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Abstract

Head and neck squamous cell carcinomas (HNSCC) exhibiting
resistance to the EGFR-targeting drug cetuximab poses a challenge
to their effective clinical management. Here, we report a specific
mechanism of resistance in this setting based upon the presence
of a single nucleotide polymorphism encoding EGFR-Ks,;
(K-allele), which is expressed in >40% of HNSCC cases. Patients
expressing the K-allele showed significantly shorter progression-
free survival upon palliative treatment with cetuximab plus che-
motherapy orradiation. In several EGFR-mediated cancer models,
cetuximab failed to inhibit downstream signaling or to kill cells
harboring a high K-allele frequency. Cetuximab affinity for
EGFR-Ks5,; was reduced slightly, but ligand-mediated EGFR acti-
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vation was intact. We found a lack of glycan sialyation on
EGFR-K5,; that associated with reduced protein stability, suggest-
ing a structural basis for reduced cetuximab efficacy. CetuGEX, an
antibody with optimized Fc glycosylation targeting the same
epitope as cetuximab, restored HNSCC sensitivity in a manner
associated with antibody-dependent cellular cytotoxicity rather
than EGFR pathway inhibition. Overall, our results highlight
EGFR-Ks5,; expression as a key mechanism of cetuximab resistance
to evaluate prospectively as a predictive biomarker in HNSCC
patients. Further, they offer a preclinical rationale for the use of
ADCC-optimized antibodies to treat tumors harboring this EGFR
isoform. Cancer Res; 77(5); 1188-99. ©2016 AACR.

Introduction

Head and neck squamous cell carcinomas (HNSCC) are
among the most common types of newly diagnosed cancers in
men with disappointing outcomes despite intensive treatment
(1-8). Cetuximab, a mAb targeting the extracellular ligand-bind-
ing domain of the EGFR, has been shown to prolong overall
survival in patients with recurrent or metastatic disease by about
three months compared with chemotherapy alone. It has there-
fore been approved in combination with platinum-based
chemotherapy (EXTREME protocol; ref. 7). Treatment efficacy of
cetuximab, however, is low with an objective response rate of 13%
in the monotherapy setting (9) and 36% in combination with
chemotherapy (7). Time-to-treatment failure in patients treated
with the EXTREME regimen ranges only around 5 months despite
cetuximab maintenance (7).

Together, this suggests that primary and acquired resistance
mechanisms considerably limit the clinical benefit of cetux-
imab in HNSCC. There is, therefore, a clear need to understand
the molecular mechanisms ultimately driving cetuximab resis-
tance to maximize the likelihood of response by biomarker-
driven patient selection and to establish new treatment options
to overcome resistance. In this context, a number of potential
resistance-mediating molecular alterations and pathways
have been studied in HNSCC. Whereas activating mutations
of the Rat sarcoma genes (KRAS and NRAS) downstream of
the GFR constitute an important mechanism of primary
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resistance to EGFR-targeting antibodies in colorectal cancer
(10-12), these proto-oncogenes are virtually never expressed
at baseline in HNSCC and, therefore, cannot be used as
predictive biomarker for patient selection (13). Other poten-
tial biomarkers such as EGFR expression level (14), alterations
of the EGFR itself [e.g., EGFR polymorphisms, EGFR variant III
(vIII) expression (15, 16), nuclear EGFR, arginine methylation
within the extracellular EGFR domain (17)], alternative tyro-
sine kinase signaling (e.g., ErbB signaling, MET activation, Axl
overexpression; ref. 18), or alterations in targets downstream
the EGFR (e.g., activating HRAS mutations, loss of PTEN,
deregulated PI3K pathway; refs. 19, 20) have been evaluated.
Yet, none of these alterations are sufficiently understood in
HNSCC and prospective trials confirming their clinical utility
are lacking (13, 16, 21, 22). Therefore, to date, there is not a
single predictive biomarker allowing patient selection for
EGFR-directed therapy in HNSCC (23).

Here, we studied a genomic SNP within exon 13 of the
extracellular receptor domain (EGFRgs,;) that is homo- or
heterozygously expressed in >40% of individuals and has
previously been reported to be associated with impaired
response to cetuximab in small clinical HNSCC series
(22, 24, 25). We confirm these clinical data in our own cohort
of 59 HNSCC patients as well as in two in vitro models and in a
mouse xenograft model. Our molecular data propose that
differential posttranslational modifications may represent the
structural basis for the inability of cetuximab to block signal
transduction in this receptor variant. We then go on to show
how this resistance may be overcome by using next-generation
EGFR antibodies mainly relying on optimized recruitment of
effector cells for killing. This work suggests that EGFRgs,;
expression represents an important mechanism of primary
resistance to cetuximab in HNSCC and may be used as a
biomarker to select patients for treatment with cetuximab.
Furthermore, we provide a strong preclinical rationale for the
use of alternative EGFR-targeting antibodies in this subset of
patients. Both the biomarker aspect of our data and potential
ways of alternative EGFR targeting warrants validation in
prospective clinical trials translating these findings into ther-
apeutic refinements in our regimens to ultimately improve our
care for patients with HNSCC.

