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It is well established that blocking the interaction of EGFR
with growth factors leads to the arrest of tumor growth, re-
sulting in tumor cell death. ER414 is a human monoclonal an-
tibody (mAb) derived by guided selection of the mouse mAb
A13. The ER414 exhibited a ~ 17-fold lower affinity and, as a
result, lower efficacy of inhibition of the EGF-mediated ty-
rosine phosphorylation of EGFR when compared with mAb
A13 and cetuximab. We performed a stepwise in vitro affinity
maturation to improve the affinity of ER414. We obtained a
3D model of ER414 to identify the amino acids in the CDRs
that needed to be mutated. Clones were selected from the
phage library with randomized amino acids in the CDRs and
substitution of amino acids in the HCDR3 and LCDR1 of
ER414 led to improved affinity. A clone, H3-14, with a
~20-fold increased affinity, was selected from the HCDR3
randomized library. Then three clones, ER2, ER78 and ER79,
were selected from the LCDR1 randomized library based on
the H3-14 but did not show further increased affinities com-
pared to that of H3-14. Of the three, ER2 was chosen for fur-
ther characterization due to its better expression than
others. We successfully performed affinity maturation of
ER414 and obtained antibodies with a similar affinity as
cetuximab. And antibody from an affinity maturation inhibits
the EGF-mediated tyrosine phosphorylation of EGFR in a
manner similar to cetuximab.

[Immune Network 2012;12(4):155-164]

INTRODUCTION

Epidermal growth factor receptor (EGFR) is a 170-kDa mem-
brane-spanning glycoprotein comprising an extracellular li-
gand-binding domain, a transmembrane domain, and an in-
tracellular cytoplasmic domain that has tyrosine kinase activity
(1). EGFR belongs to the human epidermal receptor (HER)
family of receptor tyrosine kinases, which consists of four
closely related receptors-EGFR (HER1, erbB1), HER2 (neu,
erbB2), HER3 (erbB3), and HER4 (erbB4) —that mediate cel-
lular signaling pathways involved in growth and proliferation
in response to the binding of a variety of growth factor li-
gands (2,3).

Activation of EGFR has been shown to enhance processes
responsible for tumor growth and progression, including pro-
liferation, angiogenesis, invasion and metastasis, and inhibition
of apoptosis. Expression of EGFR varies widely in tumors, in-
cluding head and neck (80 ~100%), renal (50 ~90%), lung (40
~80%), breast (14~90%), colorectal (25~77%), ovarian (25~
70%), prostate (39~47%), glioma (40~63%), pancreas (30~
50%) and bladder (31~48%) (4,5). High levels of EGFR pro-
tein expression in tumors have been correlated with ag-
gressive disease, poor prognosis and decreased survival, poor
response to therapy and the development of resistance to cy-
totoxic agents in some tumor types (5,0).

The clear potential for EGFR-targeted therapies in the treat-
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ment of cancer has prompted the development of a variety
of agents targeted to the extracellular ligand-binding domain,
the intracellular tyrosine kinase domain, the ligand, or the
synthesis of EGFR (7,8). Among these, the two most ex-
tensively studied therapies to date consist of monoclonal anti-
bodies (mAbs) directed against the extracellular receptor do-
main and small-molecule compounds that interfere with intra-
cellular EGFR tyrosine kinase activity (9).

Previously, we reported the generation of ER414, a human
mAb to EGFR, by guided selection of the well characterized
murine mAb A13 (10). The ER414 exhibited a ~17-fold lower
affinity compared to mAb A13 and inhibited EGF-mediated
EGFR tyrosine phosphorylation in breast tumor cells with
lower efficacy than mAb A13 and cetuximab (10).

