
Cancer Therapy: Preclinical
See related commentary by Sabbatino and Ferrone, p. 958
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Abstract
Purpose: Anti-EGF receptor (EGFR) antibodies and small-molecule tyrosine kinase inhibitors have

shown activity in epithelial tumors; however, agents that work by blocking the EGFR growth signal are

ineffective when the oncogenic stimulus arises downstream, such as in tumors with KRAS mutations.

Antibodies of the IgG1 subclass can also kill tumor cells directly through antibody-dependent cell-mediated

cytotoxicity (ADCC), and the efficacy of this is determined by the interaction of the Fc portion of the target

cell–bound antibody and Fc receptors present on immune effector cells.

Experimental Design:We report the development of GA201, a novel anti-EGFR monoclonal antibody

with enhanced ADCC properties. GA201 was derived by humanization of the rat ICR62 antibody. The Fc

region ofGA201was glycoengineered to contain bisected, afucosylated carbohydrates for enhanced binding

to FcgRIIIA.
Results: In vitro binding of GA201 to EGFR inhibited EGF ligand binding, EGFR/HER2 heterodimeriza-

tion, downstream signaling, and cell proliferation to a similar extent as cetuximab. However, GA201

exhibited superior binding to both the low- and high-affinity variants of FcgRIIIA. This resulted in

significantly enhanced induction of ADCC compared with cetuximab against both KRAS-wild-type and

-mutant tumor cells lines. This enhanced ADCC translated into superior in vivo efficacy in a series of mouse

xenograft models. Efficacy of GA201 was further increased when administered in combination with

chemotherapy (irinotecan).

Conclusions: These data suggest that GA201 may be more effective than cetuximab in patients with

EGFR-positive solid tumors andmay also represent a first-in-class treatment of patients with KRAS-mutated

tumors. Clin Cancer Res; 19(5); 1126–38. �2012 AACR.

Introduction
The expression or activation of the EGF receptor (EGFR)

has been shown in various epithelial malignancies includ-
ing colorectal cancer (CRC), squamous cell carcinoma of
the head and neck (HNSCC), and carcinomas of the pan-
creas, lung, cervix, renal cell, prostate, bladder, and breast
(1). The level of EGFR overexpression correlates with poor
prognosis of patients in many tumor types (1, 2). Thus,
EGFR inhibitors encompassing both small molecules and

antibodies have been developed for the treatment of cancer.
The small-molecule EGFR tyrosine kinase inhibitors (TKI)
erlotinib (Tarceva) and gefitinib (Iressa) have shown activ-
ity in multiple epithelial tumor types and have provided a
scientific rationale for the development of EGFRantagonists
as targeted therapeutics (3). These compounds reversibly
bind to the ATP-binding site of the EGFR tyrosine kinase
domain and inhibit autophosphorylation (4). Initial results
with these molecules as monotherapy or in combination
with chemotherapy in unselected populations were disap-
pointing. It is now known that mutations in the EGFR gene
alter the tumor phenotype and predict response to treat-
ment, allowing the molecular selection of a subset of
patients in which TKI are highly efficacious (5, 6).

The anti-EGFRmonoclonal antibodies (mAb) cetuximab
(Erbitux) and panitumumab (Vectibix) are established
agents in the treatment of CRC and HNSCC. These agents
have shown modest clinical efficacy in combination with
chemotherapy in phase III trials (7–9). However, patients
with CRCwith KRASmutations (30%–40%of patients) are
unresponsive to cetuximab or panitumumab, when used as
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monotherapy or in combination with chemotherapy (10–
14). mAbs that target cell surface receptors can exert a
therapeutic effect either by inhibiting the oncogenic growth
signal (blocking ligand binding and/or receptor dimeriza-
tion/activation) or through direct cell killing (15). Cell
killing can be achieved by inducing apoptosis in the target
cell or by recruiting cytotoxic immune effector cells such as
macrophages, monocytes, and natural killer (NK) cells that
canmediate antibody-dependent cell-mediated cytotoxicity
(ADCC; refs. 16, 17). Inhibition of the EGFR growth signal
will be ineffective in tumors that are KRAS-mutant, as the
oncogenic stimulus in these cancers arises downstream of
the EGFR receptor; however, these tumors should remain
sensitive to cell killing by ADCC. As an antibody of the
immunoglobulin G subclass 2 (IgG2) class, panitumumab
is devoid of macrophage- and NK cell–mediated ADCC
(18).Cetuximab, being an antibody of the IgG1 subclass can
bind to FcgRIIIA andmediate ADCC to a certain extent (19–
21). The lack of objective responses to cetuximab in KRAS-
mutant patients indicates that a higher level of ADCCmight
be required to show a clinical benefit in this patient
population.
The effective induction of ADCC is dependent on the

interaction between the Fc region of the target cell–bound
therapeutic antibody and the Fcg receptors on the surface of
immune effectors cells. This in turn is dependent on the
antibody isotype, Fc sequence and glycosylation, and poly-
morphisms in the Fcg receptors (18, 21–24). Antibodies of
the IgG1 isotype bind the Fcg receptor with the highest
affinity and are the preferred class of therapeutic antibodies
for inducing ADCC (25). Glycoengineering of the Fc region
of a therapeutic antibody to increase its binding affinity for

FcgRIII can be further used to enhance its ADCC activity
(26–29). Polymorphisms in FcgRIIA and FcgRIIIA affect the
affinity with which mAbs bind to these effector cells (30).
These polymorphisms have been shown to influence the
efficacy of cetuximab; progression-free survival is signifi-
cantly shorter in patients with the low-affinity variants
compared with those homozygous for the high-affinity
variants (23, 31, 32). Similar correlations between Fcg
receptor polymorphism and response have been reported
for rituximab and trastuzumab (33, 34).