Materials and Methods

Patient characteristics

The Clinical Cancer Registry of the University Cancer Center
Hamburg and Augsburg Medical Center was screened for HNSCC
patients treated in a palliative setting between 2010 and 2016
(Augsburg: 2011-2016). All patients were screened for HPV status
and were excluded, if they were positive for both HPV-DNA and
pl6 IHC. Patient characteristics are shown in Supplementary
Table S1.

Cell lines

HNSCC cell lines were cultivated in DMEM (Life Techno-
logies) and identified using a short tandem repeat multiplex
assay (Life Technologies). UT-SCC cell lines 5, 8, 14, 15, 29,
42A, and 60A were kindly provided by R. Grenman in 2011
(University of Turku, Turku, Finland), FaDuDD by W. Eicheler
(University of Dresden, Dresden, Germany; ref. 17) and Cal 33,
HSC 4, SAS, SAT by M. Baumann in 2006 (University of
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Dresden, Dresden, Germany). Ba/F3 cells (CSC-C2045, Crea-
tive Bioarray) were maintained in RPMI (Life Technologies)
containing 10 ng/mL murine IL3 (PeproTech). KHYG1 cells
were purchased (DSMZ) and maintained in RPMI containing
10 ng/mL IL2 (PeproTech). KHYG1 cells were stably transfected
with human FcyRIlla 158F (KHYG1-CD16aF), cloned, and
maintained in medium containing 25 nmol/L methotrexate
(Sigma-Aldrich). All cell lines were mycoplasma-free (Venor-
GeM kit, Merck Millipore). Ba/F3 and KHYG1 cells were
obtained in 2009 and 2012, respectively.

Determination of EGFRgs,; status in HNSCC cell lines and
tumor tissue

EGFRgs,; status determination was performed from genomic
DNA (gDNA) extracted from tumor material with >80% infiltra-
tion or cell lines using the GenElute Mammalian Genomic DNA
Miniprep Kit (Sigma-Aldrich) by EGFR exon 13 next-generation
sequencing as described previously (26). Fifty percent was used as
a cutoff separating cell lines with low and high K-allele frequency.
Patient tumors were classified as homo- or heterozygous for the
K-allele based on >0% K-allele detection by NGS.

HNSCC cell line cetuximab inhibition assays and
EGFR/pEGFR determination

Cell survival was measured by colony formation after treatment
with 5 pug/mL cetuximab (clone number: C225, Erbitux, Merck
Serono GmbH). Twenty-four hours later, cells were replated,
colonies fixed with 70% ethanol for 5 minutes, stained with
crystal violet (Merck Millipore). Colonies of more than 50 cells
were scored as "survivors."

Cell lysates taken after two hours or at indicated time points
were analyzed by Western blot analysis as described previously
(26). Primary antibodies used were anti-EGFR (catalog number:
2232) and anti-pEGFR (pTyr1173; clone number: 53A5, Cell
Signaling Technology). Secondary antibodies used were IRDye
680RD-labeled anti-mouse (catalog number: 926-68070) and
IRDye 800CW labeled anti-rabbit antibodies (catalog number:
926-32211, LI-COR Biosciences). Membrane EGFR was quanti-
fied by flow cytometry using the Quantum Simply kit (Bangs
Laboratories, Inc.).

EGFR/EGFRs,; transduced Ba/F3 stimulation and inhibition
experiments

The cDNA sequence of the EGFR was cloned into the lentiviral
vector LeGO-iG3 (26), containing a modified multiple cloning
site, resulting in LeGO-iG3-EGFR (eGFP). The EGFRys,; insert
was generated using the QuikChange XL Site-Directed Mutagen-
esis Kit (Agilent Technologies). Virus production and transduc-
tion was described earlier (27). Cells with a transduction rate of
25% and thus containing mostly single integrations were sorted
(FACSAria). Ligand stimulation of EGFR/EGFRs,;—-transduced
Ba/F3-sorted sublines was performed by switching cells from IL3
to medium containing 5 ng/mL of either EGF, HB-EGF, betacel-
lulin, epigen, epiregulin, amphiregulin or TGF (PeproTech). Cells
were counted (Vi-CELL Cell Viability Analyzer, Beckman Coulter)
and ligand or inhibitor added every 24 hours.