In this article, we report the affinity maturation of ER414,
For this purpose, phage libraries with randomized amino
acids in the HCDR3 were constructed, and clones with in-
creased affinity were selected by panning against EGFR, Next,
phage libraries with randomized amino acids in the LCDR1
were constructed from the clone, which contained HCDR3
mutations that resulted in an increased affinity, and the clones
were selected by panning against EGFR, Finally, clones from
the HCDR3 and LCDR1 mutations were compared with cetux-
imab for their affinity and ability to inhibit EGF-induced ty-
rosine phosphorylation of EFGR, In addition, the binding site
of one of the mAb that showed increased aftinity was ana-
lyzed using yeast surface-displayed EGFR fragments and

Surface Plasmon Resonance (SPR),

MATERIALS AND METHODS

Modeling of ER414

The 3D structure of ER414 was predicted by the Web
Antibody Modeling (WAM; http://antibody,bath.ac,uk) soft-
ware, Amino acids are numbered sequentially, In the model,
Vi is shown in brown and V; is shown in cyan, HCDR3
(green) and LCDR1 (red) appear to contribute mainly to anti-

gen binding and are highlighted (Fig. 1).

Construction of phage library with HCDR3 randomi-
zation

Random sequences were introduced at positions Serl02,
Gly103, Val105, Asp106, Gly 108 and Met109 in the HCDR3
of ER414 by PCR via simultaneous saturation mutagenesis using
degenerate oligonucleotides NNS (N=A/C/G/T and S=C/G).
DNAs were obtained using the two primer pairs, H-ex-

tension(F)/H-12(R) and H-11(F)/H-extension(R) in a PCR. These
two DNA fragments were assembled in a PCR using the set of
primers H-extension(F)/H-extension(R), which contained the
Sfi Iand BstE II restriction sites, respectively, The primer se-
quences are summarized in the Table 1.

Another set of random mutations were introduced at posi-
tions Gly100, Ser101, Ser102, Gly103, Vall05 and Aspl06 in
the HCDR3 of ER414 in a PCR amplification of DNAs using
the primers H-extension(F)/H-14(R) and H-13(F)/H-extensi-
on(R). Subsequently, the two DNA fragments were assembled
using the set of primers H-extension(F)/H-extension(R) in a
PCR (Table I). The final PCR product was digested with en-
zymes Sfi [ and BstE [ (New England BioLabs, Ipswich, MA),
and the digestion products were inserted into the plasmid
pSC73-ER414 (Fig. 2); the resulting plasmids were designated
as pSC73-ER414-rH3A and pSC73- ER414-rH3B. Each of the
plasmids, pSC73-ER414-rH3A and pSC73-ER414-rH3B, was in-
troduced into E, coli XLi-Blue by electroporation, and phage
particles that displayed ER414 with HCDR3 randomization
were produced by the addition of M13 helper phages.

Construction of phage library with LCDR1 randomi-
zation

H3-14 is an affinity-improved ER414 obtained by introducing
mutations in the HCDR3 and was used as a template for ob-
taining new clones upon LCDR1 randomization,

Random sequences were introduced at positions Ser26,
Ser28, Leu29, Leu30, His31, Ser32, Asn33, and Asn36 in the
LCDR1 of H3-14. DNAs were obtained in a PCR using the
two primer pairs K-extension(F)/K-11(R) and K-10(F)/K-ex-
tension(R). Subsequently, the two DNA fragments were as-
sembled in a PCR using the set of primers K-extension(F)/
K-extension(R), which contained the BstE II and Nor I re-
striction sites, respectively (Table 1),

Another set of random sequences was introduced at posi-
tions Leu29, Leu30, His31, Ser32, and Asn33 in the LCDRI1
of H3-14 in a PCR amplification of the DNAs using the two
primer pairs K-extension(F)/K-13(R) and K-12(F)/K-exten-
sion(R), followed by the assembly of the two DNA fragments
in another PCR utilizing the set of primers K-extension(F)/K-ex-
tension(R) (Table 1), The final PCR product was digested with
enzymes BstE Il and Not I (New England BioLabs) and inserted
into the plasmid pSC73-H3-14; the resulting plasmids were des-
ignated as pSC73-rL1A and pSC73-rL1B. Each of the plasmids,
pSC73-rL1A and pSC73-1L1B, was introduced into E coli
XL1-Blue by electroporation, and phage particles that dis-
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Figure 1. 3D model of ER414 using
the program Web Antibody Modeling
(WAM; http://antibody.bath.ac.uk). Ami-
no acids are numbered sequentially. Vi
is in brown, and V, is in cyan; HCDR3
(green) and LCDR1 (red) are highlighted.