Our aim was to engineer a novel humanized anti-EGFR
mAb with enhanced ADCC properties. Here, we report the
development of GA201, an ADCC-optimized recombinant
humanized anti-EGFR mAb of the IgG1 isotype. Using
GlycoMab technology (Roche Glycart AG), the Fc region
of GA201 was glycoengineered to bear bisected, afucosy-
lated carbohydrates. We hypothesized that the glycoengi-
neering of GA201 would result in enhanced ADCC activity
comparedwith cetuximab and that thiswould translate into
superior efficacy in animal models of human cancer.

Materials and Methods
Production of GA201

Humanization of parental rat antibody ICR62. Human-
ization was conducted essentially by the complementarity-
determining region (CDR) loop-grafting procedure (35).
Rat ICR62 protein sequences [GenBank accession numbers
GI:2300094 (heavy chain) and GI:2300096 (light chain)]
were aligned to human germ-line sequences to identify
human sequences with high sequence identity. The
IGHV1-69�06 sequence (DP-88, GenBank: Z49804) and
IGKV1-17 sequence (GenBank: X72808)were chosen as the
framework acceptor sequences for the heavy and light
chains, respectively. The 3 CDRs from the rodent heavy
and light variable domains were grafted onto these acceptor
frameworks. Because the framework 4 region is not part of
the variable regionof the germ lineV gene, the alignment for
that position was done individually. The JH6 sequence was
chosen for the heavy chain, and the JK2 sequence was
chosen for the light chain.

Glycoengineering of GA201. Glycoengineering of
GA201 was conducted using GlycoMab technology
(Roche Glycart AG) as described previously (36, 37).
Briefly, the Fc region of GA201 was glycoengineered to
bear bisected, afucosylated carbohydrates by coexpres-
sion with b1,4-N-acetylglucosaminyltransferase III and
Golgi a-mannosidase II in Chinese hamster ovary cells.
GA201 was produced using a batch-fed fermentation
process and purified using protein A and ion-exchange
column techniques.

Cell lines and antibodies
The human carcinoma cell lines A549, LS174-T, HT29,

ACHN, Panc-1, and MDA-MB-231 were obtained from the
American Type Culture Collection and, after expansion,
deposited in the Roche Glycart internal cell bank. H460-
M2 cells were obtained from Roche. Cells were routinely
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)

Translational Relevance
Anti-EGF receptor (EGFR) antibodies of the IgG1

subtypes exert a therapeutic effect through two
mechanisms of action: inhibition of signal transduc-
tion and direct cell killing by immune effector cells,
such as natural killer cells and macrophages. GA201 is
a glycoengineered anti-EGFR antibody of the IgG1

subclass. GA201 inhibited EGFR signal transduction
to a similar extent as cetuximab; however, glycoengi-
neering of GA201 resulted in significantly enhanced
induction of antibody-dependent cell-mediated cyto-
toxicity and in vivo efficacy in mouse xenograft models
compared with both cetuximab and nonglycoengi-
neered GA201. This superior efficacy of GA201 was
seen in both KRAS-mutant and KRAS-wild-type mouse
xenograft models and was further enhanced when
combined with irinotecan chemotherapy. These data
suggest that GA201 may be a more effective therapy
than cetuximab in patients with EGFR-positive solid
tumors and may represent a first-in-class treatment of
patients with KRAS-mutated tumors.

GA201: A Novel Humanized and Glycoengineered Anti-EGFR Antibody
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(Gibco) containing 10% fetal calf serum(PAALaboratories)
at 37�C in a water-saturated atmosphere containing 5%
CO2.

NK-92 NK cells were genetically modified to create 2 cell
lines expressing the high-(V158) and low-(F158) affinity
variants of FcgRIIIA.

Commercial-grade cetuximab was obtained from Merck,
panitumumab from Amgen, and the nonspecific total
human IgG Redimune from CSL Behring.

Antibodies for Western blotting detection included poly-
clonal rabbit antibodies against human EGFR (#06-847,
Millipore), HER2 (c-erB2 #A0485, Dako), and rabbit or
mouse antibodies for mitogen-activated protein kinase
(MAPK; 4695 or 9107, Cell Signaling Technology),
pMAPKThr202/Tyr204 (#4370, Cell Signaling Technology),
pS6 ribosomal proteinSer235/Ser236 (#4858, Cell Signaling
Technology), pEGFRTyr1173 (#1124-1, Epitomics), and
b-actin (#4970, Cell Signaling Technology). Horseradish
peroxidise–conjugated goat anti-rabbit and anti-mouse IgG
(heavy and light chain) detection antibodies were used
(#170-6515 and #170-6516, respectively, BioRad).

