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Abstract

Epidermal growth factor receptor (EGFR) ectodomain var-
iants mediating primary resistance or secondary treatment
failure in cancer patients treated with cetuximab or panitu-
mumab support the need for more resistance-preventive or
personalizedways of targeting this essential pathway.Here, we
tested the hypothesis that the EGFR nanobody 7D12 fused to
an IgG1 Fc portion (7D12-hcAb) would overcome EGFR
ectodomain–mediated resistance because it targets a very
small binding epitope within domain III of EGFR. Indeed,
we found that 7D12-hcAb bound and inhibited all tested cell
lines expressing common resistance-mediating EGFR ectodo-
main variants. Moreover, we assessed receptor functionality
and binding properties in syntheticmutants of the 7D12-hcAb
epitope tomodel resistance to 7D12-hcAb. Because the 7D12-
hcAb epitope almost completely overlaps with the EGF-
binding site, only position R377 could be mutated without

simultaneous loss of receptor functionality, suggesting a low
risk of developing secondary resistance toward 7D12-hcAb.
Our binding data indicated that if 7D12-hcAb resistance
mutations occurred in position R377, which is located within
the cetuximab and panitumumab epitope, cells expressing
these receptor variants would retain sensitivity to these anti-
bodies. However, 7D12-hcAb was equally ineffective as cetux-
imab in killing cells expressing the cetuximab/panitumumab-
resistant aberrantly N-glycosylated EGFR R521K variant. Yet,
this resistance could be overcome by introducing mutations
into the Fc portion of 7D12-hcAb, which enhanced immune
effector functions and thereby allowed killing of cells expres-
sing this variant. Taken together, our data demonstrate a broad
range of activity of 7D12-hcAb across cells expressing different
EGFR variants involved in primary and secondary EGFR anti-
body resistance.

Introduction
Monoclonal antibodies (mAb) directed against the epider-

mal growth factor receptor (EGFR) have become one of the
mainstays of targeted therapy in metastatic colorectal cancer

(mCRC) and head and neck squamous cell carcinoma
(HNSCC; refs. 1, 2). Two EGFR-directed antibodies are cur-
rently in routine clinical application (1, 3–5). Both the IgG1
antibody cetuximab and the IgG2 antibody panitumumab
target large epitopes that partially overlap with each other as
well as with the EGF-binding site in domain III of the receptor.
These antibodies inhibit ligand binding and receptor dimer-
ization resulting in the inhibition of downstream signaling,
cell-cycle arrest, and induction of apoptosis (6). In addition to
interference with downstream signaling, cetuximab induces
immune responses via antibody-dependent cellular cytotoxic-
ity (ADCC) by natural killer (NK) cells (7), whereas panitu-
mumab's IgG2 isotype mainly engages myeloid cells such as
neutrophils and monocytes through FcgRIIa (8). The second
mechanism of immune effector functions is complement-
dependent cytotoxicity (CDC), which apparently cannot be
induced by cetuximab or panitumumab alone, but by combi-
nations of EGFR antibodies with different epitope fine specifi-
cities in vitro (9).

All of these mechanisms critically rely on intact binding sites
on EGFR that allow the therapeutic antibody to recognize its
target. Because cancer generally evolves by an iterative process
of genetic diversification and clonal evolution under the selec-
tive pressure of therapeutic challenge (10, 11), EGFR epitope
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escape variants that preserve receptor functionality are to be
expected during EGFR-targeted treatment. Indeed, a growing
body of evidence demonstrates that despite the large binding
sites of the two licensed EGFR antibodies, single replacement
mutations may compromise antibody binding. Such mutant
receptors are functionally intact and can be found in tumor
material or circulating tumor DNA from patients resistant to
EGFR antibodies, thus representing an evasive mechanism to
targeted therapy. In recent clinical studies, EGFR ectodomain
mutations at position V441, S442, R451, I462, S464, G465,
K467, K489, I491, and S492 were reported. Mutations at
indicated positions—with the exception of R451—led to
decreased antibody binding, thus resulting in clinical resis-
tance (12–15). As expected, it depends on the precise position
of the missense mutation in relation to the respective antibody
epitope, whether binding of cetuximab, panitumumab, or both
antibodies is lost (16). In colorectal cancer, acquired resistance
due to such epitope escape variants appears to be a rather
common phenomenon in selected cohorts with resistant
tumors (13, 15, 17). In fact, the frequencies reported in the
literature are somewhat biased due to different detection tech-
nologies and inhomogeneous patient cohorts. Some of the
mutations seem, however, to be more frequent than others.
Whereas EGFR S492R or G465R each are detected in approx-
imately 20% of patients with clinical resistance, none of the
other known mutations accounts for more than 10% of cases in
resistant cohorts (12, 13, 15, 17).

In addition, our group recently described an EGFR single-
nucleotide polymorphism (SNP) at position 521 (R521K) that
is present in approximately one third of HNSCC patients and
that confers cetuximab resistance in this setting (18–21).
Interestingly, this SNP is not located within the cetuximab-
binding site, but on the opposite face of EGFR domain III.
Therefore, a direct epitope escape effect of this variant
appeared unlikely, and we found differential EGFR glycosyla-
tion patterns to be responsible for impaired cetuximab affinity
and reduced effectivity in tumors expressing this receptor
variant (18). Of note, due to impaired antibody affinity,
cetuximab did not inhibit the EGFR pathway in cells expressing
the EGFR R521K variant, but its binding affinity was sufficient
to mediate ADCC, at least when its Fc part was optimized for
ADCC induction.

