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Overexpression of the epidermal growth factor receptor (EGFR) gene and dysregulation of EGFR signaling are
observed in various cancer cells, and EGFR is a validated target for cancer therapy. In the present study, we
report on the generation of two rat anti-EGFR antibodies (clones 2C2D3 and 4H7F4) by using the rat lymph
node method. Flow cytometric analysis and immunofluorescence showed that both antibodies specifically
bound to EGFR on the surface of cancer cells. Competitive analysis demonstrated that the epitope of each
antibody had no overlap with that of the therapeutic anti-EGFR antibody cetuximab. These results suggest that
2C2D3 and 4H7F4 are potentially useful in EGFR-targeted cancer therapy.

Introduction

E pidermal growth factor receptor (EGFR) is a re-
ceptor tyrosine kinase that belongs to the ErbB family.

EGFR plays important roles in multiple cellular processes,
including proliferation, migration, and differentiation. These
cellular processes are triggered by ligands such as epidermal
growth factor (EGF) and transforming growth factor a (TGFa).
Upon binding of these ligands to EGFR, the receptor is acti-
vated and triggers intracellular signaling pathways. Under
normal physiological conditions, EGFR signaling is tightly
regulated by the binding of specific ligands.(1) However, in
many types of cancer cells, EGFR signaling is dysregulated
due to overexpression or mutation of the receptor or excess
production of growth factors, or a combination of these,
leading to the overgrowth of cancer cells.(2,3) For these rea-
sons, EGFR is an attractive target for cancer therapy.

Anti-EGFR monoclonal antibody-based treatment is a
validated strategy for cancer therapy.(4) Cetuximab, a chimeric
mouse-human anti-EGFR antibody, is clinically used for the
treatment of metastatic colorectal cancer and squamous cell
carcinoma of the head and neck. Cetuximab can inhibit cancer
cell growth through its antagonistic effect on EGF binding and
antibody-dependent cellular cytotoxicity.(5) Nevertheless, it is
known that some EGFR mutations and autocrine signaling
contribute to poor response or resistance to cetuximab treat-
ment.(6) In fact, Cunningham and colleagues reported that the
rate of response to cetuximab in metastatic colorectal cancer
patients was 11%.(7) Therefore, development of alternative
antibodies against EGFR must be one of the strategies to
overcome these therapeutic limitations.

Using the rat lymph node method,(8) we produced two rat
monoclonal antibodies against the extracellular domain of
EGFR; we describe these antibodies in detail here.

Materials and Methods

Cell culture

Human epithelial carcinoma cell line A431 and mouse fi-
broblast cell line NIH3T3 were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Wako, Osaka, Japan)
supplemented with 10% (v/v) fetal bovine serum (FBS) in a
humidified atmosphere of 5% CO2 at 37�C.

Recombinant antigens

Recombinant antigens for immunization and enzyme-linked
immunosorbent assay (ELISA) screening were produced using
a mammalian expression system. Briefly, DNA encoding the
extracellular domain of human EGFR (EGFR-ECD, Swiss-
Prot accession no. P00533, amino acids 25-645) was fused
with DNA encoding the recognition site (LEVLFQGP) for
human rhinovirus 3C protease(9) and human IgG1 Fc (Swiss-
Prot accession no. P01857) at the C-terminus. After cloning
the DNA fragment into the pCAGGS expression vector,(10) the
EGFR/Fc fusion (EGFR-ECD-Fc) gene was transiently ex-
pressed in HEK293T cells, and the protein of interest was
purified by Protein A column affinity chromatography
(rProtein A Sepharose Fast Flow, GE Healthcare, Tokyo, Ja-
pan). EGFR-ECD was prepared by treating EGFR-ECD-Fc
with human rhinovirus 3C protease (BioVision, Milpitas,
CA). After digestion, the protein of interest was eluted in the
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flow-through fraction of two-step affinity chromatography
using rProtein A Sepharose and Ni Sepharose resins (both
from GE Healthcare).