Inhibition of EGF ligand binding (ELISA)
Streptavidin-binding peptide-tagged EGFR-extra cellular

domain (ECD) was incubated overnight at 4�C in strepta-
vidin-coated microtiter plates (Roche Applied Science) to
bind EGFR-ECD to the surface. After 3 washes with PBS
þ0.05% Tween, the plates were blocked with PBS contain-
ing 1% bovine serum albumin (BSA). Plates were then
incubated with europium-labeled EGF (10 nmol/L) in the
presence of increasing concentrations of GA201 or cetux-
imab (0.01–1,000 nmol/L) in Delfia Binding Buffer (Per-
kinElmer) for 1 hour at room temperature. Following 4
washes with Delfia Washing Buffer (PerkinElmer), the
europium signal was measured using a multilabel reader
(Victor Wallac) at 615 nm and IC50 values were calculated
for both antibodies.

Western blotting
Western blot analysis of the inhibition of EGFR/HER2

heterodimer formation was conducted using Calu-3 non–
small cell lung cancer (NSCLC) cells. Cells were cultured in
minimum essential Eaglemedium (PANBiotech GmbH) at
�106 cells per 6-well plate and were incubated with GA201
or cetuximab (both at 500 nmol/L formulated in histidine
buffer) for 1 hour at 37�C. Histidine buffer and growth
media alone were used as a control. Cells were washed with
ice-cold PBS, lysed on ice for 10 minutes in Triton lysis
buffer [150 mmol/L NaCl, 1.5 nmol/L MgCl2, 100 mmol/L
NaF, 10 nmol/L sodium pyrophosphate, 1 mmol/L EGTA,
10% glycerol, 1% Triton X-100, 1 mmol/L phenylmethyl-
sulfonylfluoride (PMSF), 10 mg/mL aprotinin, and 0.4
mmol/L othovanadat in 50 mmol/L HEPES buffer at
pH 7.5] and centrifuged at maximum speed for 15 minutes
at 4�C to remove cell debris. Heterodimers were isolated
from the resulting supernatant by immunoprecipitation
with 2 mg biotinylated anti-HER2 antibody (trastuzumab,
Roche) overnight at 4�C. After washing, standard Western

blotting was carried out and EGFR/HER2 heterodimers on
immunoblots were visualized by enhanced chemilumies-
cence according to the manufacturer’s recommendations
(Amersham).

Inhibition of downstream signaling was investigated in
A431 cells by Western blotting. Cells were cultured as
spheroid structures in 96-well plates (1� 104 cells per well)
in the presence of GA201 or cetuximab at concentrations of
5 and 50 mg/mL for 48 hours. Following 2 washes with ice-
cold PBS supplemented with 2 mmol/L Na3VO4, cells were
lysed on ice for 10 minutes in radioimmunoprecipitation
assay buffer (50mmol/L Tris–HCl at pH 7.5 containing 150
mmol/L NaCl, 1% Nonidet P40, 0.5% sodium deoxycho-
late, 0.1% SDS, 1mmol/L EDTA, 10mmol/L Na4P2O7, 100
mmol/LNaF, and 2mmol/LNa3VO4) supplementedwith 1
mg/mL each of pepstatin, leupeptin, and aprotinin and 200
mg/mLPMSF.Cell lysateswere clearedby centrifugation and
standard immunoblotting was carried out using antibodies
for EGFR, MAPK, pMAPKThr202/Tyr204, pS6 ribosomal
proteinSer235/Ser236, pEGFRTry1173, and b-actin as a control.

Flow cytometry
The DNA content of isolated cell nuclei was determined

by propidium iodide (PI) staining. A431 cells in culture
were treated for 24, 48, or 72 hours with GA201, cetuximab
(10 mg/mL each), or culture medium only (control). After
removal of the supernatant, cells were washed once with
PBS, detached using trypsin-EDTA (Gibco), and resus-
pended in the corresponding supernatant. Cells were pel-
leted at 1,000 rpm and 4�C for 5 minutes and resuspended
in 500 mL DNA-staining buffer (0.1 mol/L Tris pH 7.4
containing 0.9% NaCl, 1 mmol/L CaCl2, 0.5 mmol/L
MgCl2, 0.2% BSA, and 0.1% Nonidet P40). Cells were then
incubated in 0.5 mL DNase-free RNAse A (Roche) at 500
mg/mL and 10 mL PI (Sigma) at 1 mg/mL for 30 minutes on
ice in the dark, after which samples were analyzed using a
FACScan (Becton-Dickinson) running CellQuest software.
Doublets or aggregates of cell nuclei were excluded from the
analysis by plotting FL3 peakwidth against FL3 peak height.

ADCC assays
ADCC was conducted using the Lactose Dehydrogenase

Cytotoxicity Detection Kit (Roche) in accordance with
manufacturer’s instructions. Two different effector cell
populations were used: FcgRIIIA-expressing NK-92 cells or
human peripheral blood mononuclear cells (PBMC)
obtained from healthy volunteers. ADCC was conducted
using effector:target (E:T) cell ratios ranging from1:1 to25:1
and incubation times ranging from 2 to 24 hours. Antibody
concentrations of 1,500 ng/mL to 1 pg/mL were tested, and
all assays were conducted in triplicate.

