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The epidermal growth factor receptor (EGFR), a tyrosine kinase, is
central to human tumorigenesis. Typically, three classes of drugs
inhibit tyrosine kinase pathways: blocking antibodies, small kinase
inhibitors, and soluble ligand receptor traps/decoys. Only the first
two types of EGFR-binding inhibitory drugs are clinically available;
notably, no EGFR decoy has yet been developed. Here we identify
small molecules mimicking EGFR and that functionally behave as
soluble decoys for EGF and TGFa, ligands that would otherwise
activate downstream signaling. After combinatorial library selec-
tion on EGFR ligands, a panel of binding peptides was narrowed by
structure-function analysis. The most active motif was CVRAC
(EGFR 283-287), which is necessary and sufficient for specific EGFR
ligand binding. Finally, a synthetic retro-inverted derivative,
p(CARVC), became our preclinical prototype of choice. This study
reveals an EGFR-decoy drug candidate with translational potential.
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he epidermal growth factor receptor (EGFR) is a member of

the ErbB family of tyrosine kinase receptors (1, 2). Several
lines of evidence indicate that the EGFR is abnormally activated
in many types of epithelial tumors. The first therapeutic agent
targeted to the EGFR is a monoclonal antibody, cetuximab,
which blocks ligand binding and thus inhibits tyrosine kinase
activity (3). In the past few years, it has become clear that specific
somatic EGFR mutations present in non-small-cell lung cancer
potentiate responses to certain low molecular weight tyrosine
kinase inhibitors and monoclonal antibodies (1, 4-8); mutation of
the K-ras gene also has been associated with survival in patients
with advanced colon cancer treated with cetuximab (9). These
agents, both antibodies and tyrosine kinase inhibitors, prevent
ligand-induced receptor activation and downstream signaling and
result in cell cycle arrest, promotion of apoptosis, and inhibition
of angiogenesis (10, 11).

There are three general classes of agents that inhibit tyrosine
kinase receptors: blocking antibodies, small kinase inhibitors,
and soluble ligand traps or receptor decoys. However, only
agents belonging to the first two classes are currently available
for therapeutic intervention: monoclonal antibodies directed at
the ligand-binding extracellular domain of the receptor (e.g.,
cetuximab, panitumumab, zalutumumab, nimotuzumab, and
matuzumab) and low-molecular-weight inhibitors of intracellular
tyrosine kinase activity (e.g., gefitinib, erlotinib, and lapatinib).
Extensive research has recently been done to find EGFR
molecular decoys such as Argos, an antagonist of EGFR sig-
naling that was identified in Drosophila (12, 13), or a recombi-
nant form of the extracellular domain of ErbB4 that antagonizes
ligand-induced receptor tyrosine phosphorylation (14). Because
the EGFR is a central target in oncology, and given the success
of this approach with other important ligand-receptor tyrosine
kinases such as the vascular endothelial growth factor (VEGF)
receptors (15, 16), we reasoned that the combinatorial discovery
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and translational development of a human EGFR-targeted sol-
uble decoy might result in a unique class of drugs.

We have designed an in tandem approach that comprises
mapping of interactive sites on EGFR ligands, followed by the
chemical generation and evaluation of derivative consensus motif
analogs. We first performed a combinatorial library screening in
representative EGFR ligands in vitro to select and identify a
panel of consensus motifs. We subsequently used solid-phase
synthesis to produce pertinent peptides and peptidomimetic drug
candidates. Finally, we evaluated one such EGFR drug decoy
candidate—a synthetic, low-molecular-weight, retro-inverted,
water-soluble peptidomimetic—by in vitro, in cellulo, and in vivo
assays and demonstrated that it has anti-tumor activity. Aside
from the retro-inversion approach, which generates degradation-
resistant D-peptidomimetics (17), we have also used cyclization in
an attempt to improve the bioavailability of our prototype; our
small lead molecule, derivatized from a native EGFR cyclic motif,
is a structural and functional drug decoy of this tyrosine kinase
receptor with tumor targeting attributes and potential for
translational applications.

Results and Discussion

Combinatorial Screening on a Panel of Ligands that Bind to the EGFR.
We established a combinatorial approach in a search for con-
sensus protein-interacting sites within the EGFR. First, we
screened a random library displaying the general peptide
arrangement CX,;C on three representative EGFR ligands
[namely EGF, tumor growth factor alpha (TGFa), and cetux-
imab] and selected for phage binding in consecutive rounds. We
observed serial enrichment in all selections (Fig. 1 A-C). BSA,
VEGF, and irrelevant IgG served as negative controls. As pre-
dicted, cetuximab (formerly C225 or IMC225; marketed as
Erbitux) showed an overlapping binding profile with its parental
murine 225 (M225) version (Fig. 1 C and D). After the third
round of selection we observed marked phage binding to each
immobilized EGFR ligand, relative to negative controls, as fol-
lows: EGF, 8-fold relative to BSA (¢ test, P < 0.001) and 8-fold
relative to VEGF (P < 0.001); TGFa, 22-fold relative to BSA
(P < 0.001) and 15-fold relative to VEGF (P < 0.001); M225, 10-
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Fig. 1. Screening of a combinatorial random peptide library on EGFR ligands
EGF, TGFa, and cetuximab. (A) EGF panning. VEGF and BSA were used as
negative control proteins in A and B. (B) TGFa panning. (C) M225 monoclonal
antibody (the original murine version of cetuximab) was immobilized onto
microtiter wells at a concentration of 2 pg. The CX;C phage library was incu-
bated with each of the target proteins. Shown are the relative transducing
units (TU) obtained from each well coated with M225, mIgG, or BSA after three
rounds of selection (RI-RIII). (D) Specificity of the peptides recovered from RIll
targeting. M225 was recapitulated upon binding to cetuximab on a fourth
round of selection (RIV). Results are expressed as mean + SEM of triplicate wells.