Generation of hybridoma cell lines

A 10-week-old female Wistar-Kyoto rat was injected in
the hind footpad with 200mL of an emulsion containing
170 mg of EGFR-ECD-Fc and Freund’s complete adjuvant.
Nineteen days after the immunization, the cells from the
medial iliac lymph nodes of the rat were fused with mouse
myeloma SP2 cells at a ratio of 1:1 in a 50% polyethylene
glycol solution (PEG1500, Roche, Basel, Switzerland). The
resulting hybridoma cells were plated onto six 96-well plates
and cultured in HAT selection medium (Hybridoma-SFM
[Life Technologies, Grand Island, CA], 10% FBS, 1 ng/mL
recombinant mouse interleukin [IL]-6, 100 mM hypoxanthine
[Sigma, St. Louis, MO], 0.4 mM aminopterin [Sigma], and
16 mM thymidine [Wako]). At 7 days post-fusion, the hy-
bridoma supernatants were screened by ELISA with EGFR-
ECD as the antigen and by immunofluorescence with A431
cells as target cells. Cells from the positive wells were cloned
by limiting dilution and replated onto 96-well plates. Then, the
hybridoma supernatants were further screened by flow cy-
tometry with A431 cells as target cells. Positive hybridoma
clones were cultured in serum-free media (Hybridoma-SFM),
and the rat monoclonal antibodies were purified from the su-
pernatants by using Protein G Sepharose (GE Healthcare). The
class and subclass of the rat monoclonal antibodies were de-
termined by using the Rat Monoclonal Antibody Isotyping
Test Kit (Serotec, Oxford, United Kingdom).

ELISA

EGFR-ECD (1mg/mL) in phosphate buffer was adsorbed
on the surface of a 96-well plate by overnight incubation at
4�C. The plate was blocked with 1% bovine serum albumin in
phosphate-buffered saline (PBS) to avoid non-specific bind-
ing. Hybridoma supernatants were added onto the plate and
incubated for 1 h at room temperature. The plate was washed
three times with PBS and then incubated for 30 min at room
temperature with peroxidase-conjugated anti-rat IgG anti-
body (Sigma). After washing once with TBS-T (10 mM Tris-
HCl [pH 7.4], 100 mM NaCl, and 0.1% Tween-20) and twice
with PBS; 3,3¢,5,5¢-tetramethylbenzidine solution (Wako)
was added to each well to visualize the immunoreactivity.

Flow cytometry

To investigate specific binding of the rat monoclonal an-
tibodies (clones 2C2D3 and 4H7F4) to the cell surface anti-
gen, 5 · 105 cells (A431 or NIH3T3) were treated with 2mg/
mL of purified 2C2D3 or 4H7F4 and incubated for 30 min on
ice. After washing with FACS buffer (PBS containing 0.1%
NaN3), cells were treated with Alexa 488-conjugated anti-rat
IgG antibody (Life Technologies) and incubated for 30 min
on ice. The stained cells were analyzed by flow cytometry
(FACSCalibur, Becton Dickinson, Tokyo, Japan).

For the competition assay, 5 · 105 A431 cells were treated
with a binder (10 nM biotinylated EGF [Life Technologies],
5 mg/mL of rat anti-EGFR antibody [2C2D3 or 4H7F4], or
5 mg/mL of cetuximab) in the presence or absence of a
competitor (100 nM competitor for biotinylated EGF, or

5 mg/mL of competitor for rat anti-EGFR antibodies and ce-
tuximab) and incubated for 30 min on ice. After washing with
FACS buffer, cells were treated with Alexa 488-conjugated
streptavidin ( Jackson ImmunoResearch Laboratories, West
Grove, PA), Alexa 488-conjugated anti-rat IgG antibody, or
FITC-conjugated anti-human IgG antibody (Sigma) and in-
cubated for 30 min on ice. The stained cells were analyzed by
flow cytometry.

Immunofluorescence

A431 cells were plated onto a multi-test slide (MP Bio-
medicals Europe, Illkirch, France) at 5 · 103 cells/well and
grown in culture medium for 24 h. Cells were incubated with
hybridoma supernatants or 20 nM purified rat anti-EGFR
monoclonal antibody (2C2D3 or 4H7F4) for 60 min at room
temperature and then fixed with 3.7% formaldehyde in PBS
for 15 min at room temperature. After washing with PBS,
cells were incubated with Alexa 488-conjugated anti-rat IgG
antibody. The samples were examined by using the IX-71
fluorescent microscope (Olympus, Tokyo, Japan).

Results

Isolation of rat anti-EGFR antibodies

As an antigen for immunization, we used a fusion protein
of the extracellular domain of human EGFR and the human
IgG1 Fc region, which was designated as EGFR-ECD-Fc. A
Wistar-Kyoto rat was immunized via hind footpad injection.
Nineteen days after the immunization, the lymphocytes were
collected from the enlarged medial iliac lymph nodes of the
rat and then fused with mouse myeloma cells. The hybridoma
lines were subcloned by dilution of the cells, plated onto
96-well plates, and screened by ELISA and immunofluores-
cence. Because there could be more than one clone in the
original well at this point, the cells from the positive wells
(designated as 1A11, 2C2, 2F8, 3C8, 4G9, 4H7, 5H4, and
6E8) were re-plated onto 96-well plates to ensure a com-
pletely monoclonal colony. Then, the hybridoma superna-
tants were further screened by using flow cytometry. Flow
cytometric analysis showed that two rat anti-EGFR anti-
bodies, 2C2D3 (IgG1/k) and 4H7F4 (IgG2a/k), produced
strong fluorescence signal for A431 cells (EGFR-positive)
but did not cross-react with NIH3T3 cells (EGFR-negative)
(Fig. 1).