Mouse xenograft models
Severe combined immunodeficient (SCID)/beige (Taco-

nics) and SCID human FcgRIIIA transgenic (Roche Glycart)
female mice, ages 8 to 9 weeks were maintained under
specific pathogen-free conditions with daily cycles of 12
hours light/dark according to guidelines (GV-SOLAS;

Gerdes et al.
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Federation of European Laboratory Animal Science Asso-
ciations). Continuous health monitoring was carried
out and the experimental study protocol was reviewed
and approved by the Veterinary Department of Kanton
Zurich (Switzerland). Food and water were provided
ad libitum.

A series of orthotopic xenograft models reflecting the
potential clinical indications for GA201 (lung, colorectal,
renal, pancreas, and mammary tumors) were generated by
inoculating human tumor cell lines into mice. Before injec-
tion, cells were harvested using trypsin-EDTA (Gibco),
washed once in culture media, and resuspended in AIM
V medium (Gibco). Orthotopic models were established
using 1 � 106 cells (3 � 106 for the LS174-T CRC model).
For the A549 andH460-M2 lungmodels, cells were injected
intravenously. For other models, cells were injected directly
into the target organ following laparotomy under deep
general anesthesia (for the colorectal liver metastases mod-
els, the CRC cell lines LS174-T and HT29 were injected into
the spleen).
Mice were randomized into different treatment groups

(10 mice per group) and therapy started 7 or 14 days after
tumor cell inoculation, when evidence of tumor growthwas
visible in the target organ of sacrificed scout animals.
GA201, cetuximab, panitumumab, and the corresponding
vehicle (control) were administered intravenously once
weekly for 3 weeks at a dosage of 25 mg/kg.
Animals were assessed daily for clinical symptoms and

adverse effects (general sickness, respiratory distress, and
impairedmotility). The termination criterion for sacrificing
animalswas sicknesswith locomotion impairment.Median
overall survival (OS) was defined as the experimental day
when at least 50% of animals in the group were sacrificed.
Survival data were represented using Kaplan–Meier curves
and differences in median OS between each treatment
group were compared by means of the pairwise log-rank
test. For the breast cancer MDA-MB-231 model, tumor
growth control rates were investigated by measuring tumor
volume [1/2 (length � (width)2)] every 2 to 3 days, begin-
ning on day 64. Therapy was started when tumor volume
reached 200 mm3.

Fluorescent immunohistochemistry
Detection of infiltrating macrophages and NK cells in

xenograft biopsies was conducted according to standard
immunohistochemical methods using 10-mm sections of
frozen tumor tissue fixed in acetone. For detection of CD68-
expressing cells, a rat anti-mouse CD68 antibody
(MCA1957, Serotec) diluted 1:200 in PBS was used with
an Alexa Fluor 568–conjugated goat anti-rat IgG secondary
antibody (#A-11077, Invitrogen) diluted 1:400 in PBS. For
NK-p46–expressing cells, a goat anti-mouse NKp46 anti-
body (#AF2225, R&D Systems) at 1 mg/L in PBS was used
with a DyLight 488–conjugated rabbit anti-goat IgG sec-
ondary antibody (#305-486-047, Jackson). Before incuba-
tion of primary or secondary antibodies, sections were
blocked with the relevant 10% serum-blocking solution
(goat or rabbit, depending on the secondary antibody

used). Antibodies of the same isotype as the primary anti-
bodies (Serotec) were used as negative controls in conse-
cutive slides to detect nonspecific binding.

Results
Engineering and characterization of GA201

GA201 was derived by humanization of the parental rat
IgG2b antibody ICR62 (38). The in vitro and in vivo biologic
activity of ICR62 has been described previously: ICR62
inhibits EGF binding, EGFR-mediated signaling, and
growth of human EGFR-overexpressing tumor xenografts
in mouse models (leading to complete tumor regression in
some cases; ref. 38). In addition, ICR62 has been shown to
bind effectively to cells expressing wild-type EGFR and
EGFR variant III (39). The humanized GA201 construct
showed identical EGFR-binding behavior as the parental rat
antibody. No amino acids outside of the CDR regions were
needed to be of rodent origin (back mutation); therefore,
the framework of the heavy and light chains was fully
human.

GA201 inhibits EGFR binding, EGFR/HER2 receptor
heterodimerization and downstream signaling in vitro

GA201 boundwith high affinity to domain III of the ECD
of human EGFR. GA201 neither competed for, nor pre-
vented, the binding of cetuximab and panitumumab indi-
cating that GA201 binds to a different epitope. GA201
bound to EGFR-overexpressing A431 human epidermoid
carcinoma cells with an apparent KD value of 1 to 2 nmol/L
(as determined by fluorescence-activated cell sorting-based
binding assays). Analogous binding assays with recombi-
nant human EGFR transiently transfected into Chinese
hamster ovary cells showed a 2- to 3-fold lower affinity of
GA201 compared with cetuximab. When using Fab frag-
ments instead of whole bivalent antibodies, GA201 mono-
valent Fab fragments bound to the ECD of human EGFR
with a KD value of 4 nmol/L. ELISA analysis of immobilized
EGFR-ECD identified a concentration-dependent inhibi-
tion of EGF ligand binding byGA201 (Fig. 1A). BothGA201
and cetuximab inhibited the binding of EGF to the EGFR-
ECD with an IC50 of about 0.33 nmol/L.