Taken together, EGFR ectodomain variants limit the benefit of
EGFR-targeting antibodies in a substantial proportion of patients
both as primary and acquired mechanisms of resistance. We and
others have therefore sought strategies to prevent or overcome
resistance, e.g., by use of EGFR antibody mixtures targeting
different epitopes (MM-151 and Sym004; refs. 22, 23), rational
antibody switching upon resistance (14), or use of antibodies
with improved immunologic effector functions to retain efficacy
in "low-affinity" EGFR variants (18).

Another potential resistance-preventive strategy would be the
development of moieties targeting very small binding interfaces
on the EGFR that completely overlap with the EGF-binding site.
In vivo selection of resistance-mediating mutations against these
moieties would clearly be discouraged due to loss of EGF-binding
and thereby disrupted receptor functionality. Here, we provide
evidence that the antigen-binding domain of heavy-chain-only
antibodies from camelids (24), so-called nanobodies, may pro-
vide such desirable characteristics (25, 26). The nanobody 7D12,
which was previously reported to sterically inhibit EGF binding,

binds to a very small epitope that almost exclusively consists of
amino acids functionally relevant for EGF binding (27, 28). We
show that 7D12, fused to a human Fc portion (ref. 29; 7D12-
hcAb), is able to bind and block EGFR with all tested acquired
resistance mutations and—if Fc-engineered—may boost ADCC/
Fc-mediated effector functions also in EGFR variants with low
affinity to conventional EGFR antibodies or downstream on ras
sarcoma gene (RAS) mutated clones, rendering it an attractive
candidate for future clinical development.

Materials and Methods
EGF and antibody binding

Essential amino acid positions that lead to loss of EGF, cetux-
imab, panitumumab, or nanobody 7D12 binding to the EGFR
were taken from the literature or from our own previously
published data (Table 1). The 3D structure of domain III of the
EGFR (Fig. 1) was extracted from Protein Data Bank (1IVO).
Binding of EGF, antibodies, and nanobody was visualized
using the PyMol Molecular Graphics System, Version 1.7.4.5
Schr€odinger, LLC.

Cell lines
The human cell line SAT was kindly provided by M. Baumann

in 2006 (University of Dresden, Germany), and the cell line
UTSCC-14 was kindly provided by R. Grenman in 2011 (Uni-
versity of Turku, Finland). Both lines were cultivated in DMEM
(Life Technologies) supplemented with 10% (v/v) FBS (Merck
Millipore) and 1% (v/v) penicillin/streptomycin (Gibco/Life
Technologies) at 37�C in a humidified atmosphere including
5% CO2. Ba/F3 cells (CSC-C2045, Creative Bioarray) were kindly
provided by Stefan Horn (UKE) in 2014 and were maintained in
RPMI medium containing 10% (v/v) FBS, 1% (v/v) penicillin/
streptomycin, and 10 ng/mL recombinant murine IL3 purchased
from PeproTech. Mycoplasma testing was done in June 2016
(Venor- GeM kit, Merck). For experiments, cells were used at
passages 3–15 after thawing.

Cloning of EGFR expression constructs
For ectopic expression of the complete human wild-type (WT)

EGFR, the respective full-length cDNA was inserted into a third-
generation, self-inactivating (SIN) lentiviral gene ontology vector
LeGO-iG3-Puroþ/eGFP as well as LeGO-iG3-Puroþ/mCherry, as
described previously (12, 30). The EGFR mutants S492R, I491K,
K489E, K467T, G465R, S464L, I462A, R451C, V441F, D379A,
and R377A were generated from the WT construct in the
pcDNA3.1(þ) vector with the QuikChange XL Site-Directed
Mutagenesis Kit (Agilent Technologies) as described in ref. 12.
The respective EGFR mutant was amplified using individually
designed oligonucleotides (Supplementary Table S1) and cloned
into the LeGO-iG3-Puroþ/eGFP vector by In-Fusion HDCloning
Plus (Takara Bio). The gene encoding hKRAS bearing an onco-
genic mutation GGT>GTT that leads to the amino acid substitu-
tion G12V was amplified from human SW480 colorectal cancer
cells and cloned into LeGO-iC2-Zeoþ/mCherry. Vectormaps and
sequence data for all parental vectors are available at http://www.
LentiGO-Vectors.de.

Cell transduction with EGFR expression constructs
Ba/F3 cells were lentivirally transducedwithWTormutant EGFR

encoding vector. For some experiments, EGFR WT-transduced
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Ba/F3 cells were further transduced with hKRAS (G12V). Virus
production was described earlier (30). Effectively transduced cells
were sorted based on their selectable fluorescent marker by fluo-
rescence-activated cell sorting (FACS) on a FACSAria Illu (Becton
Dickinson), and transduction efficiencywas determined. Ba/F3 cell
lines stably expressing EGFR WT or EGFR S492R, I491K, K489E,
K467T, G465R, S464L, I462A, R451C, V441F, D379A, or R377A
mutants were established by puromycin (1 mg/mL; InvivoGen)
and Ba/F3 hKRAS/EGFR WT cells by puromycin and zeocin (100
mg/mL; InvivoGen) selection.