Table 1. Oligonucleotide primers used for affinity maturation*

H-11(F): GCG AGA CAC GGC AGC NNS NNS TAC NNS NNS TAT NNS NNS GAC TAC TGG GGC CAA GGG
H-12(R): GCT GCC GTG TCT CGC ACA GTA ATA

H-13(F): TAC TGT GCG AGA CAC NNS NNS NNS NNS TAC NNS NNS TAT GGT ATG GAC TAC TGG
H-14(R): GTG TCT CGC ACA GTA ATA CAC AGC

H-extension(F): GTT GTT CCT TTC TAT GCG GCC CAG CCG GCC ATG GCC (Sfi )

H-extension(R): ACC TGA GGA GAC GGT GAC CGT GGT (BstE 1I)

K-10(F): TAT TTG GAG TGG TAC CTG CAG AAG

K-11(R): CTT CTG CAG GTA CCA CTC CAA ATA SNN GTT TCC SNN SNN SNN SNN SNN SNN CTG SNN AGA CCT GCA TGA GAT

K-12(F): GGA AAC AAC TAT TTG GAG TGG TAC

K-13(R): GTA CCA CTC CAA ATA GTT GTT TCC SNN SNN SNN SNN SNN GCT CTG ACT AGA CCT GCA TGA GAT

K-extension(F): ACC ACG GTC ACC GTC TCC TCA GGT GGA GGC GGT TCA GGC GGA GGT GGC TCC GGA GGT GGC GGATCG
(BstE 1)

K-extension(R): GAG TCA TTC TCG ACT TGC GGC CGC ACG TTT (Not I)

Seq 001: CAA CGT GAA AAA ATT ATT ATT CGC

*The primer sequences are listed in 5" — 3’ orientation. N denotes A/C/G/T, S denotes C/G, Restriction enzyme sites used for insertion
of the PCR DNA to the plasmid are shown in the parenthesis.

played H3-14 with LCDR1 randomization were produced by
addition of M13 helper phages.

Sfil BstEIl Not I/Eag I Eag I
LaczZ | Selection of EGFR-binding phages
Vi H Vi Gene III @_ Phages binding to EGFR were selected by panning in an im-

munotube (NUNC, Roskilde, Denmark) as described earlier (10).

Figure 2. The arrangement of genes in the pSC73 vector. LacZ denotes Tubes were coated with 1 ml of 5 1 g/ml EGFR (Sigma, St.

the lac promoter. PelB denotes the leader peptide of pectate lyase B
of Erwinia carotovora, and Genelll denotes gene3, which encodes the
minor coat protein of the filamentous phage M13. His denotes a tag
of 6 histidine repeats. Restriction enzyme sites used for cloning of scFv
are shown.

Louis, MO) in PBS and blocked with 1% BSA-PBS, The
phages displaying the ER414 with randomized CDRs were in-
cubated for 2 hr at 37°C in an EGFR-coated tube, and the
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tube was washed with PBS-T (PBS buffer containing 0.05%
Tween 20). The phages were eluted from the tube with 0.1
M Glycine buffer (pH 2.0) containing 1% BSA and neutralized
with 2 M Tris. The E. coli XLI1-Blue cells were infected with
the neutralized phages, followed by an infection with M13
helper phages, and grown overnight at 37°C. The phages
were isolated by PEG precipitation and were used for the

next round of panning.

Expression of scFv and ELISA for measuring the
binding of scFv to EGFR

Expression of scFv was performed in colonies that were ob-
tained after the fifth round of panning, as described above
(10). Five milliliters of SB containing 50 #g/ml of carbeni-
cillin were inoculated with a colony and grown at 37°C with
continuous shaking until the O,Dgy reached a value of 1,
IPTG (isopropyl- B -D-thiogalactopyranoside, Sigma), at a
concentration of 1 mM, was added, and the bacteria were
allowed to grow overnight at 30°C with continuous shaking.
The culture was centrifuged, and the supernatant was ana-
lyzed for the expression of scFv.