Dimerization of EGFR with other members of the HER
family is important for downstream signaling (40). Among
the potential heterodimerization partners of EGFR, HER2 is
the preferred one as HER2 is present in an open conforma-
tion, is ligand independent, and provides numerous phos-
photyrosine residues that are activated after successful
receptor heterodimerization (41). The effect of GA201 on
EGFRheterodimerizationwithHER2was investigatedusing
Calu-3 NSCLC cells, which moderately express EGFR and
overexpress HER2 on the cell surface. Compared with
control, treatment with 500 nmol/L GA201 effectively
inhibited the formation of EGFR/HER2 heterodimers in
Calu-3 cells (Fig. 1B), and again themagnitude of this effect
appeared similar to that of cetuximab.

Inhibition of EGF-binding and EGFR dimerization trans-
lated into inhibition of downstream signaling. At 5 and 50
mg/mL, GA201 inhibited the phosphorylation of EGFR and

GA201: A Novel Humanized and Glycoengineered Anti-EGFR Antibody
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other key downstream signaling molecules (including
MAPK and S6) to a similar extent as cetuximab (Fig. 2A).

To determine whether signaling inhibition mediated by
GA201 resulted in reduced proliferation or induction of
apoptosis, we conducted a flow cytometry–based cell-cycle
analysis. In this assay, nuclear DNA is quantified allowing
analysis of cell populations in the G1 or S–G2 phase of the
cell cycle as well as fragmented nuclei in the sub-G1 fraction
(42). A431 cells were incubated with different concentra-
tions of GA201 or cetuximab and analyzed after 24, 48, and
72 hours. After 24 hours, an increase in the sub-G1 popu-
lation was already apparent with both GA201 (26% at 10
mg/mL GA201) and cetuximab (32%) compared with con-
trol cells treated with culture medium only (13%; Fig. 2B).
The population of sub-G1 cells increased in a time-depen-
dent manner. Moreover, both the G1 and S–G2 subpopula-
tions decreased, indicating that DNA fragmentation was
occurring in all phases of the cell cycle.GA201 treatment did
not affect cell-cycle progression.

Glycoengineering of the Fc region
Glycoengineering of GA201 resulted in bisected, afuco-

sylated Fc-region carbohydrates and a concomitant increase
in the affinity for FcgRIIIA compared with the parental
ICR62 antibody. Using surface plasmon resonance, the
affinity of glycoengineered GA201 (85% afucosylation)
for the human high-affinity FcgRIIIA-V158 variant
was enhanced approximately 50-fold compared with cetux-
imab (average KD values for GA201 and cetuximab were
25 nmol/L and 1,280 nmol/L, respectively). Affinity for the
low-affinity FcgRIIIA-F158 variant was enhanced approxi-
mately 27-fold (averageKDvalues forGA201and cetuximab
were 240 nmol/L and 2,050 nmol/L, respectively). Thus,
glycoengineering resulted in a significantly increased affin-
ity of GA201 for both the low- and high-affinity human
FcgRIIIA variants compared with cetuximab. In addition,
glycoengineering did not affect binding to the inhibitory
human FcgRIIB (43).

GA201 exhibits superior in vitro ADCC compared with
cetuximab in the presence of both FcgRIIIA high- and
low-affinity human NK cells

To investigatewhether the enhanced affinity ofGA201 for
the low- and high-affinity FcgRIIIA variants compared with
cetuximab translated into enhanced cell killing, a series of
ADCC assays were conducted. GA201 exhibited superior
ADCC to cetuximab at all E:T ratios tested. Optimal results
were obtainedusingNK-92 cells as effectors at anE:T ratio of
3:1with a 2-hour incubation time and using humanPBMCs
at an E:T ratio of 25:1with a 4-hour incubation time (Fig. 3).
Data for the MKN45 cell line at different E:T ratios are
presented in Supplementary Fig. S1. Using KRAS-wild-type,
EGFR-overexpressing A431 cells as target cells and human
NK-92 (V158) cells (which express the high-affinity
FcgRIIIA) as effector cells at an E:T ratio of 3:1, GA201 was
approximately 2-fold more efficacious than the same con-
centration of cetuximab at inducing ADCC (Fig. 3A). In the
presence of physiologic concentrations of competing

GA201
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Figure 1. Inhibition of EGF ligand binding and EGFR/HER2
heterodimerization. A and B, ELISAs were conducted with immobilized
EGFR-ECD inwhich thebindingof europium-labeledEGF in thepresence
of increasing concentrations of GA201 or cetuximab was measured.
The data show that both antibodies inhibit the binding of EGF to the
EGFR-ECD with an IC50 of about 0.33 nmol/L. C, Calu-3 human NSCLC
cells with moderate surface expression of EGFR and overexpression of
HER2 were seeded and treated with 500 nmol/L GA201 or cetuximab or
control. After harvesting, cells were lysed and EGFR/HER2 heterodimers
were visualized by immunoblotting. Compared with control, treatment of
Calu-3 cells with GA201 and cetuximab significantly inhibited the
formation of EGFR/HER2 heterodimers. Data are representative of 2
independent experiments with similar results.
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nonspecific total human IgG (5mg/mL Redimune), GA201
continued to exhibit significant ADCC activity, whereas the
ADCC activity of cetuximab was virtually abolished. When
human NK-92 (F158) cells (low-affinity FcgRIIIA) were
used as effector cells, GA201 was approximately 35-fold
more potent than cetuximab at inducing ADCC (Fig. 3B).
GA201 also exhibited superior in vitro efficacy over cetux-