Nanobody generation
The coding sequence of nanobody 7D12 (27) was cloned into

the pCSE2.5_IgG1 expression vector upstream of the hinge, CH2
and CH3 domains of human IgG1 (kindly provided by Thomas
Schirrmann, Yumab, Braunschweig, Germany; ref. 31). Coding
sequence of E345R (32) 7D12-E-hcAb, and G236A-S239D-
I332E (33) 7D12-T-hcAbmutated nanobody7D12was generated
by Integrated DNA Technologies (IDT) and cloned according to
7D12. Recombinant nanobody-human IgG1 heavy-chain anti-
bodies were expressed in HEK-6E cells and purified by affinity
chromatography on protein A (34).

Antibody/nanobody binding
EGFR WT or EGFR S492R, I491K, K489E, K467T, G465R,

S464L, I462A, R451C, V441F, D379A, and R377Amutated Ba/F3
cells were stainedwith polyclonal EGFR antibody (R&DSystems),
therapeutic antibody, or nanobody-based heavy-chain antibo-
dies, followed by appropriate fluorescently labeled secondary
antibodies (R&DSystems) beforeflow cytometry on a FACSCanto

(Becton Dickinson). Percentages of monoclonal antibody/
nanobody stained cells of total EGFR-positive cells were deter-
mined with FlowJo v.10.4 (Tree Star).

Cellular proliferation assays
Cetuximab (Merck) and panitumumab (Amgen) were

obtained from the Hospital Pharmacy of the UKE and 7D12-
hcAb was generated as described above. Ba/F3 cells transduced
with EGFR WT or EGFR G465R were seeded in triplicate at equal
densities of 1.0 � 106 cell/mL and cultured in the absence or
presence of EGF in combination with 5 mg/mL (32.8 mmol/L)
cetuximab, 2.5mg/mL (17mmol/L) panitumumab, and 2.5mg/mL
(60 mmol/L) 7D12-hcAb or without as control. The average
number of viable cells was measured after trypan blue staining
using Vi-CELL Cell Viability Analyzer (BeckmanCoulter) every 24
hours for 7 days. Ligand and therapeutics were added freshly every
24 hours.

EGFR-ligand–stimulated proliferation
Ba/F3 cells transduced for EGFR WT or EGFR S492R, I491K,

K489E, K467T, G465R, S464L, I462A, R451C, V441F, D379A, or
R377A-mutant expression were transformed to IL3 independence
by subsequent culturing in the absence of IL3 and in the presence
of 5 ng/mL EGF, or without growth factor (control). In some
experiments, other EGFR ligands such as amphiregulin, betacel-
lulin, epigen, or epiregulin at concentrations of 10 ng/mL were
used. Over a time period of 4 days, EGF-dependent stimulation
was determined daily by comparing increase in living cells using
Vi-CELL Cell Viability Analyzer (Beckman Coulter) relative to
unstimulated cells.

Table 1. Overview of EGFR ectodomain lll variants and their impact on EGF and anti-/nanobody bindinga

Position EGF 7D12-hcAb Cetuximab Panitumumab

P373 (16) N.e. N.e. # #
V374 (47) # N.e N.e. N.e.
F376 (16) N.e. N.e. # #
R377 (16, 28) and this study – # – –

D379 (16, 28, 47) and this study # # # #
F381 (16, 28) # # – –

P386 (16) N.e. N.e. # #
L406 (47) # N.e. N.e. N.e.
Q408 (28, 48, 38) # # # #
W410 (16) N.e. N.e. – #
P411 (16) N.e. N.e. # #
E412 (16) N.e. N.e. # #
R414 (16) N.e. N.e. – #
T415 (16) N.e. N.e. – #
Q432 (16, 48, 38) # N.e. # #
H433 (16, 28, 48, 38) # # # #
F436 (47, 16) N.e. N.e. # #
V441 (15) and this study – – # #/–
S442 (15, 16) N.e. N.e. – –

R451 (13) and this study N.e. – #/– #/–
I462 (16, 47) and this study – – # #/–
S464 (13) and this study – – # #
G465 (13, 12) and this study – – # #
K467 (13, 16, 38) and this study #/– – #/– #/–
K489 (16, 49, 50) and this study #/– – # #
I491 (13, 49) and this study – – # #/–
S492 (13, 16, 38) and this study – – # –

N497 (38) # N.e. – –

R521 (18) N.e. N.e. # #
aDifferent amino acid positions of EGFR ectodomain D lll and their influence on EGF-stimulated growth or EGF-binding and 7D12-hcAb, cetuximab, or panitumumab
binding were extracted from the literature or from data derived in this study. Affinity loss was indicated with (#) using a cutoff of about 30% binding reduction and
noninfluencing was indicated with (–). N.e., not evaluated. Mutations acquired in patients during anti-EGFR therapy (gray) are marked.
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Random peptide phage display library screening on nanobody
7D12-hcAb

The linear 12-mer and the cyclic 7mer random peptide library
were purchased from New England Biolabs. Screenings were
performed after 2-fold negative selection on polyclonal immu-
noglobulinG(IgG;Octapharma)on7D12-hcAband rituximabas
control antibody, phage enrichment was monitored over the
selection rounds as suggested by the supplier, and phage insert
deep sequencing was performed using amplification primers
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATTCGCAATT-
CCTTTAGTG and TGACTGGAGTTCAGACGTGTGCTCTTCC-
GATCTGCCCTCATAGTTAGCGTAACG followed by barcoding
primers AATGATACGGCGACCACCGAGATCTACACTCTTTCCC-
TACACGACGCTCandCAAGCAGAAGACGGCATACGAGAT(N6-7)

GTGACTGGAGTTCAGACGTGTGonan IlluminaMiSeq (Illumina)
essentially as described earlier (12, 18). Enriched amino acid
sequences were aligned to specific protein sequences and sequences
that were already enriched (>1) in baseline library were excluded
using RStudio v.1.0.143 (RStudio Inc.) and R programming lan-
guage (R Development Core Team). Nanobody or antibody motifs
were analyzed using Gapped Local Alignment ofMotifs 2 (GLAM2)
with default settings according to (35).

