious in the early stages of cancer development, when cancers
have high levels of cancer stem cells [20]. These data indicated that
anti-EREG antibodies may be an effective anticancer therapy and
could be expected to exert synergistic anticancer activities with
traditional chemotherapeutic agents, such as irinotecan, in the
treatment of colorectal cancer.

In the present study, the initial version of the humanized anti-
body (HMO) was constructed by simply grafting CDRs from the 9E5
light or heavy chain to the human antibody light or heavy chain.
Antigen-binding activity assays indicated that this version lost
EREG binding activity. Grafting of the CDRs of murine antibodies
onto appropriate human frameworks, a more common method,
has often resulted in reduced affinity or activity for the target anti-
gen [21]. Because the CDR-grafting method is widely used for
humanizing murine antibodies, there are only a few general strat-
egies for recovering the binding affinity of humanized antibodies,
and these strategies often require several trial-and-error ap-
proaches [22]. In this study, a reliable 3D model of the variable re-
gions of the 9E5 antibody was built using computer-aided
homology modeling. We focused on the L49 residue and FR resi-
dues of the CDR-L2 loops because the residues of the mutation-
induced conformations differed from those of the mature mAb.
The mutation could influence the stabilization of the 9E5 variable
region and the conformation of the CDRs and the B-sheet, which
fix the structure of the CDR loops (Supplementary Fig. 1A). For
other FR resides, the expected conformational rearrangement of
the CDR loop region was not observed. Indeed, L49H was relatively
exposed and in direct contact with the antigen; 2ADF and 1FJ1, for
example, were 98% and 90% identical with 9E5, respectively (Sup-
plementary Fig. 1B and C). This result may not be expected after
database searches since VL residue 49 is usually a tyrosine in
human and murine germline VL genes (Supplementary Fig. 1D).

Consequently, back-mutation of the L49 residue (tyrosine to histi-
dine) led to generation of HM1, which completely restored the
binding affinity of its murine counterpart. Importantly, this HM1
antibody bound to EREG and efficiently mediated ADCC in DLD-1
and HCT116 colorectal cancer cells, which overexpress EREG, as
anticipated by its human IgG1 constant region. The human IgG1
constant region was employed primarily because of its capacity
to induce human effector functions, such as ADCC. In contrast,
the murine parent antibody 9E5 was not very effective in mediat-
ing ADCC in either DLD-1 or HCT116 cells.

In conclusion, our results demonstrated that HM1 generated by
this approach retained antigen binding affinity and activity similar
to its parental counterpart. Given that HM1 has targeted cytotoxic-
ity and is expected to have lower immunogenicity through resur-
facing the variable region and human IgG1 constant region, we
predict that HM1 may have potential applications in the clinical
diagnosis and treatment of patients with EREG-positive cancers.
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