imab when A549 cells (low levels of EGFR, mutant KRAS)
were used as target cells and high-affinity NK-92 (V158)
cells were used as effectors. A nonglycoengineered version
of GA201 (GA201wt) was also investigated. In this setting
of low EGFR expression, KRAS-mutant target cells, and
low affinity FcgRIIIA on effector cells, GA201 continued
to show a high level of ADCC, whereas the ADCC
activity of cetuximabandGA201wtwas virtually nonexistent
(Fig. 3C). In the presence of nonspecific total human IgG,
GA201 retained some ADCC activity at higher antibody
concentrations.
When human PBMCs were used as effector cells, GA201

again proved to be superior to both cetuximab andGA201wt
in inducing ADCC against a variety of tumor cell lines (Fig.
3D–E).

In vivo efficacy of GA201 in tumor xenograft models
with different levels of EGFR expression
GA201 showed superior in vivo efficacy compared with

cetuximab in a series of mouse xenograft models bearing
murine monocytes, macrophages and/or NK cells as
immune effector cells displaying murine FcgRIV and/or
human FcgRIIIA. In mice, the homolog receptor to the
human FcgRIIIA is the murine FcgRIV, which is present on
murinemonocytes andmacrophages but not onmurineNK
cells, as is the case with human FcgRIIIA. Important con-
tributions to efficacy of antitumor antibodies via FcgR-

dependent immune effector functions have previously
been reported for various antibodies in murine models
(17, 25, 44).

Initial modeling was conducted using SCID/beige mice.
These mice bear only monocytes and macrophages as fully
active leukocytes capable of mediating FcgRIV-dependent
immune effector functions. Consequently, the SCID/beige
mouse model can only show the antitumoral effect of
ADCC (and/or FcgRIV-triggered antibody-dependent cellu-
lar phagocytosis and cytokine release) mediated by mono-
cytes and macrophages as effectors (i.e., no NK cell contri-
bution) and inhibition of EGFR signaling inhibition via
antibody-mediated receptor blockade. Additional model-
ingwas conducted in SCIDhumanFcgRIIIA transgenicmice
generated in-house. These mice bear both murine FcgRIV-
positive murine monocytes and macrophages and human
FcgRIIIA-positive murine NK cells as effectors (approxi-
mately 80% of murine NK cells express human FcgRIIIA),
allowing a more realistic representation of GA201 efficacy
via NK cell–mediated ADCC.

GA201 efficacy was first evaluated in a human lung
adenocarcinoma orthotopic xenograft model in which
A549 cells (medium/low EGFR expression, KRAS-mutant)
were injected intravenously into SCID/beige mice (bearing
active FcgRIV monocytes and macrophages as effectors).
Following therapeutic treatment with antibodies (25
mg/kg), median OS was significantly increased in animals
receiving GA201 compared with cetuximab (P ¼ 0.028),
panitumumab (P<0.001), or vehicle control (P<0.001; Fig.
4A). Similar survival was observed in animals treated with a
single dose of either 25 or 125 mg/kg GA201 with no dose-
dependent efficacy observed (data not shown). Using the
same model, median OS was also significantly greater with
a single intraperitoneal injection of GA201 (25 mg/kg)
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compared with the nonglycoengineered version (GA201wt;
P < 0.05) or vehicle control (P < 0.005; Fig. 4B).

GA201 also showed superior efficacy to cetuximab in
another lung model. H460M2 cells, an aggressive NSCLC

cell line (very low EGFR expression, KRAS-mutant), were
engrafted into the lung of SCID human FcgRIIIA transgenic
mice (bearing murine FcgRIV-positive macrophages and
human FcgRIIIA-positive transgenic murine NK cells as

Figure 3. GA201 exhibits superior in vitro ADCC activity compared with cetuximab in a variety of scenarios. The figure shows the result of ADCC assays
conducted using effector and target cells at a ratio of 3:1 (A–C) or 25:1 (D–E). Cell cytotoxicity was measured by quantifying lactose dehydrogenase
activity released from damaged/dying cells. Figures show graphs from representative experiments. A, A431 epidermoid carcinoma (EGFR-overexpressing,
KRAS-wild-type) cells as target cells and human NK-92 (V158) NK cells (high-affinity FcgRIIIA) as effector cells. B, A431 cells as target cells and
human NK-92 (F158) NK cells (low-affinity FcgRIIIA) as effector cells. C, A549 adenocarcinomic human alveolar basal epithelial (low EGFR expression,
KRAS-mutant) cells as target cells and human NK-92 (V158) NK cells as effector cells. D, MKN45 human gastric adenocarcinoma (KRAS-wild-type) cells
as target andhumanPBMCsaseffector cells. E,H266NSCLCcells as target andhumanPBMCsaseffector cells. F,A549 cells as target andhumanPBMCsas
effector cells.
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effectors). In this setting of low EGFR expression and
mutant KRAS, cetuximab showed no significant difference
in survival compared with control (P ¼ 0.187), whereas
GA201 showed a significant therapeutic benefit (P ¼
0.002; Fig. 4C). Interestingly, when this experiment was
done under identical conditions, but implanted in SCID/
beige instead of human FcgRIIIA transgenic mice, neither
antibody mediated a significant increase in survival (data
not shown), indicating the relative importance of FcgRIIIA-
dependent ADCC mediated by NK cells in this aggressive
tumor model.