To further evaluate the binding specificities of 2C2D3 and
4H7F4, we used them to perform immunofluorescence
staining of A431 cells. The two antibodies were applied to the
cells prior to fixation to confirm that they bound to the ex-
tracellular domain of EGFR. The fluorescence signal for both
2C2D3 and 4H7F4 was detected mainly on the cell surface
(Fig. 2). Although the fluorescence signal from 2C2D3 was
weaker than that from 4H7F4, these results indicate that the
two anti-EGFR antibodies can bind to cell surface antigens.

Epitope analysis of rat anti-EGFR antibodies

We first investigated whether the rat anti-EGFR antibodies
compete with EGF for binding to EGFR using the method of
flow cytometry. A431 cells were incubated with biotinylated
EGF in the presence or absence of cetuximab, 2C2D3, or
4H7F4, and then bound EGF was detected by Alexa 488-
conjugated streptavidin. In this analysis, cetuximab, which
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competes with EGF for binding to EGFR, was used as a
positive control.(11) While cetuximab inhibited the binding of
EGF to A431 cells, 2C2D3 and 4H7F4 displayed no inhibi-
tion (Fig. 3). Thus, both 2C2D3 and 4H7F4 exhibited no
antagonistic activity against EGFR.

Next, we investigated whether the rat anti-EGFR anti-
bodies compete with cetuximab. This assay was performed in
two ways: each rat anti-EGFR antibody and cetuximab were
used as (1) a binder and a competitor, respectively (Fig. 4A);
and (2) a competitor and a binder, respectively (Fig. 4B). In

both cases, a marked decrease in signal after adding a com-
petitor was not observed. These results indicate that the
epitope of each rat antibody does not overlap with that of
cetuximab.

Discussion

Here we describe the development of two rat anti-EGFR
antibodies, 2C2D3 and 4H7F4. These antibodies, which were

FIG. 1. Flow cytometric analysis of the binding of 2C2D3 and 4H7F4. NIH3T3 cells (EGFR-negative) and A431 cells
(EGFR-positive) were incubated with a rat control antibody (shaded area) or rat anti-EGFR antibody (2C2D3 or 4H7F4;
open area). Bound antibodies were detected with Alexa 488-conjugated anti-rat IgG antibody.

FIG. 2. Indirect immunofluorescence of 2C2D3 and
4H7F4. A431 cells were incubated with rat anti-EGFR an-
tibody (2C2D3 or 4H7F4) prior to fixation. Bound anti-
bodies were detected by Alexa 488-conjugated anti-rat IgG
antibody (green). The nuclei were counterstained with
Hoechst dye (blue).

FIG. 3. Antibody and EGF competition assay. A431 cells
were treated with 10 nM biotinylated EGF in the presence or
absence of 100 nM rat anti-EGFR antibody (2C2D3 or
4H7F4) or 100 nM cetuximab. After washing, cells were
treated with Alexa 488-conjugated streptavidin, and stained
cells were analyzed by flow cytometry. Mean fluorescence
intensity (MFI) was calculated by subtracting the back-
ground MFI (no treatment with biotinylated EGF) from
experimental MFI.
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generated by immunization with the extracellular domain of
EGFR, can specifically bind to the recombinant antigen and,
additionally, to the native antigen on cancer cells. Our next
step is chimerization(12) or humanization(13) of these anti-
bodies for therapeutic applications.

Epitope analysis showed that each epitope of 2C2D3 and
4H7F4 does not overlap with that of the therapeutic anti-
EGFR antibody cetuximab. It has recently been reported
that biparatopic constructs composed of two noncompeti-
tive anti-EGFR molecules can synergistically down-
regulate the receptor on the cell surface without activating
the receptor.(14) Other reports have also shown the in vitro
and in vivo anti-cancer effect of biparatopic anti-
bodies.(15,16) Notably, one of the biparatopic constructs
generated by Boersma and colleagues exhibits an anti-
cancer effect although the EGFR-targeting molecules that
comprise the biparatopic construct have no antagonistic
activity.(16) These findings support the notion that 2C2D3
and 4H7F4 have potential not only as candidate therapeutic
agents but also as building blocks of next-generation en-
gineered antibodies.
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