HNSCC EGFR/EGFRys,;—expressing xenograft mouse model
Six- to 8-week-old female NSG (NOD.Cg-Prkdcscid

[12rgtm 1Wijl/SzJ) mice were purchased from The Jackson Labo-

ratory. Experiments were performed under a 12-hour light-dark
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cycle and standard laboratory conditions. For the xenograft
models, 1 x 107 UT-SCC 42A or SAS cells were injected subcu-
taneously into the right flank. Mice were randomized for tumor
size after 7-9 days (mean tumor size 80-150 mm?>) and treated
with 1 mg of cetuximab intraperitoneally twice weekly. Tumor
volume was calculated [V = (longer length? x shorter length)/2]
and mice were sacrificed due to ethical regulations when the first
tumor in the control group reached 1,500 mm?>.

Cetuximab binding to HNSCC cell lines and EGFR-transduced
Ba/F3 cells

HNSCC cell lines UT-SCC 8, SAT, and EGFR/EGFRys»;~
transduced Ba/F3 cells were stained with the following anti-
bodies: polyclonal goat-anti-EGFR antibody (catalog number:
AF231, R&D Systems), polyclonal goat-anti-human kappa
(catalog number: 2060-01, Southern Biotech), cetuximab,
rituximab (clone number: 10F381, MabThera, Roche Diagnos-
tics), anti-goat IgG-APC (catalog number: F0108, R&D Sys-
tems), and anti-Human Ig, x Light Chain-APC (clone number:
G20-193, Becton Dickinson). Cells were analyzed on a
FACSCalibur (Becton Dickinson).

Expression of EGFR-Fc fusion proteins

cDNAs coding for the human EGFR/EGFRs,; ectodomain (aa
1-645) and the human IgG1 Fc fragment were cloned into
LeGO-iG3-Puro+ (28). Virally transduced and puromycin-select-
ed HEK293T cells (CRL-11288, ATCC) were used to produce
Fc-EGER fusion proteins purified from conditioned medium by
an anti-EGFR scFv (cloned in pKB2scFvCBD and expressed as
described by Blank and colleagues; ref. 29) attached to a chitin
resin (New England Biolabs).

Affinity studies of Fc-EGFR fusion proteins

Plasmon resonance analysis was performed on a BlAcore T200
(GE Healthcare). EGFR-Fc fusion proteins were captured directly
from the supernatant by immobilized protein A. The capture
levels were adjusted for the different EGFR-Fc preparations to
obtain maximum saturation responses (Ry.) for the Fab of
cetuximab of Ry, = 25-50RU. The Fab was prepared by proteo-
lytic digestion of cetuximab using Pierce Fab Preparation Kit
(Thermo Scientific) followed by negative protein A affinity puri-
fication. Double referenced binding curves were fitted to a simple
monovalent interaction model.

Analysis of EGFRgs,;-associated post-translational
modifications

Fc-EGFR/Fc-EGFRgs,, fusion proteins were digested with
2-3,6,8,9 Neuraminidase A (New England Biolabs). Two-
dimensional (2D) gel electrophoresis of digested and undi-
gested Fc-EGFR/Fc-EGFRys,; was performed using Immobi-
line DryStrip pH 3-10NL (GE Healthcare) and polyacrylamide
gels, followed by Coomassie staining and spot excision for
MALDI-TOF-MS glycosylation analysis. Gel pieces were
destained, dried, and redissolved in phosphate buffer contain-
ing N-octyl-B-glucopyranoside (OGP; 8 mg/mL) and subjected
to PNGase F digestion (Roche Applied Science). N-glycans
were extracted from gel pieces with acetonitrile, dried,
desalted, and permethylated as described previously (30).
MALDI-TOF mass spectra were recorded on an Ultraflex III
mass spectrometer (Bruker Daltonics).
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Fc-EGFR fusion protein stability analysis by far-UV circular
dichroism spectroscopy

Far-UV circular dichroism (CD) spectra of 0.2 g/L Fc-EGFR/
Fc-EGFRgs,; in 0.01 mol/L PBS at 23°C were recorded using a
1-mm path length cuvette in a Jasco-815 spectropolarimeter
(Jasco Instruments). Melting curves were recorded at a fixed
wavelength of 208 nm over a temperature range from 23°C to
100°C. Data were transformed to mean residue ellipticity [0] after
subtraction of the buffer signal.