Spheroid assay
UTSCC-14 or SAT cells were washed and suspended in DMEM

containing 10% FBS, 1% penicillin/streptomycin, 5 ng/mL EGF,
and 2% Matrigel Growth Factor Reduced (GFR) Basement Mem-
brane Matrix or without GFR as control. Cell suspension was
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Figure 1.

Antibody and nanobody targeting of EGFR ectodomain lll variants involved in resistance to cetuximab and panitumumab. A, Visualization of EGFR ectodomain
mutations and nanobody 7D12 epitope. Domain lll (D lll) of the EGFR was extracted under accession code 1IVO from Protein Data Bank. Single amino acid
mutations that lead either to abrogation of both panitumumab or cetuximab binding (dark gray) or cetuximab binding only (green) were marked and the
nanobody epitope was circled (black). B,Nanobody 7D12-hcAb binds to EGFR-mutant Ba/F3 cells. Cells of EGFRWT and EGFR-mutant transduced Ba/F3 cells
were fluorescently labeled with either EGFR and/or nanobody 7D12-hcAb (blue) therapeutic antibody cetuximab (light green) or panitumumab (dark green) and
specific secondary antibody. Relative amount of EGFRþ cells was determined by gating on EGFR-positive cells followed by gating on antibody/nanobody-
labeled cells. Experiments were performed at least two times as triplicates. Results are presented as mean� SD. C, Nanobody 7D12-hcAb blocks proliferation of
EGFR-mutant Ba/F3 cells. Proliferation after 4 days of EGF stimulation was determined for EGFRWT (left) and EGFR G465R (right)–transduced Ba/F3 cells by
comparing increase of viable cells after antibody or nanobody treatment to EGF treatment alone (control). Results are shown for treatment with nanobody
7D12-hcAb 60 mmol/L (blue), antibody cetuximab 32.8 mmol/L (light green), or panitumumab 17 mmol/L (dark green) as mean� SD. Experiments were
performed two to three times in triplicates. Statistical significance was calculated using one-way ANOVA followed by a Tukey post hoc test for multiple
comparisons (C). �, P < 0.05; ��� , P < 0.001).
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seeded in 96-well plate and centrifuged at 1,000 � g for 10
minutes at 4�C. Pictures were taken every other day with 10�
magnification using Axiovert 25 microscope and AxioCamMRc
(Carl Zeiss). Cell size was calculated using AxioVision v4.9. (Carl
Zeiss). After 7 days of culture 100 mLmedium containing 5 mg/mL
(32.8mmol/L) cetuximab, 2.5mg/mL (17mmol/L) panitumumab,
2.5 mg/mL (60 mmol/L) 7D12-hcAb or medium alone as control
were added. The medium was changed every other day, and
spheroid size was calculated until day 13 was reached.

CDC assay
Human UTSCC-14, SAT, Ba/F3 EGFRWT, Ba/F3 EGFR R521K,

or Ba/F3 EGFR WT/KRAS (G12V) cells were washed and resus-
pended in PBS containing 0.2% BSA. Cells (50,000) were seeded
in a total volume of 200 mL in 96-well plate and 5 mg/mL
(32.8mmol/L) cetuximab, 2.5mg/mL (17mmol/L) panitumumab,
2.5mg/mL (60mmol/L) 7D12-hcAb, 7D12-E-hcAb, or 7D12-T-hcAb
were added. After 15 minutes, 50 mL active complement
containing human serum or 50 mL complement-inactivated
human serum (preheated for 30 minutes at 56�) was added.
Cells were incubated for 3 hours at 37�C in a humidified
atmosphere with 5% CO2. Lysed cells were stained with Pro-
pidiumiodid (Becton Dickinson) and dead cells were measured
on a FACSCanto (Becton Dickinson).

ADCC
Cytotoxicity was analyzed in standard 4 hours 51Cr release

assays performed in 96-well microtiter plates in a total volume of
200 mL as described (36). Supernatant (25 mL) was mixed with
scintillation solution Supermix (Applied Biosystems) and incu-
bated for 15 minutes with agitation. 51Cr release from triplicates
was measured in counts per minute (cpm). Percentage of cellular
cytotoxicity was calculated using the formula: % specific lysis ¼
(experimental cpm� basal cpm)/(maximal cpm� basal cpm)�
100. Maximal 51Cr release was determined by adding Triton
X-100 (1% final concentration) to target cells, and basal release
was measured in the absence of sensitizing proteins and effector
cells. We used a 40:1 effector-to-target ratio in these experiments.
Nanobodies 7D12-hcAb, 7D12-T-hcAb, or 7D12-E-hcAb and
antibodies cetuximab and panitumumab were used at indicated
concentrations. Rituximab and Fc-optimized rituximab-IgG1-DE
(S239D and I332E) were produced as described in ref. 37 and
were used as control at indicated concentrations.