fold relative to BSA (P < 0.001) and 8-fold relative to irrelevant
IgG (P < 0.001); and cetuximab, 10-fold relative to BSA (P <
0.001) and 8-fold relative to irrelevant IgG (P < 0.001).

Molecular Interaction Between Selected Peptides and the EGFR. We
performed a comprehensive protein similarity analysis of selec-
ted peptides (n = 384) to identify sequences resembling the
extracellular domain of the EGFR. Overlapping consensus
motifs selected in all three EGFR ligands were identified,
mapped, and consolidated within the five dominant candi-
date regions (Cys227-Cys240, Cys283-Asp290, Cys486-Cys491,
Cys547-Cys567, and Cys604-Lys618; not accounting for the sig-
nal peptide, as indicated) within the primary structure of the
receptor (Fig. 24, yellow highlights). Of note, all such candidate
regions contained at least two or more cysteine residues, sug-
gestive of structural motifs.

To understand these findings at a protein interactive level, we
generated a consensus motif panel (n = 15) of synthetic linear
and cyclic peptides (Table S1) and used binding to the anti-
EGFR monoclonal antibody cetuximab as an initial functional
screen (Fig. S1) to minimize the number of candidate ligands.
We previously expanded this epitope mapping approach to show
that selection of random peptide libraries on the repertoire of
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circulating immunoglobulins from cancer patients (18, 19) can
identify immunogenic tumor antigens as molecular targets (20).
Moreover, we and other investigators applied similar method-
ology to therapeutic (21-23) or diagnostic (24) antibodies in a
strategy that could reveal mechanisms of action (22), identify
biological reagents for immunization (23), or discover as yet
unrecognized antigens (24).

The best concentration-dependent ligand peptide in this
binding assay (Fig. S1) was CVRACGAD (residues 283-290),
one of the candidate regions encompassing a residue involved in
receptor dimerization (25-27) within the EGFR (Fig. 2.4 and B).
Furthermore, binding of the minimized motif CVRAC (residues
283-287) was not significantly different from that of the larger
peptide CVRACGAD. Indeed, even the smaller cyclic tripeptide
Val-Arg-Ala, containing the residue corresponding to Arg285,
was sufficient for binding. In Fig. 2B, light green and light red
ribbons indicate the backbone of each EGFR homodimer, and
purple designates the TGFa ligand bound to the EGFR (28); the
Inset details EGFR residues involved in the dimerization site
(corresponding to the green and red color coding from Fig. 24),
and the yellow ribbon shows the location and structure of
CVRAC within a single chain.

To evaluate whether this motif had selective EGFR-decoy
attributes, we designed and generated phage constructs display-
ing the cyclic peptide CVRAC or the corresponding negative
control CVAAC, in which Arg has been changed to Ala (through
site-directed mutagenesis), and measured binding to EGFR
ligands. The CVRAC-phage preferentially bound to the receptor
ligands EGF (17-fold relative to CVAAC-phage, 38-fold relative
to insertless phage; Student’s ¢ test, P < 0.001), TGFa (13-fold
relative CVAAC-phage, 23-fold relative to insertless phage; P <
0.001), and cetuximab (23-fold relative CVAAC-phage, 51-fold
relative to insertless phage; P < 0.001), but not to the negative
control proteins VEGF or BSA. A negative control insertless
phage (P < 0.001) or CVAAC-phage (P < 0.001) showed no
binding preference (Fig. 2C). These data indicate that the region
Cys283—Cys287 of EGFR is implicated in its binding to native
ligands and targeted antibodies.