Antibody-dependent cellular cytotoxicity analyses

The antibody-dependent cellular cytotoxicity (ADCC) assay
was performed as europium release assay using either EGFR-
positive HNSCC cell lines or EGFR-transduced Ba/F3 cells as
target cells and a NK cell line stably transfected with human
FcyRIlla 158F (KHYG1-CD16aF) as effector cells. Briefly, target
cells were loaded with europium by electroporation (Nucleo-
fector) and incubated with a dilution series of CetuGEX (clone
number: P142-C5, Glycotope Biotechnology GmbH) or cetux-
imab and KHYG1-CD16aF (effector-to-target ratio, 10:1) for 5
hours. Europium release was quantified by time-resolved
fluorescence (Infinite F200, Tecan Austria GmbH). Maximum
release (MR) was measured after incubation of target cells with
triton X-100 (Sigma-Aldrich) and spontaneous release (SR)
was obtained from samples containing only target cells. Basal
release (BR) was determined in target cell supernatant collect-
ed directly after europium loading. Spontaneous lysis in
percent was calculated as the percentage of SR to MR corrected
for the observed BR [(SR — BR) x 100/(MR — BR)]. Specific
cytotoxicity (% specific lysis) was calculated as the percentage
of experimental release (ER) to MR corrected for the observed
SR [(ER — SR) x 100/(MR — SR)]. Specific lysis versus anti-
body concentration curves were fitted using a 4 parameter
logistic function.

Statistical analysis

Survival was analyzed with Kaplan-Meier method and Breslow
test (Generalized Wilcoxon) using SPSS. Data represent mean +
SEM of three representative experiments, unless otherwise stated.
Statistical significance was calculated by Student t test unless
otherwise stated.

Study approval

Patient informed consent was obtained for the use of their
diagnostic material as approved by the institutional review board
(project number PV4382: Hamburg, no number assigned:
Augsburg).

All animal experiments were carried out according to the
institutional guidelines for the welfare of animals in experimental
neoplasia as approved by the local licensing authority (project
number G126/15).

Results

EGFRgs,; status correlates with shorter progression-free
survival in HNSCC patients undergoing cetuximab-based
treatment

The SNP EGFRs,; is located outside the cetuximab epitope
on the opposite face of receptor domain III (Fig. 1). Here, we
determined the EGFRgs,; status in 59 HPV-negative HNSCC
patients receiving cetuximab in a palliative situation, either in

Cancer Research

220z ¥snbny 9z uo ysenb Aq ypd 881 1/£5229.2/88 1 L/S/LL/Hpd-8lonle/sa1isoued/Bi0 sjeuinolioee//:dny wouy papeojumod



Figure 1.

Structural illustration of the EGFR showing the
cetuximab epitope and the SNP at position 521. The
3D model created from pdb file 1YY9 (RCSB Protein
Data Bank) includes N-glycans of the oligomannose-
type (green) and complex-type (orange) with terminal
sialic acids (red). N-glycans were integrated as
published previously (31).

combination with chemotherapy or with radiation. Patient char-
acteristics are displayed in Supplementary Table S1. Thirty-three
of 59 patients (55.9%) were homo- or heterozygous for the
K-allele (Supplementary Table S1). These showed significantly
shorter progression-free survival (median 4.93 months; 95% CI,
3.52-6.34) than patients not expressing the K-allele (median
8.25 months; 95% CI, 3.25-13.26; P = 0.049; Fig. 2). Despite
not being powered for overall survival analysis, these data con-
firm previous studies suggesting a poor response to cetuximab
in HNSCC patients expressing EGFRys,; (22, 24).

Cetuximab fails to inhibit HNSCC cell lines with a high
K-allele frequency in vitro

Next, we determined EGFRys5,; status in 12 HNSCC cell lines
by next-generation sequencing. Fifty-percent of these showed
low (UT-SCC 42A, UT-SCC 8, UT-SCC 14, UT-SCC 29, Cal 33,
UT-SCC 15) and high (SAS, UT-SCC 5, UT-SCC 60A, FaDuDD,
HSC 4, SAT) K-allele frequencies (cut-off 50%), respectively.
We treated these lines for 24 hours with cetuximab followed by
replating. In cell lines with a high frequency of K-alleles, colony
formation was not significantly inhibited as compared with
the untreated control and in contrast to cell lines with low
K-allele frequency, suggesting insensitivity to cetuximab under
in vitro conditions (Fig. 3A). Colony formation was equally
suppressed, however, in all cell lines treated with erlotinib,
generally indicating cellular dependency on the EGFR pathway
(Fig. 3A). Cell lines with high K-allele frequency did not show
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Cetuximab
epitope

R/K521

Tyrosine
kinase
domain

aa 1186

significant inhibition of EGFR phosphorylation upon cetuxi-
mab treatment for 2 hours compared with cells with lower
K-allele frequency, while erlotinib inhibited phosphorylation

100 - —l— EGFRks»1
—l— EGFR
S 80— P =0.049 by Breslow test
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=
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=
£
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Figure 2.