Data evaluation and statistical analysis
Data were plotted using GraphPad Prism version 7.00

(GraphPad Software). Unpaired Student t test, one-way or
two-way ANOVA (multiple comparison) were applied for
statistical evaluation with P values being calculated using
two-sided tests. Findings were considered statistically signifi-
cant for P < 0.05 (�), very significant for P < 0.01 (��), and highly
significant for P < 0.001 (���). In all experiments, data represent
mean � SD of representative or combined experiments per-
formed in triplicates as indicated.

Results
Nanobody 7D12-hcAb retains binding to EGFR ectodomain
mutations involved in cetuximab or panitumumab resistance

Recent studies have shown that a number of EGFR ectodomain
mutationsmay be acquired on EGFR-directed antibody treatment

in patients with metastatic colorectal cancer (13). Localized
within the binding site of panitumumab and/or cetuximab, these
mutations result in loss of antibody binding and thus clinical
resistance toward one or both antibodies. The polymorphic
variant EGFR R521K lies outside the antibody epitopes, but
confers antibody resistance via aberrant glycosylation and subse-
quent loss of antibody affinity (Fig. 1A; Table 1; ref. 18). In
contrast to the large binding interfaces recognized by cetuximab
and panitumumab on the EGFR ectodomain, the previously
described nanobody 7D12 targets a very small epitope that only
marginally overlaps with the binding sites of the licensed thera-
peutic antibodies, but does not overlap with any of the tested
EGFR ectodomain III variants involved in antibody resistance
(Fig. 1A; Table 1). We therefore set out to test if nanobody 7D12-
hcAb (fused to a human IgG1 Fc portion) binds to any of the
mutant EGFR variants associated with acquired antibody resis-
tance. To do so, the murine EGFR-negative, IL3-dependent pro-B
cell line Ba/F3 was transduced to stably express human EGFR or
mutants thereof. 7D12-hcAb recognized all tested EGFR variants
that were ectopically expressed on the transduced Ba/F3 cells,
whereas as expected cetuximabonly bound the R451C andK467T
variant and panitumumab bound the EGFR S492R, I491K,
K467T, I462A, R451C, and V441F (Fig. 1B; Table 1).

7D12-hcAb kills cells expressing EGFR ectodomain mutations
involved in resistance to cetuximab or panitumumab

To evaluate whether apart from binding to EGFR ectodomain
mutant cell lines, 7D12-hcAb also inhibits EGF-dependent
growth, we established a proliferation assay in Ba/F3 EGFR WT
cells. We observed no proliferation in Ba/F3 EGFR WT cells upon
treatment with 7D12-hcAb, cetuximab, or panitumumab
(Fig. 1C). Moreover, nanobody 7D12-hcAb was able to block
growth stimulation of EGFR WT transduced Ba/F3 cells upon
stimulation with other EGFR ligands, namely, amphiregulin,
betacellulin, epigen, or epiregulin (Supplementary Fig. S1). In
line with antibody/nanobody binding results, we only found
nanobody 7D12-hcAb to inhibit Ba/F3 EGFR G465R-mutant cell
growth in contrast to cetuximab or panitumumab (P <
0.001; Fig. 1C). These data suggested that targeting of the
7D12 epitope overcomes resistance acquired on panitumumab
and/or cetuximab treatment.

Secondary resistance to 7D12-Fc can only bemediated by EGFR
R377 mutations

Next, we went on to evaluate the risk of secondary resistance
development on treatment with 7D12-hcAb. The risk for second-
ary resistance theoretically increases with the size of the EGFR
epitope, because in larger epitopes a more diverse range of single
amino acid substitutionsmay be resulting in abrogated antibody/
nanobody binding. In addition, this risk may depend on the
functional importance of the targeted amino acid positions,
because epitope escape variants will only be selected if receptor
functionality is retained in themutant variant. Comparedwith the
cetuximab and panitumumab epitope, the 7D12-hcAb epitope is
much smaller (Fig. 2A). Moreover, it almost completely overlaps
with the EGF-binding site on the receptor, suggesting that only
few—if any—mutations may abrogate 7D12-hcAb binding while
sparing receptor functionality. In contrast, antibodies targeting
large epitopes that only partially overlap with the EGF-binding
site are expected to be more prone to acquired resistance due to a
larger number of functionally intact epitope escape variants. This
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is underlined by the clinical observations of acquired mutations
during cetuximab therapy that are located outside of the EGF-
binding site such as positions S492, I491, K489, K467, G465,
S464, I462, R451, and V441 (13, 16, 18, 38).