To evaluate GA201 efficacy in CRC models, 2 different
liver metastatic xenograft models were established. LS174T
cells (low EGFR expression, KRAS-mutant) were injected
intrasplenically into SCID/beige mice and HT29 cells (low
EGFR expression, KRAS-wild-type) into human FcgRIIIA
transgenic SCID mice. As a KRAS-wild-type cell line, the
HT29 cell line model is sensitive to both of GA2010s
therapeutic modes of action (MoA; EGFR signaling inhibi-
tion and ADCC). In both CRCmodels, GA201 proved to be
superior to cetuximab (P < 0.05 for both models) and
vehicle control (P < 0.001 for both models; Fig. 4D and E).

The superior efficacy ofGA201 comparedwith cetuximab
was further shown in a SCID/beige mice pancreatic ortho-
topic model (Panc-1 cells—medium EGFR expression,
KRAS-mutant; Fig. 4F) and orthotopic renal cell carcinoma
(ACHN cells—medium EGFR expression and KRAS-
mutant; Fig. 4G).

The ability of GA201 to inhibit tumor growth was
further investigated in an orthotopic breast cancer model
using the MDA-MB-231 triple-negative (estrogen recep-
tor, progesterone receptor, and HER2 negative) mammary
cell line (medium EGFR expression and KRAS-mutant).
MDA-MB-231 cells were injected into the mammary
gland of SCID/beige mice and animals were treated with
25 mg/kg i.v. GA201 or cetuximab every 3 weeks begin-
ning when tumors reached 200 mm3. GA201 exhibited
significantly better antitumoral efficacy compared with
both cetuximab (P ¼ 0.0054) and vehicle control (P <
0.0001; Fig. 4H).

Enhanced efficacy of GA201 in combination with
chemotherapy

The efficacy of GA201 was potentiated when combined
with chemotherapy in the HT29 CRC human FcgRIIIA
transgenic SCID mouse model. Mice were treated with
single-agent mAb (30 mg/kg), single agent irinotecan (30
mg/kg), or combination therapy. Median OS was signifi-
cantly longer with GA201 plus irinotecan compared with
single-agent GA201 (P ¼ 0.013), cetuximab (P ¼ 0.0002),
and irinotecan (P ¼ 0.0002), or cetuximab plus irinotecan
(P ¼ 0.0002; Fig. 5).

Immunohistopathologic analysis of xenograft tumors
Immunohistopathologic analysis of tumor tissue froman

A549 cell SCID human FcgRIIIA transgenic mouse xeno-
graftmodel indicated a significant increase in the number of
active murine CD68þmacrophages (immune effector cells
able to mediate ADCC) in the tumors of animals treated
with GA201 compared with animals receiving cetuximab
(P ¼ 0.0055) or vehicle control (P ¼ 0.0099; Fig. 6A–C).
Twenty-four hours after therapeutic injection of a single
dose (25 mg/kg) of either GA201 or cetuximab, a 4- to 5-
fold difference in the number of infiltrating CD68þ cells
was observed with GA201-treated animals compared with
animals receiving cetuximab or vehicle control. A similar
increase in the number of infiltrating NKp46þ cells was
seen (Fig. 6E–G).

Discussion
Anti-EGFR antibodies have proven to be valuable tools in

the treatment of EGFR-positive cancers; however, these
agents are ineffective against patients withCRCwith tumors
carrying mutations in the KRAS oncogene. Furthermore,
even in the absence of KRAS mutation, only a subset of
patients with CRC will benefit from treatment with cetux-
imab and panitumumab. Response rates to cetuximab in
patients with wild-type KRAS CRC with tumors carrying
BRAF or NRAS mutations are significantly lower than in
patients without mutation in these genes (45). Using a
panel of 4 genes (KRAS, BRAF, PIK3CA, and PTEN), Sar-
tore-Bianchi and colleagues showed response rates to cetux-
imab and panitumumab of 51% in patients with CRC with
nomutations compared with 4%when 1 gene wasmutated
and no responses when 2 ormore genes weremutated (46).
These data indicate that inhibition of ligand binding and
EGFR signaling alone is insufficient when the oncogenic
stimulus arises downstream of the EGFR. Here, we report
the development of GA201, a novel, humanized anti-EGFR
antibody with a dualMoA. As well as inhibiting the binding
of EGF and EGFR receptor dimerization, GA201 was spe-
cifically glycoengineered for enhanced ADCC activity. We
investigated the in vitro and in vivo activity of GA201 and
compared it with cetuximab.