Progression-free survival (PFS) in cetuximab-treated HNSCC patients with or
without EGFRys;; expression. Fifty-nine HPV-negative HNSCC patients received
palliative cetuximab treatment in combination with chemotherapy or with
radiation. The Kaplan-Meier method including Breslow test was used to
compare progression-free survival in patients with or without expression of
EGFRks,1.
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Figure 3.

In vitro inhibition of EGFRgsy-expressing
cell lines by cetuximab. A and B,
Inhibition of colony formation (A) and
EGFR phosphorylation (B) by cetuximab
or erlotinib in a set of HNSCC cell lines
with high or low K-allele frequencies.
Data are shown as relative values
compared with untreated cells. C,
Functionality of EGFR and EGFRksy
variants in neutral Ba/F3 cellular
background. Proliferation was measured
by counting of viable cells in the absence
or presence of multiple EGFR ligands. D,
Effect of cetuximab on EGFR versus
EGFRysz-transduced Ba/F3 cells. Cells
were cultured for 96 hours with 5 pg/mL
cetuximab and increasing EGF
concentrations. *, P< 0.05; ***, P< 0.001
by Student ¢ test. n.s., not significant.

time point as shown for UT-SCC 8 in Supplementary Fig. S2.
Quantification of total EGFR (by Western blot analysis) and
membrane-exposed EGFR (by determination of antibody-bind-
ing capacity) demonstrated equal distribution in the two sets of
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In vivo Inhibition of HNSCC xenografts with or without EGFRys,; expression by cetuximab. UT-SCC 42A (no K-allele) and SAS (high K-allele frequency)
cells were injected subcutaneously in NOD-SCIDy mice. Mice were treated with 1 mg (abs.) cetuximab or PBS (negative control) intraperitoneally
twice per week, once tumors reached a size of 100 mm>. Animals were euthanized when the first tumors reached 1,500 mm?>. *, P < 0.05 by Student ¢ test.

cell lines, confirming that this factor is not a confounder in this
analysis (Supplementary Fig. S3). Our findings strongly sug-
gested that insensitivity to cetuximab directly relied on its
inability to block the EGFR pathway in the EGFRks,; receptor
variant.

Cetuximab shows lack of EGFRks5,; inhibition in a neutral
Ba/F3 cellular background in vitro

Next, we wished to confirm that this mechanism exclusively
involved the EGFR itself and was not related to other mechan-
isms of resistance that may be correlated with the EGFRys,;
status. To this end, we analyzed cetuximab-mediated cell inhi-
bition in a neutral cellular background of EGF-dependent EGFR-
and EGFRgs,,—expressing cells. Therefore, the IL3-dependent
and EGFR-negative Ba/F3 cell line was lentivirally transduced
with an expression vector encoding EGFR or EGFRs,;. Because
of stable EGFR oncogene expression, these transduced cell lines
could subsequently be rescued from IL3 withdrawal by EGF
stimulation (Supplementary Fig. S4). To definitively confirm
identical functional properties and susceptibility to ligand-
mediated pathway activation in EGFR- and EGFRs,;-expressing
cells, we stimulated the transduced Ba/F3 cell lines with a range
of established EGFR ligands. These experiments showed iden-
tical proliferation in both cell lines, confirming intact receptor
function of the EGFRgs,; variant (Fig. 3C). As expected, how-
ever, cetuximab exclusively showed inhibitory activity in EGFR-
transduced cells (only blockable by excess concentrations of
EGF), but not in EGFRks,-transduced cells (Fig. 3D). These
findings were in line with the differential killing effects observed
in the two sets of HNSCC cell lines and once more demonstrated
the insensitivity of EGFRgs,;-expressing cells to cetuximab.

In vivo cetuximab treatment is ineffective in mice bearing
EGFRgs,;-expressing HNSCC xenografts

To confirm insensitivity of EGFRgs,,-expressing HNSCC to
cetuximab in vivo, we generated a xenograft mouse model using
the cell lines UT-SCC 42A (no K-allele) and SAS (high K-allele
frequency) exhibiting similar EGFR expression levels. Out of the
HNSCC cell lines, this pair exhibited most comparable growth
characteristics in the xenograft model and was therefore chosen
for the in vivo experiments. Treatment with cetuximab was initi-
ated after randomization when tumors reached a size of 100 mm?

www.aacrjournals.org

with twice-weekly dosing and mice were sacrificed when the first
tumor reached a size of 1,500 mm?>. While UT-SCC 42A xenografts
were significantly inhibited by cetuximab, SAS xenografts were
virtually insensitive to this treatment. These results were in line
with our in vitro data (Fig. 4).