In this line of reasoning, we asked if single epitope escape
mutations that overlap with the EGF-binding site do result in
loss of EGFR functionality. To experimentally test this, Ba/F3
cells were transduced to express the synthetic variant EGFR
D379A, affecting a central EGFR residue reported to be involved
both in EGF binding as well as in cetuximab, panitumumab,
and nanobody 7D12-hcAb binding. As expected, Ba/F3 cells
expressing this variant were not bound by any of the thera-
peutic antibodies nor by the nanobody, and receptor function-
ality was disrupted as shown by the lack of IL3-independent/
EGF-dependent growth (Fig. 2B and C). In addition, EGFR
D379A–transduced Ba/F3 cells could not be stimulated with

other EGFR ligands such as amphiregulin, betacellulin, epigen,
or epiregulin (Fig. 2D). In contrast, receptor functionality was
preserved in all the other EGFR variants (Fig. 2C; Supplemen-
tary Fig. S2B). By using anti-EGFR staining in flow cytometry,
we could rule out any difference in EGFR surface expression of
EGFR variant D379A that would explain EGFR disruption
(Supplementary Fig. S2A). Indeed, acquired resistance muta-
tions at this position have not been reported thus far on EGFR-
directed treatment, supporting our hypothesis that mutations
involving the EGF-binding site would not be selected in vivo due
to loss of receptor functionality. The only position within the
7D12-hcAb epitope that has not been previously reported to be
involved in EGF binding (and could therefore be a possible site
for resistance-mediating mutations toward 7D12-hcAb) was
position R377 of the EGFR. We reasoned that NGS-assisted
phage display would allow us to define the importance of this
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Figure 2.

Secondary resistance to 7D12-Fc can only be mediated by EGFR R377 mutations. A, Schematic overview of antibody or nanobody epitopes relative to the EGF-
binding site. EGFRwas extracted under accession code 1IVO from Protein Data Bank and EGF, antibody or nanobody binding was extracted from the literature
(Table 1). EGF-binding positions were marked red, and antibody/nanobody binding positions were circled. B, Binding of nanobody 7D12-hcAb, cetuximab, and
panitumumab to synthetic EGFR variants R377A and D379A. EGFRWT, EGFR D379A, or R377A-transduced Ba/F3 cells were fluorescently labeled with either
nanobody 7D12-hcAb (blue) therapeutic antibody cetuximab (light green) or panitumumab (dark green) and specific secondary antibody. Relative amount of
EGFRþ cells was determined by gating on vector expressing cells (eGFPþ) followed by gating on antibody/nanobody-labeled cells. Experiments were performed
at least two times in triplicates. Results are presented as mean� SD. C, Growth of Ba/F3 cells transduced with EGFR S492R, G465R, S464L, D379A, or R377A.
EGFRWT or EGFR-mutant S492R-, G465R-, S464L-, D379A-, or R377A-transduced Ba/F3 cells were seeded in triplicates at equal densities, and the average
number of viable cells were measured after trypan blue staining using Vi-CELL. After 72 hours under EGF stimulation, increase of viable cells from indicated EGFR
variant was calculated relative to EGFRWT Ba/F3 cells. One experiment out of two to three is shown. Results are presented as mean� SD. D, Growth stimulation
of EGFR D379A–mutated Ba/F3 cells by EGFR ligands is limited. EGFRWT and EGFR D379A–transduced Ba/F3 cells were seeded in triplicates at equal densities,
and the average number of viable cells were measured after trypan blue staining using Vi-CELL. Increase of viable mutant EGFR D379A cells after 72 hours under
stimulation with 10 ng/mL amphiregulin, betacellulin, epigen, or epiregulin was calculated relative to EGFRWT Ba/F3 cells. One experiment out of two is shown.
Results are presented as mean� SD. Statistical significance was calculated using a one sample t test against value 1 (C and D). � , P < 0.05; ��� , P < 0.001.
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position for 7D12-hcAb binding. Specifically, these experi-
ments should predict which amino acid substitution of
R377 would lead to abrogation of 7D12-hcAb binding. We
therefore subjected 7D12-hcAb to three rounds of biopanning
using two different random peptide libraries, one with a
cysteine-flanked 7mer peptide, the other with a linear 12mer
peptide. As opposed to our positive control antibody ritux-
imab (39), phage enrichments on 7D12-hcAb were weak, no
conclusive paratope-binding peptide motif could be deduced
and therefore no definition of amino acids in position R377
preventing 7D12-hcAb binding was derived (Supplementary
Fig. S3). This suggested that either the discontinuous epitope
could not easily be mimicked by the linear peptides or post-
translational modifications were of importance in the 7D12-
hcAb–epitope interaction. However, to explore the conse-
quences of a very drastic amino acid substitution at EGFR
position R377 on 7D12-hcAb and EGF binding, we substituted
arginine by alanine, thereby abrogating the positive charge in
this position. Ba/F3 cells could be successfully transduced to
express this synthetic variant EGFR R377A (Supplementary Fig.
S2A). As expected, this mutant retained receptor functionality
(Fig. 2C) and resulted in loss of 7D12-hcAb binding (Fig. 2B),
indicating that R377 is a predilection site for resistance-medi-
ating mutations toward 7D12-hcAb. Because this site is located
outside the cetuximab and panitumumab epitope, we rea-
soned that these two antibodies would still be able to bind
the mutant R377A variant, which could be confirmed by
binding experiments (Fig. 2B).