ELISA was performed to measure the binding of the ex-
pressed scFv to EGFR, as described (11-13), Each well of the
ELISA plates (NUNC Immuno Module, Maxisorp) was coated
with 100 1 of 2 s£g/ml EGFR in PBS and incubated over-
night at 4°C followed by blocking with 300 xl of 1%
BSA-PBS for an hour at room temperature, A 100- «1 aliquot
of the supernatant from the bacterial culture was added to
the plate and incubated for 2 hr at room temperature, After
washing with PBS-T (PBS buffer containing 0,05% Tween 20),
100 1 of diluted HRP/Anti-His Tag Conjugate (Qiagen, Vale-
ncia, CA) in 1% BSA-PBS was added, and the plate was in-
cubated for 1 hr at room temperature. After a second wash
with PBS-T, 100 1 of TMB 2-component microwell perox-
idase substrate (KPL, Gaithersburg, MD) was added, and the
O.D. was measured at 405 nm,

Sequencing of immunoglobulin genes was performed in
Genotech (Daejeon, Korea) using the primer Seq 001 (Table I),
and sequence analyses were performed using the CLC main
workbench (CLC bio, Cambridge, MA),

Conversion of scFv to IgG1 and its expression in CHO
cells

Vi and V, selected from panning were inserted into the mam-
malian expression vectors pRC-12 (Fig. 3) for the heavy chain
and pKC-12 (Fig. 3) for the light chain, respectively, as pre-

viously described (14). The heavy and light chain expression
vectors were co-transfected into CHO DG44 cells (15) using
Effectene (Qiagen), and all of the procedures for the screen-
ing and selection of cells were followed as described pre-
viously (14). Cells producing anti-EGFR antibody were
screened by ELISA as described previously (16).

Comparison of antibody affinity

Antibodies were purified using protein A from the culture
media, Antibodies affinity was compared by competition
ELISA on EGFR-coated plates in the presence of free EGFR,
as described (11,14), The EGFR concentration that gives 50%
inhibition of the maximum binding (the ELISA reading per-
formed without competitive EGFR) was considered to be the
affinity.

FACS analysis for mAb binding to EGFR-expressing
cancer cells

The binding of selected scFvs to cell surface-expressed EGFR
was analyzed in A431 cells by FACS (FACScan, Becton-
Dickinson, Mountain View, CA). Briefly, 1x10” cells were
harvested and washed with 1% BSA-PBS and incubated with
10 ng/ml of mAb A13, ER414 or ER2 for 1 hr on ice. After
being washed with 1% BSA-PBS, the cells were incubated
with FITC-conjugated goat anti-human IgG (Fab specific)
(Sigma) for ER414 and ER2 or with FITC-conjugated goat an-
ti-mouse 1gG (Fab specific) (Sigma) for mAb A13 in 1%
BSA-PBS for a period of 40 min on ice and then analyzed
by FACS,

Apal Nhe I

| L
Heavy chain |

Nhe I
BstIE Il HIind I

Fow Xsig | Light chain jum

Figure 3. The arrangement of genes in the expression vectors for the
heavy (pRC12) and light (pKC12) chains. Pcuyv denotes cytomegalo-
virus promoter, and Sig denotes signal peptide of human immuno-
globulin. Restriction enzyme sites used for cloning are shown. The
light chain expression vector contains the dihydrofolate reductase
(dhfr) gene (not shown) used for amplification of integrated genes by
adjusting the cells in increasing concentrations of methotrexate (MTX).
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Analysis of inhibition of EGFR tyrosine phosphory-
lation by mAbs

To analyze the inhibition of EGFR tyrosine phosphorylation
by mAbs, 1x10° of MDA-MB-231 cells were plated in 24-well
culture plates (Nunc) and serum-starved for 48 hr before EGF
and the antibody were added, After EGF treatment (16 nM)
with different amounts of antibodies (from 33.3 pM to 666.7
pM) for 30 min, cells were washed and lysed in TritonX lysis
buffer (17) (10 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA,
1% Triton X-100, 2 £g/ml leupeptin & aprotinin, 1 mM NazVOy,
1 mM PMSF). An equal amount of protein (100 rg/ml) was
boiled with the sample buffer for 5 min and run on a 10%
SDS-PAGE gel. The separated proteins were transferred onto
a nitrocellulose membrane (BIO-RAD, Hercules, CA) and pro-
bed with mouse anti-phosphotyrosine-HRP (Zymed) and 4CN
2-Component Membrane Peroxidase Substrate Kit (KPL),