Cetuximab affinity to EGFRs,; is slightly reduced

Flow cytometric cetuximab-binding studies on cell lines
expressing exclusively EGFRgs,; suggested that cetuximab
binding to the receptor variant was preserved with mean
fluorescence intensities comparable with EGFR-expressing
cells (Fig. 5A). As (even minor) decreases in antibody affinity
may entail considerable loss of pathway-inhibitory function
even if cell attachment is preserved, we studied the affinity of
cetuximab to EGFRgs,; on the protein level. Therefore, Fc
fusion proteins encompassing the extracellular domains of
EGFRks,; and EGFR were recombinantly expressed in
HEK293T cells and purified from the supernatant. Plasmon
resonance-binding studies showed a very slight but signifi-
cant reduction in cetuximab affinity to Fc-EGFRgs,; compared
with Fc-EGFR (Fig. 5B).

EGFRgs,; shows nonsialylated high-mannose N-glycans at
extracellular glycosylation sites

From a biochemical perspective, the EGFRks,; variant prima
vista involves an insignificant amino acid exchange (arginine to
lysine). Moreover, the position itself does not harbor any known
posttranslational modifications (31). We therefore broadly
searched for global changes in posttranslational modifications
within the receptor variant that could potentially explain the
rather unexpected impact on the effect of cetuximab. To this end,
Fc-EGFRgs,; and Fc-EGFR were analyzed by two-dimensional gel
electrophoresis. Interestingly, protein species patterns were clearly
different in these EGFR variants, despite exchange of only one
(biochemically similar) amino acid (Fig. 6A, row one and three).
While Fc-EGFR showed many protein species, scattered between
pH 5 and 7, Fc-EGFRks,; showed only protein species around
pH 7. As posttranslational modifications of the extracellular
EGFR domain are virtually restricted to N-glycosylation (Fig. 1)
and as the molecular weight of the Fc-EGFRys,; and Fc-EGFR
fusion proteins appeared to be identical, we hypothesized that
minor changes in glycosylation without effect on molecular
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Figure 5.

Binding properties and affinity of cetuximab to EGFRksz-expressing cell lines and Fc-EGFRks2. A, Binding of cetuximab to EGFRksx-expressing cells.
HNSCC cell lines with no and high K-allele frequency and EGFR/EGFRgsy-transduced Ba/F3 cells were subjected to flow cytometry using cetuximab
and polyclonal anti-EGFR as detection antibodies. Mean fluorescence intensity (MFI) values are shown. B, Analysis of cetuximab affinity to Fc-EGFR and
Fc-EGFRksy recombinantly expressed fusion proteins by surface plasmon resonance. Binding data and fitted curves are shown as dotted and solid lines,
respectively. Association rate (Koy,), dissociation rate (Ko¢), and equilibrium binding constant (Ky) are shown.

weight, such as sialylation, could potentially explain the divergent = and Fc-EGFRgs,; proteins with neuraminidase. As expected, the
protein species in Fc-EGFRgs,; and Fc-EGFR. To address the  protein species of desialylated Fc-EGFR shifted toward pH 7
impact of sialylation, we specifically desialylated the F-EGFR  (Fig. 6A, second row), thus converging with the Fc-EGFRgs»,
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protein species, whereas the 2D pattern of the desialylated protein
species of Fc-EGFRgs,; remained the same (Fig. 6A, fourth row).
This suggested absence of sialylation in the EGFRgs,; variant. To
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definitively determine their glycosylation patterns, Fc-EGFRgs»,
and Fc-EGFR proteins excised from 2D gels were digested with
PNGase F. Released N-glycans were extracted from the gel,
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permethylated, and finally analyzed by MALDI-TOF mass spec-
trometry. This analysis showed that the EGFRgs,; variant exhibits
a clearly aberrant glycosylation pattern consisting of unsialylated
mostly high-mannose N-glycans and complete absence of com-
plex-type N-glycans (Fig. 6B).