EGFR targeting with 7D12-hcAb does not overcome resistance
mediated by the EGFR SNP R521K

In about one third of HNSCC patients, EGFR R521K med-
iates resistance to cetuximab treatment in vitro and in vivo
correlating with decreased survival in patient cohorts (18–21).
As opposed to the acquired EGFR variants that lie within the
EGFR antibody epitopes and mediate full loss of antibody
binding, EGFR R521K does permit residual antibody binding.
Due to reduced affinity, however, the antibody is not able to
inhibit the EGFR pathway. We previously used human HNSCC
cell lines SAT (EGFR R521K) and UTSCC-14 (EGFR WT) as a
model system to study primary cetuximab resistance (18). Our
data suggested that cetuximab dosing exceeding the maximum
tolerated doses established in clinical trials was able to over-
come resistance in this "low-affinity" EGFR variant (18).
Because nanobody–Fc fusion proteins are significantly smaller
in size than conventional antibodies (42 kDa versus 150 kDa),
we were interested if their potentially superior tissue penetra-
tion was sufficient to overcome resistance in SAT cells. To test
this, we performed experiments in a 3D proliferation model
using tumor spheroids generated with both cell lines. We were
able to inhibit cellular growth of EGFR WT expressing HNSCC
cells (UTSCC-14) by 7D12-hcAb, cetuximab, or panitumumab
treatment (Fig. 3). In the SAT spheroid model, we only found
moderate growth inhibition by 7D12-hcAb, cetuximab, or
panitumumab, suggesting that resistance could not be over-
come by use of 7D12-hcAb (Fig. 3).

Fc modification enhances 7D12-hcAb complement–dependent
and cellular cytotoxicity toward EGFR R521K

Because receptor binding of 7D12-hcAb to EGFR R521K
was preserved, we reasoned that resistance could be overcome

by using 7D12-hcAb nanobodies carrying an Fc-modification that
enhances immunologic effector functions. This has been previ-
ously shown for the Fc-optimized cetugex antibody that showed
marked activity against cells expressing the EGFR R521K variant
despite inability to inhibit the EGFR pathway (18).

First, we introduced the Fc-mutation E345R into the 7D12-
hcAb construct (7D12-E-hcAb). This modification is known to
enhance CDC in the antibody context (32). InUTSCC-14 cells, we
found higher levels of complement-dependent cell lysis after
treatment with 7D12-E-hcAb than with 7D12-hcAb, cetuximab,
or panitumumab (Fig. 4A). In EGFR-R521K expressing SAT cells,
no lysis was observed with 7D12-hcAb, cetuximab, or panitumu-
mab, but moderate cell lysis was seen if the optimized construct
7D12-E-hcAb was used (Fig. 4A). Consistently, the triple-mutant
7D12-T-hcAb (G236A, S239D, and I332E), which was optimized
to enhance ADCC, did not induce stronger complement-
dependent lysis than 7D12-hcAb (Fig. 4A; ref. 33). We found
comparable results within the Ba/F3 model system using EGFR
WT and EGFR R521K–transduced cells, which ruled out cell line
differences other than the EGFR variant R521K (Fig. 4B) and in a
more natural setting where downstream mutations in KRAS
(G12V) simultaneously occur (Fig. 4C).

In a second model using NK cells to induce cellular lysis, we
were able to demonstrate the superiority of 7D12-T-hcAb in an
ADCC-dependent assay (36). As expected, 7D12-hcAb, cetuxi-
mab, or panitumumab efficacy was inferior to 7D12-T-hcAb in
EGFR WT UTSCC-14 and EGFR R521K SAT cells (Fig. 4D).

Together, 7D12-hcAb is able to bind EGFR ectodomain muta-
tions acquired on EGFR antibody therapy in vivo and to block
proliferation in cells expressing these variants. Acquired resistance
due to EGFR ectodomainmutations toward 7D12-hcAb is limited
due to its small epitope and almost full overlap with the EGF-
binding site and can eventually be overcome by conventional
EGFR antibodies. Overcoming resistance mediated by low-affin-
ity EGFR variants or targeting of EGFR downstream mutated
variants is more complex and may require improvements in
antibody/nanobody effector functions.

Discussion
Primary and secondary resistance represents a major challenge

in antibody targeting of the EGFR. Recent evidence suggests that in
addition to mutations in a number of downstream signaling
molecules (e.g., RAS), the EGFR itself may harbor polymorphic
variants or acquired point mutations that lead to resistance
toward established therapeutic antibodies. To personalize
EGFR-directed treatment, we need to gain insight into alternative
ways to target this essential pathway. This may include the
development of liquid biopsy approaches tomonitor for resistant
subclones (40, 41), drug holiday strategies to hamper the selec-
tion of RAS-mutant subclones (42), and the development of
agents with alternative or multiple epitope recognition that may
overcome resistance by acquired EGFR ectodomain mutations or
that prevent their selection in the first place (22, 43).

In this work, we studied the potential of a nanobody–Fc fusion
protein (7D12-hcAb) to target cells expressing EGFR variants
involved in primary and acquired resistance to cetuximab or
panitumumab. Taken together, our data can be summarized to
three major findings: (i) 7D12-hcAb targets EGFR ectodomain
mutants selected during cetuximab or panitumumab treatment,
thereby representing a potential salvage option after emergence of
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acquired resistance. (ii) Given its small epitope that almost
completely overlaps with the EGF-binding site, 7D12-hcAb treat-
ment is less likely to induce secondary resistance in vivo. On the
other hand, if resistance occurs due tomutations in EGFRposition
R377, these variants can be targeted by conventional EGFR anti-
bodies. (iii) 7D12-hcAb can easily be Fc-optimized for immuno-
logic effector functions that enhance killing of EGFR WT cells,
KRAS-mutated cells, and may even allow killing of cells with a
"low-affinity" EGFR ectodomain variant.