Analysis of ER2 mAb binding to the yeast surface-
displayed EGFR fragments

The pCTCON yeast display plasmids containing the appro-
priate genes that encode for the EGFR fragments were used
for domain-level epitope mapping of ER2, as previously re-
ported (16), Each plasmid was transformed into the yeast
strain EBY100 by electroporation using a Bio-Rad Gene Pulser
electroporation (Richmond, CA) apparatus (18,19). The trans-
formant propagation and induction for the cell surface ex-
pression of the EGFR fragments were performed as described
previously (18,19). The cell surface expression level of the
EGFR fragments and the mAb binding to the cell surface-ex-
pressed EGFR fragments were determined using flow cytometry
by indirect single immunofluorescence labeling, as previously
described (18,19). The induced yeast cells (~5x10° cells)
were labeled with either mouse anti c-myc 9E10 (Ig Therapy,
Korea) or ER2 and then incubated with either FITC-con-
jugated anti-mouse IgG (Sigma) or FITC-conjugated anti-hu-
man IgG (Sigma),

Table Il. Affinity of mutants from randomized HCDR3 of ER414
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Comparison of the ER2 and cetuximab binding sites
by surface plasmon resonance (SPR)

The ER2 and cetuximab binding sites on EGFR were com-
pared using the Biacore 2000 SPR biosensor (BlAcore AB,
Uppsala, Sweden) as described previously (19,20), The anti-
gen SEGFR was first immobilized on the CM5 chip at a level
of ~4,000 response units, and 60 1 of cetuximab (500 nM)
was injected into the flow cell at a flow rate of 30 1 /min
for 120s. ER2 (500 nM) was immediately injected at the same
flow rate for 180s before the dissociation phase,

RESULTS

Selection of clones from HCDR3and LCDR1 rando-
mization
We performed affinity maturation of ER414 initially by ran-
domization of the HCDR3 and identified 2 clones, H3-14 and
H3-15, from the HCDR3 randomized library, and their affin-
ities were compared to that of ER414 by competition ELISA,
In H3-14, Ser102, Vall05, Aspl106, Gly108 and Met109 were
changed to Pro, Thr, Leu, Ala and Trp, respectively; the affin-
ity of H3-14 showed a ~20-fold increase (Table II & Fig, 4).
In H3-15, Gly100, Ser101, Ser102, Gly103 and Aspl06 were
changed to Ser, Trp, Gly, Ala and Gln, respectively; the affin-
ity of H3-15 showed a 4.5-fold increase (Table I & Fig. 4).
Then, we performed randomization of the LCDRI using
H3-14 as the template, Three clones, ER2, ER78 and ER79,
were identified from the LCDR1 randomized library, In ER2,
Ser26, Ser28, Leu30 and Asn36 were changed to Asn, Asp,
Thr and Thr, respectively (Table III). In ER78, Leu29, Leu30,
His31, Ser32 and Asn33 were changed to Met, Val, Asp, Glu
and Tyr, respectively (Table III). In ER79, Leu29, Leu30,
His31, Ser32 and Asn33 were changed to Val, Asp, Met, Gly
and Ile, respectively (Table III), The affinities of three clones
were compared to that of H3-14 by competition ELISA; none
of the three clones exhibited any increase in affinity when

Position in HCDR3

Clone Relative increase in affinity*
100 101 102 103 104 105 106 107 108 109 110 111

ER414 Gly Ser Ser Gly Tyr Val Asp Tyr Gly Met Asp Tyr 1.0

H3-14 - - Pro - - Thr  Leu - Ala  Trp - - 21.2

H3-15 Ser Trp Gly Ala - - Gln - - - - - 4.5

*The affinity is a relative value to the ER414, The dash ( -) represents the same residue as the ER414.
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Figure 4. Competition ELISA for measuring relative affinities of
anti-EGFR 1gGs from random mutations in the HCDR3 of ER414. The
inhibition of anti-EGFR 1gG binding to EGFR was analyzed on
EGFR-coated plates with different concentrations of free EGFR, and
the curves were fitted to a 4-parameter model using SoftMaxPro
software. The antibodies are H3-14 (A), H3-15 (@) and ER414 (@).