EGFRs,, is less stable compared with EGFR

As protein glycosylation and folding are coupled processes in
the ER (32-35), glycosylation has a direct impact on protein
stability (36-38). Therefore, we compared Fc-EGFR and Fc-
EGFRs,; proteins on the secondary structure level using far-Uv
CD spectroscopy. This analysis showed clear differences in sec-
ondary structure (Supplementary Fig. S5) and stability of Fc-EGFR
and Fc-EGFRgs,; proteins with the Fc-EGEFR protein being more
stable and a delta in melting temperatures of >10°C (Tm
FC-EGFRys;; = 60.63°C, Tm FG-EGFR = 72.14°C, Fig. 6C).
Together, the differential pattern of protein glycosylation and the
reduced overall protein stability likely accounts for the affinity
differences and the significantly reduced cetuximab activity in
cells expressing this receptor variant.

CetuGEX overcomes EGFRks,;-mediated resistance

As attachment of cetuximab to EGFRgs,;-expressing cells was
still preserved, we reasoned that a next-generation EGFR anti-
body relying rather on cell-based effector mechanisms (e.g.,
ADCC) than on pathway inhibition could potentially over-
come resistance in cells expressing the EGFRks,; variant. To test
this experimentally, we studied induction of ADCC using
CetuGEX, an antibody with optimized Fc glycosylation target-
ing the same epitope with the same affinity as cetuximab (39).
Because of the glyco-optimization (absence of core fucose and
the presence of bisecting GIcNAc within the antibody Fc part)
CetuGEX binds with higher affinity to the FcyRIIIA on human
immune effector cells, thereby strongly enhancing its ADCC
activity (40-42). As glyco-optimized antibodies may not be
tested in vivo for ADCC due to impaired interaction with
murine effector cell Fc receptors, we performed these experi-
ments in vitro using ADCC assays in HNSCC cell lines. We chose
two pairs of cell lines with highly similar EGFR membrane
expression levels for ADCC comparisons between EGFRgs,;
and EGFR. Both antibodies showed significant ADCC induction
in the cell lines not expressing the K-allele (UT-SCC 14 and UT-
SCC 42A), with CetuGEX being slightly but significantly more
active than cetuximab (Fig. 7A). In the SAT and UT-SCC 5 cell
lines with high K-allele frequency, much higher antibody con-
centrations of cetuximab were necessary for ADCC induction,
reflecting both the reduced binding affinity of this interaction
with the target and the more inefficient interaction with effector
cells due to non-optimized Fc configuration (Fig. 7A). In
contrast, CetuGEX was clearly more efficient in inducing ADCC
in the SAT and UT-SCC 5 cell lines, suggesting that the slightly
reduced binding affinity could be compensated by enhanced
effector cell recruitment (Fig. 7A). As the susceptibility to NK-
cell-mediated lysis can vary between different cell lines, ADCC
assays with CetuGEX were performed also in Ba/F3 cells car-
rying either EGFR or EGFRks,; (Fig. 7B). These experiments
showed comparable efficacy of this antibody in cells with either
of the receptor variants (Fig. 7B). These experiments were not
informative for cetuximab treatment as the low EGFR mem-
brane expression level precluded calculation of meaningful
ECs values (Supplementary Fig. S6).
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These results indicate that sensitivity to EGFR targeting may be
restored by using ADCC-optimized antibodies in EGFRgs;-
expressing HNSCC.

Discussion

HNSCC is a prototype disease in which the addition of a
molecularly targeted drug to chemotherapy has shown promise,
but is still associated with a high rate of primary and acquired
resistance. Personalized strategies have to be designed to tailor our
expensive molecular drugs to the target population to ultimately
optimize our cancer care.

In this study, we investigated a frequent SNP located at position
521 within the extracellular EGFR domain. As in previously
published clinical series of HNSCC patients, our own patients
expressing the K-allele showed shorter progression-free survival
than those expressing only the R-allele when treated with cetux-
imab. This polymorphism involves a prima vista biochemically
insignificant amino acid exchange from arginine to lysine and its
distance from the cetuximab epitope theoretically suggests that it
may not interfere with cetuximab binding. In line with this
assumption, we found preserved cell attachment of cetuximab
to EGFRgs»,, however, with slightly reduced affinity compared
with EGFR. However, this slight impairment resulted in a delicate
inability of cetuximab to inhibit cell proliferation and EGFR
pathway activation in vitro and in vivo. Interestingly, the single
amino acid substitution of the EGFRks, variant resulted in drastic
changes from complex-type to unsialylated high-mannose
N-glycans, potentially accounting for reduced stability and cetux-
imab affinity (43). Comparison of the two EGFR variants in an
HNSCC-independent Ba/F3 cellular model system suggested that
(i) EGFR functionality was preserved in the EGFRks,; variant and
(ii) the EGFR itself (and not other molecular features hypothet-
ically correlating with EGFRs,; expression in HNSCC) mediates
resistance. As only affinity, but not cellular attachment of cetux-
imab to EGFRgs,;-expressing cells was impaired, we explored
alternative targeting approaches with an antibody that relies less
on pathway inhibition. To this end, we used the glyco-optimized
CetuGEX antibody that binds with higher affinity to FcyRIIIA on
human immune effector cells, thereby strongly enhancing its
ADCGC activity. This antibody restored sensitivity to EGFR target-
ing in HNSCC expressing the EGFRys,; variant.