The first point is extremely relevant because the liquid biopsy
technology that allows the monitoring for resistance-mediating
mutations is entering clinical practice. Although the majority of
EGFR ectodomain mutations mediate resistance toward both
licensed EGFR antibodies, 7D12-hcAb has been able to target all

tested epitope escape variants. It may, therefore, close this ther-
apeutic gap and allow for rational drug switching based on
mutational status. The feasibility of retargeting EGFR after the
occurrence of resistance to cetuximab or panitumab has been
recently addressed using a dual human–mouse chimeric antibody
combination with nonoverlapping epitopes on EGFR (Sym004;
ref. 23). However, despite the effective targeting of ectodomain-
mutated EGFR, a general clinical benefit in overall survival was
prevalent only in a RAS and BRAF WT cohort, which might be
explained by the overall subclonal nature of ectodomain muta-
tions and the heterogeneity and high prevalence of downstream
RAS or BRAF mutations. Here, we show that nanobody 7D12-
hcAb might be as effective in targeting ectodomain mutants, but
can be further Fc-modified to kill downstreammutated subclones
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Figure 3.

7D12-hcAb targeting does not overcome resistance mediated by polymorphism EGFR R521K. Proliferation of human cell lines UTSCC-14 (EGFRWT) and SAT
(EGFR R521K) was determined in 3D cellular spheroid model in vitro. Cells were grown for 7 days before antibody or nanobody (7D12-hcAb 60 mmol/L;
cetuximab 32.8 mmol/L; panitumumab 17 mmol/L) was added every other day (red arrow). Pictures were taken every other day, and spheroid size was calculated
using Axiovert 25 microscope. Statistics show cell size relative to day 7 before initiation of treatment. One representative experiment with representative
pictures (from left to right for days 1, 7, and 13 and indicated treatment) out of two to three experiments (performed in triplicates) is shown. Results are presented
as mean� SD. Statistical significance was calculated using two-way ANOVA followed by a Dunnett post hoc test for multiple comparisons (���, P < 0.001;
� , P < 0.05) and presented from top to bottom for nanobody 7D12-hcAb, panitumumab, and cetuximab at each time point.
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when pathway inhibition is undermined by RAS or BRAF muta-
tions using CDC or ADCC. The effectiveness of using Fc-modified
antibodies to targetKRAS-mutated colorectal cancer cells was also
proven in mouse xenograft models (44). However, tested anti-
bodies were not optimized to simultaneously target ectodomain
variants in contrast to nanobody 7D12 constructs. In comparison,
Sym004 leads to efficient pathway inhibition via internalization
anddownregulation of EGFR (45),whichmight preventCDCand
ADCC activity and could partly explain the ineffectiveness in
unselected patient cohorts. Therefore, these promising data
should trigger evaluation of nanobody 7D12-hcAb or—ideally—
Fc-optimized versions thereof in future clinical trials that shape
our ideas about the real rate of secondary EGFR ectodomain
mutations on this agent, the in vivo druggability of cetuximab/
panitumumab escape variants and the potential effects of
optimized 7D12-hcAb on the selection and targeting of RAS-
mutant subclones. Of course, these trials further need to eval-
uate whether Fc-modified variants are needed to compensate
for its slightly lower affinity to EGFR compared with cetuximab
as found in recent studies (27, 28). Clinical studies in other
indications already showed a low immunogenicity of nanobo-
dies with limited occurrence of anti-nanobody antibodies due
to their large homology with the human VH gene (46), sup-
porting its tolerability and potential clinical value.

Together, nanobody 7D12-hcAb represents a highly interesting
potential therapeutic in the quest for more personalized and
resistance-preventive targeting of the EGFR pathway.
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7D12-hcAb can be Fc optimized for CDC or ADCC to enhance activity toward EGFR R521K or KRASmutated cells.A, 7D12-E-hcAbmodification (E345R) enhances
CDC activity toward EGFR R521K expressing cells. Human cell lines UTSCC-14 (EGFRWT) or SAT (EGFR R521K) were incubated with 60 mmol/L of indicated
nanobodies 7D12-hcAb, 7D12-E-hcAb, or 7D12-T-hcAb or 32.8 mmol/L of cetuximab or 17 mmol/L of panitumumab together with human serum or inactivated
human serum as control. The number of lysed cells was determined using propidium iodide via flow cytometry. Representative results from one out of two
experiments in triplicates are presented as means� SD. B, as inA except EGFRWT or EGFR R521K Ba/F3 cells were used. C,Nanobody 7D12 FCmodification is
efficient to target KRAS-mutant G12V by CDC. As in B except EGFRWT and KRAS G12V-mutated Ba/F3 cells were used.D, 7D12-T-hcAb triple modification
(G236A, S239D, I332E) enhances ADCC activity toward cells expressing EGFR R521K. ADCC against human cell lines UTSCC-14 (EGFRWT) or SAT (EGFR R521K)
was determined for nanobodies 7D12-hcAb, 7D12-E-hcAb, 7D12-T-hcAb, rituximab, or rituximab-IgG1-DE as described in Materials and Methods. Percentage of
lysed cells at indicated concentration is shown. 40:1 effector-to-target ratio was used. Means from five independent experiments are shown, and results are
presented� SD. Statistical significance was indicated for 7D12-T-hcAb in comparison with 7D12-hcAb. Statistical significance was calculated using one-/two-way
ANOVA followed by a Tukey (A–C) or Bonferroni (D) post hoc test for multiple comparisons (���, P < 0.001; �� , P < 0.01; � , P < 0.05).
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