Table llI. Affinity of mutants from randomized LCDR1 of H3-14

% Inhibition

10° 108

EGFR (ng)

Figure 5. Competition ELISA for measuring the relative affinities of
anti-EGFR IgGs from random mutations in the LCDR1 of H3-14.
The inhibition of anti-EGFR 1gG binding to EGFR was analyzed on
EGFR-coated plates with different concentrations of free EGFR, and
the curves were fitted to a 4-parameter model using the SoftMaxPro
software. The antibodies are ER2 (H), ER78 (@), ER79 (A), ER414
(@) and cetuximab (O).

Position in LCDR1

Relative increase

Clone

24 25 26 27 28 29 30 31 32 33 34 35 36 37 in affinity*
H3-14 Arg Ser Ser GIn Ser Leu Leu His Ser Asn Gly Asn Asn Tyr 1.0
ER2 (H3-14/L1-2) - - Asn - Asp - Thr - - - - - Thr - ~1.0
ER78 (H3-14/L1-78) - - - - - Met Val Asp Glu Tyr - - - - ~1.0
ER79 (H3-14/L1-79) - - - - - Val Asp Met Gly lle - - - - ~1.0

*The affinity is a relative value to the ER414, The dash ( - ) represents the same residue as the ER414.

compared to H3-14 (Table III & Fig. 5).

Thus, ER2, ER78 and ER79 demonstrated a ~20-fold in-
crease in affinity when compared to the wild type ER414, and
this affinity is similar to that of cetuximab (Fig. 5).

Cancer cell binding and inhibition of EGF-mediated
EGFR tyrosine phosphorylation by mAbs

Binding of ER2 to EGFR in tumor cells was examined by
FACS analysis with A431 tumor cells along with mAb Al13 and
ER414. A431 tumor cells are known to express EGFR at high
levels, All three antibodies, mAb Al13, ER414 and ER2,
showed considerable binding to the cell surface-expressed
EGFR (Fig. 6).

The abilities of mAb A13, ER414, ER2 and cetuximab to
block the EGF-mediated tyrosine phosphorylation of EGFR
were compared using MDA-MB-231 cells, Tyrosine phosphor-
ylation of EGFR was induced in the presence of 16 nM EGF

(Fig. 7). There was a basal level of tyrosine phosphorylation
of EGFR even when no EGF was present (Fig. 7). ER2 and
cetuximab inhibited the EGF-induced tyrosine phosphor-
ylation of EGFR with similar efficacy, of up to 33.3 pM anti-
body, whereas ER414 could not inhibit the EGF-induced ty-
rosine phosphorylation of EGFR at this concentration (Fig. 7).

Domain level epitope mapping of ER2 using yeast
surface-displayed EGFR fragments

The extracellular domain of EGFR can be divided into four
subdomains: T (residues 1~165), 1I (residues 166~310), III
(residues 311~480), and IV (residues 481~621) (18,21,22),
To determine the domain level epitope of ER2 mAb on EGFR,
the fragments corresponding to the extracellular domains of
EGFR were expressed on the surface of yeast cells (16) and
tested for ER2 mAb binding using flow cytometry by indirect
immunofluorescence, For the whole EGFR, an engineered
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Figure 6. Binding of anti-EGFR mAbs to cell surface-expressed EGFR.
Differential binding of mAbs to EGFR-positive A431 tumor cells was
determined by flow cytometry. Histograms in different colors repre-
sent the reactions of labeled secondary Ab with A431 cells (black),
ER414 with A431 cells (green), ER2 with A431 cells (blue), and mAb
A13 with A431 cells (red).
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Figure 7. Blocking of the EGF-induced tyrosine phosphorylation of
EGFR by A13 mAb, ER414, ER2 and cetuximab in MDA-MB-231
cells. The serum-starved cells were untreated, treated with EGF (16
nM) only, or treated with EGF (16 nM) and 33.3, 166.7, 333.3 or
666.7 pM of mAbs for 30 min, as indicated in the panels, before
the Western blotting analyses. The arrows indicate the expected
size (~170 kDa) of the EGFR.