One important aspect of our work is the finding that EGFR
functionality was preserved in the EGFRys,; variant. As our
cellular model exclusively depends on the EGFR pathway for
survival, our ligand stimulation data demonstrating equal
levels of pathway activation in both EGFR variants is highly
informative. Moreover, this finding was somewhat expected as
EGFRgs,; expression does not lead to any distinct phenotype in
the general population. However, this finding is in contrast to a
publication from 1994 reporting that EGFR pathway activation
by TGFa, one of the EGFR ligands, was impaired in EGFRgs,;-
transduced CHO cells (44). To our knowledge, this was the
only experimental evidence supporting the notion of dysfunc-
tional EGFR pathway activation in the EGFRgs,,; variant, which
served as a reference for a large number of subsequent studies.
This hypothesis is clearly challenged by the data presented in
this article.

From a clinical perspective, our data is highly relevant as
translation into the clinic may change current paradigms in
terms of biomarker-driven patient selection for patients with
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CetuGEX

ADCC induction in HNSCC cell lines with low and high K-allele frequency as well as EGFR-transduced Ba/F3 cells by cetuximab and CetuGEX. ECso
values of HNSCC cell lines with no and high K-allele frequency treated with cetuximab or CetuGEX (A and B) or EGFR/EGFRys, transduced Ba/F3 cell
lines treated with CetuGEX (C). The europium release assay was performed with KHYG1-CD16aF as effector cell line. All datasets consist of 5-7
independent experiments £SEM. *, P < 0.05; **, P < 0.01 by Mann-Whitney test (A) and Student t test (B). n.s., not significant.

HNSCC. As this EGFR polymorphism is expressed in more than
40% of individuals, it has been previously studied in clinical
cohorts. A recent meta-analysis confirmed that this polymor-
phism is not associated with the risk of cancer (25). In HNSCC
patients, there seems to be a favorable prognostic role of the
EGFRgs,; variant in patients that do not receive EGFR-targeted
agents (45). Two retrospective HNSCC series were reported on
its predictive potential in the context of EGFR-targeted therapy.
One of these studies observed a trend towards a higher risk of
tumor progression (n = 51) (24), the other one reduced overall
survival in patients expressing the EGFRys,; variant (n = 45;
ref. 22) undergoing cetuximab-containing therapy. Our own
clinical cohort ideally complements these previous findings
and our clear-cut preclinical data reveal for the first time the
molecular basis for cetuximab resistance in this setting. In view
of this, larger prospective clinical trials are clearly needed to
confirm the predictive value of this potential biomarker in

www.aacrjournals.org

HNSCC, to determine the most discriminative allele burden
cutoff predicting lack of response as well as to evaluate alter-
native options to overcome resistance. As simple dose escala-
tion of cetuximab to compensate for reduced affinity is difficult
in patients for toxicity reasons, future studies involving novel
EGFR antibody-targeting approaches are therefore clearly war-
ranted. These may include cytotoxicity engineered EGFR anti-
bodies (e.g., CetuGEX; refs. 46, 47) but potentially also other
strategies, such as affinity-optimized EGFR antibodies (48),
EGFR targeting mono- or biparatopic nanobodies with better
tissue penetration (49, 50), or EGFR antibodies with different
epitope fine specificity (51).

Moreover, preclinical and clinical studies should also address
this polymorphism's role as a potential predictor of cetuximab
sensitivity in RAS wild-type colorectal cancer. To date, the
available clinical data are inconclusive in this setting, presum-
ably due to more heterogeneous chemotherapy backbones and
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potential confounders with its prognostic role (52-54).
Although our data were partly generated in HNSCC-indepen-
dent models, this may not necessarily permit to translate these
findings to the colon cancer context. This is because, among
other issues, the antibody affinity required for pathway inhi-
bition may differ in these cancer entities.

Taken together, our results strongly support preliminary clin-
ical evidence for insensitivity of head and neck tumor cells
expressing EGFRys,; to cetuximab. This polymorphism may
allow to identify a substantial proportion of patients not likely
to derive benefit from this common and relatively expensive
EGFR-directed therapeutic strategy by a genomic test. Moreover,
such patients should be offered alternative EGFR-targeted
approaches in prospective clinical trials to ultimately confirm the
validity of this concept in the clinical setting.
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