GA201 inhibited EGF binding, EGFR receptor dimeriza-
tion, and downstream signaling with a similar potency to
cetuximab; however, GA201 was superior to cetuximab in
all cell killing assay systems tested. Glycoengineering sig-
nificantly increased the affinity of GA201 for both the low-
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and high-affinity human FcgRIIIA variants compared with
cetuximab. Importantly, binding to the low-affinity
FcgRIIIA variant was substantially increased, such that it
exceeded that of cetuximab for thehigh-affinity variant. This
translated into superior efficacy in vitro (2- to >5-fold) in
ADCCassays comparedwith cetuximab. Calculating poten-
cy based on the concentration of each antibody required to
achieve 50% of its respective maximal ADCC resulted in 3-
to 10-fold enhancements in potency with GA201, whereas
calculating potency based on the concentration of GA201
required to reach the maximal ADCC of cetuximab indi-
cated a more than 100-fold increase in potency versus
cetuximab.
The influence of Fc-region glycoengineering on theADCC

activity ofGA201was clearly shownby comparisonwith the

nonglycoengineered, wild-type GA201wt. The efficacy of
GA201wt was similar to that of cetuximab. In contrast to
cetuximab, the ADCC activity of GA201 was retained in the
presence of physiologic concentrations of nonspecific total
human IgG. The enhanced in vitro ADCC activity of GA201
translated into significantly increased survival in a series of
orthotopic xenograft models compared with cetuximab.
These models showed improved efficacy with GA201
regardless of the tumor type, EGFR expression level, or
KRAS mutation status. Combining GA201 with irinotecan
further improved efficacy over GA201 monotherapy.

Immunohistochemical analysis of tumor biopsies from
an A549 cell SCID human FcgRIIIA transgenic mouse xeno-
graft model showed that the activity of GA201 was associ-
ated with a significantly greater tumor infiltration of both

Figure 6. Tumor infiltration of
CD68þ andNKp46þ immune cells in
response to GA201 treatment in
A549 NSCLC tumor xenografts in
SCID human FcgRIIIA transgenic
mice. A549NSCLC tumor xenografts
in mice bearing both murine FcgRIV-
positive murine macrophages and
human FcgRIIIA-positive murine NK
cells as effectors were treated with a
single therapeutic injection of 25 mg/
kgGA201 or cetuximab or PBS alone
(control). After 24 hours, the lungs
were recovered and CD68þ cells (A–
C) and NKp46þ cells (E–F) were
detected using fluorescent
immunohistochemistry on frozen
sections. A 4- to 5-fold difference
was observed in the number of
infiltrating CD68þ immune cells and
a 2- to 3-fold difference was seen in
the number of infiltrating NKp46þ
cells, with GA201 compared with
cetuximab and control groups.
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murine CD68þ macrophage cells and NKp46þ NK cells
compared with cetuximab. Immune effector cell recruit-
ment into tumors has been shown with other mAbs. Fol-
lowing trastuzumab-based therapy, an increase in the num-
ber of tumor-infiltrating NK cells (but not macrophages)
was seen inpatientswithbreast cancer, and this increasewas
significantly greater compared with patients receiving non-
trastuzumab-based therapies increased significantly follow-
ing trastuzumab treatment (47). Furthermore, patients
showing a pathologic response tended to show an increased
number of infiltrating NK cells compared with poor or
nonresponders.While nodifferencewas seen in thenumber
of infiltrating CD56þ NK in a trial of patients with CRC
treated with cetuximab compared with noncetuximab-trea-
ted patients, tumor-infiltrating CD56þ cells were an inde-
pendent predictor of PFS and response only in patients
treated with cetuximab-based therapies (48).

The immune cell infiltration seen with GA201, together
with the very significant efficacy difference observed
between the glycoengineered GA201 and its wild-type non-
glycoengineered version, suggest that the in vivo efficacy of
GA201 in such models is likely attributable to the superior
immune effector functions of GA201 resulting from an
increased binding affinity to FcgRIV and FcgRIIIA on infil-
trating mouse monocytes, macrophages and NK cells.

The majority of cell lines used in both the ADCC assays
and xenograft models were mutant for the KRAS oncogene
and consequently would be expected to be less sensitive to
signal inhibition via EGFR receptor blockade. This provides
further evidence that the superior efficacy seen in animal
models is likely due to the enhanced ADCC properties of
GA201, and indicates thatGA201might bemore efficacious
in patients with KRAS-mutated tumors as compared with
non-ADCC-enhanced anti-EGFR antibodies. Clinical stud-
ies investigating the safety and efficacy of GA201 are ongo-
ing. A recently completed phase I dose-escalation trial of
GA201 showed an acceptable safety profile and promising
efficacy (49). In a heavily pretreated population of 75
patients with advanced and/or metastatic solid tumors,
single-agent GA201 achieved 1 complete response and 2
partial responses in patients with CRC, including a partial
response in 1 patient with a KRAS-mutant tumor. Further
development of GA201 is now ongoing investigating the
efficacy of GA201 in a population of patients with KRAS-
mutant CRC and in combination with standard chemo-
therapy regimens in CRC and NSCLC.

In conclusion, GA201 showed significantly improved cell
killing in in vitro ADCC-based assays and preclinical in vivo
tumormodels using bothKRAS-wild-type andKRAS-mutat-
ed tumor cells. Given that GA201 shares a similar MoA to
cetuximab and panitumumab (such as blocking of ligand
binding) but with significantly greater ADCC, GA201 may
offer not only improved efficacy over cetuximab and pani-
tumumab in patients with EGFR-positive solid tumors, but
may represent a first-in-class treatment of patients with
KRAS-mutated tumors.
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