EGFR with four mutations at A62T, L69H, F380S, and S418G,
designated as 404SG, was used instead of the wild-type EGFR
because the 404SG mutant expressed well functionally and
was recognized by many EGFR-specific mAbs on the yeast
surface (18). EGFR fragments 1~124 (domain I), 1~176
(domain 1), 1~294 (domain I+II), 166~503 (domain II+III),
273~621 (domain II+IV), 302~503 (domain III), 294 ~543
(domain 1I1), and 475~621 (domain IV) were expressed at
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Figure 8. Domain-level epitope mapping of ER2 using the yeast
surface-expressed EGFR fragments. Representative flow cytometry
histograms depict anti-c-myc 9e10 labeling for the expression of
EGFR fragments (black) and ER2 binding (blue) to the yeast surface-
expressed EGFR fragments, as indicated in each panel. For the
whole EGFR (1~621), the 404SG mutant was used (described in
detail in the text).

different levels on the yeast cell surface, as inferred from sig-
nificant positive labeling by the anti-ccmyc mAb (Fig. 8). The
EGFR fragment 475~621 was hardly expressed, probably due
to either improper folding or trafficking via the yeast secre-
tory pathway (18,21). As shown in Fig. 8, ER2 mAb strongly
interacted with the EGFR fragments 166~503, 273~621, 302
~503, and 294 ~543, each of which contained domain III,
The ER2 mAb did not bind to the EGFR fragments 1~124,
1~176, and 1~294, which contained domain I and/or 1I, de-
spite their significant expression on the yeast cell surface. The
binding of ER2 to the EGFR fragment 475~ 621, which con-
tained domain IV, was negligible, but the lower fluorescence
signal could have resulted from the fact that the fragment
containing domain IV was not well expressed on the yeast
cell surface (Fig. 8) (21). It can therefore be concluded that
the ER2 mAb epitopes are most likely contained within the
amino acid sequence 302~503, namely domain III of EGFR,

Binding site analysis by SPR
The binding sites of ER2 and cetuximab on EGFR were com-
pared by competitive SPR analysis. In this analysis, ER2 was
found to bind to the surface-coated sEGFR even after its satu-
rated binding to cetuximab (Fig, 9). This result indicates that
ER2 and cetuximab bind to EGFR at two distinct binding
regions.

These observations suggest that ER2 binds to domain 11T of
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Figure 9. Comparison of the ER2 and cetuximab binding sites on
EGFR by competitive SPR assay. The first part of the curve shows the
response for the binding of cetuximab (500 nM) to the sur-
face-immobilized sEGFR, and the second part of the curve shows the
binding upon injection of ER2 (500 nM) before the dissociation phase.

EGEFR but at distinct epitopes that are not shared by cetuximab,

DISCUSSION

This study involved the antibody engineering of a mouse
mAb A13 that targets the EGFR by antibody selection via
guided panning and affinity maturation.

mAb Al13 was generated from mice that were immunized
with human cervical carcinoma A431 cells, mAb A13 specifi-
cally binds to a variety of tumor cells and human placenta
tissues expressing the EGFR and efficiently inhibits both
EGF-mediated EGFR tyrosine phosphorylation in cervical and
breast tumor cells and the in vitro colony formation of
EGFR-overexpressing lung tumor cells (16), Competition and
sandwich ELISAs, competitive surface plasmon resonance, and
domain-level epitope mapping analyses demonstrated that
mAb A13 competitively bound to domain III (amino acids 302
~503) of the EGFR in the presence of EGF but recognized
distinct epitopes from those recognized by cetuximab (106),

ER414 is a human anti-EGFR IgG1 mAb derived from the
mouse mAb A13 by guided selection (10). It was isolated
from the hybrid scFv libraries containing a human Vy reper-
toire with the V;, of mAb A13 and a human Vy, repertoire with
the Vi of mAb A13. The ER414 exhibited a ~17-fold lower
affinity than mAb A13 and cetuximab; ER414 inhibited the
EGF-induced tyrosine phosphorylation of EGFR with a much
lower efficacy compared to mAb Al3 and cetuximab (10).
The affinity of ER414 needed to be improved for clinical
applications,

We performed a stepwise in vitro affinity maturation proce-

dure to improve the affinity of ER414. We obtained a 3D
model of ER414 to identify the amino acids in the CDRs that
needed to be mutated. In the 3-D model of ER414, the
HCDR3 and LCDRI1 seemed to be involved in EGFR binding
to a greater extent than other CDRs (Fig. 1). The heavy chain
is considered to contribute to antigen binding to a greater ex-
tent than the light chain, especially through the HCDR3 (23);
therefore, mutagenesis in the HCDR3 was attempted first, We
identified 2 clones; H3-14, which had a ~20-fold increased
affinity, and H3-15, which had a ~4-fold increased affinity,
In the 3-D model of ER414, Tyrl04, which is at the apex of
the HCDR3 (Fig. 1), is likely crucial for binding to EGFR and
was, therefore, not mutated, The differences in the affinities
of H-14 and H-15 might have been caused by the changes
around Tyr-104. The mutations introduced in H3-14 might
have contributed to better positioning of the Tyr104 residue
for tighter binding to EGFR than did the mutations in H3-15,
The mutations introduced in H3-15 were farther away from
the Tyr-104 than were those of H3-14. In the case of cetux-
imab, Tyr104 in the HCDR3 (amino acids are numbered se-
quentially) is at the center of the interface between Fab C225
and sEGFR and protrudes into a hydrophobic pocket on the
surface of the large B sheet of domain TII (24),

Then, we identified 3 clones (ER2, ER78 and ER79) that
did not exhibit any increased affinity following the muta-
genesis in the LCDR1 of H3-14, We assumed that the LCDR1
of H3-14 (or ER414) might not be involved in binding to the
EGFR, although in the model, LCDR1 seems to be involved
in the binding, as does HCDR3, Finally, we selected ER2 for
further characterization because it could be produced in larg-
er quantities compared to others (data not shown),

We adjusted the affinity of ER2 to be similar to that of ce-
tuximab because increased affinity did not necessarily en-
hance tumor uptake, Antibodies with extremely high affinity
have impaired tumor penetration properties; as the affinity of
the antibody for its target antigen increases, the distribution
becomes more perivascular (25,26).

Cetuximab binds to a site on domain III of the EGFR that
overlaps with the EGF binding site, thereby blocking the
binding of the ligands, EGF and TGF- &, to EGFR and sub-
sequently preventing EGFR dimerization and activation
(24,27). Previous studies have shown that the anti-EGFR
mAbs, cetuximab and 425 (27), as well as cetuximab and ma-
tuzumab (Fab72000) (28), did not compete with each other
in spite of their exclusive binding to domain III of the EGFR.

Epitopes of ER2 and cetuximab reside in domain II of
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EGFR but are different from each other, as confirmed by the
domain-level epitope mapping of ER2 using yeast surface-
displayed EGFR fragments and by Surface Plasmon Reso-
nance (SPR). The binding of ER2 to the EGFR fragments that
contain only domain III (fragments, 294~ 543 and 302~ 503)
implies that it is feasible for ER2 to bind to the wild-type
EGFR and to the truncated variant EGFRVIII (de2-7 EGFR),
in which amino acids 6~273 have been deleted and which
is also found to be frequently overexpressed in glioma (22),
Treatments that use a combination of mAbs with different
binding epitopes on the same antigen have shown significant
synergistic effects in tumor therapy. For example, co-treat-
ments of anti-EGFR mAbs with distinct epitopes (e.g., cetux-
imab and matuzumab, or cetuximab and mAb 806) accel-
erated the death of breast cancer cells more effectively than
when either mAb was used alone (22,27). Because ER2 and
cetuximab have distinct epitopes, it may be possible that the
combination of ER2 and cetuximab is a more effective strat-
egy to target tumors that contain overexpressed EGFRs.
Cetuximab, which is approved for use in advanced color-
ectal cancer and in head and neck squamous-cell carcinoma,
is a chimeric mAb and elicits immune reactions in ~19% of
cases (29). In contrast, IMC-11F8, a human mAb that has anti-
tumor potency that is similar to cetuximab, has shown no evi-
dence of immune hypersensitivity in clinical trials (29).
Likewise, ER2 is a human mAb and expected of no immune

hypersensitivity although it is proved through clinical trials.
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