Potential Attributes of a Short Cyclic Motif as an EGFR-Like
Interacting Site. To evaluate CVRAC as a potential drug lead
in the development of an EGFR molecular decoy, we first

Fig. 2. Mapping candidate epitopes within the EGFR. (A)
Amino acid sequence corresponding to the extracellular
domain of the EGFR (accession no. NP_005219). Leu1 is the first
residue after the signal peptide. The arrow designates the
signal peptide cleavage site. Yellow highlights indicate five
consensus regions to which peptides derived from library
screenings (on the ligands EGF, TGFa, and cetuximab) were
clustered. Green and red boxes pinpoint the reciprocal residues
in the two EGFR molecules involved in dimerization. (B) Loca-
tion of a cetuximab-binding region within the EGFR structure.
Light green and light red ribbons indicate the backbone of
each EGFR homodimer. Purple designates the TGFa ligand
bound to the EGFR. (Inset) Red and green indicate residues
involved in EGFR dimerization (see A). Yellow ribbon shows the
location of CVRAC within the EGFR homodimer (residues 283—
287). (C) CVRAC-displaying phage binds specifically to cetux-
imab, EGF, and TGF-a. VEGF and BSA served as negative con-
trols for binding. Recombinant proteins were coated onto
microtiter wells at 10 pg/mL, and wells were incubated with
either CVRAC-phage or CVAAC-phage (alanine scanning con-
trol). An insertless phage was an additional negative control.
Phage input was 10° TU per well. Results are expressed as mean
+ SEM of triplicate wells.

PNAS | March 16,2010 | vol. 107 | no. 11 | 5119

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0915146107/DCSupplemental/Supplemental_PDF#nameddest=st01
http://www.pnas.org/cgi/data/0915146107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0915146107/DCSupplemental/Supplemental_PDF#nameddest=sfig01

L T

1\

=y

demonstrated that two synthetic cyclic peptides containing the
minimal three-residue cyclic loop CVRAC (i.e., outside a phage
display context) bind to cetuximab (Fig. 34); EGFR served as a
positive control and an unrelated peptide as a negative control.
Having confirmed that these soluble peptides could recapitulate
the EGFR-like binding attributes to a certain extent, we next
developed an assay to evaluate the capacity of such peptide
ligands to inhibit the binding of cetuximab to the EGFR. By
ELISA, the two synthetic peptides, but not two negative control
peptides (one with an unrelated sequence and another with an
EGFR-derived sequence from region II), blocked the binding of
cetuximab to the EGFR in a specific and concentration-
dependent manner (Fig. 3B). In both assays (Fig. 34 and B), the
binding activities of the synthetic shorter peptide (CVRAC) and
the longer peptide (CVRACGAD) were indistinguishable from
each other; therefore, we selected the smaller one as a better
candidate drug lead for derivatization. These data suggest that
the interaction of cetuximab with the EGFR is at least partially
mediated by CVRAC, a functional, cyclic interacting site
embedded within the sequence of the EGFR.

To confirm that the interaction of CVRAC with cetuximab was
specific and to identify the residue(s) responsible for peptide
binding, we constructed phage displaying alanine scanning ver-
sions of the peptide and performed binding assays to cetuximab or
to a negative isotype control (Fig. 3C). CVRAC-displaying phage
exhibited marked binding to immobilized cetuximab, in compar-
ison with the negative controls BSA (131-fold; Student’s ¢ test, P <
0.001) and isotype antibody (81-fold; P < 0.001); moreover,
CVRAC-displaying phage bound to a greater extent, relative to
negative controls that included insertless phage (96-fold; P <
0.001) and CVAAC-displaying phage (48-fold; ¢ test, P < 0.001).
Consistently, CVAAC-displaying phage lacked binding entirely,
but CARAC-displaying phage retained partial activity (~45% of
the CVRAC-displaying phage binding activity), data indicating
again that the arginine residue (corresponding to Arg285 within
the full-length EGFR) is critical for the interaction of the dis-
played peptide with cetuximab. Specificity was indicated by the
lack of binding to BSA or to the isotype control (Fig. 3C).

We hypothesized that, if the interacting site Cys283-Cys287
within the EGFR exhibits receptor-like properties or biological
activity, a synthetic motif might also elicit a cross-reactive humoral
immune response. To test this hypothesis, we immunized rabbits
with keyhole limpet hemocyanin (KLH) conjugated to the syn-
thetic CVRAC peptide and evaluated the reactivity of purified
antibodies by ELISA. Polyclonal antibodies against the soluble
motif CVRAC specifically recognized the EGFR (Fig. 3D). These
data demonstrate the generation of antibodies against the native
receptor and indicate that the interacting site CVRAC within the
EGFR does behave as a hapten.

The Motif CVRAC is Biologically Active. Having established the
potential of the EGFR interacting site CVRAC in vitro, we

Fig. 3. Molecular interaction of CVRAC, cetuximab, A
and EGFR. (A) Synthetic peptides (CVRACGAD or o
CVRAC), compared to an unrelated control peptide
(SDNRYIGSW), specifically bind to cetuximab. BSA 0
served as an additional negative control, and the EGFR &,
as a positive control. (B) Concentration-dependent 8
inhibition of binding of cetuximab to the EGFR by the = 3°?
synthetic peptides CVRACGAD and CVRAC, in com-
parison with negative controls: an EGFR sequence-
derived peptide (CQKCDPSC) and an unrelated neg- 00
ative control peptide. (C) Phage displaying alanine
scanning versions of the CVRAC peptide (CARAC and
CVAAC) were used to identify critical residues on the
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evaluated the cognate synthetic motif in tumor cell lines. The
representative colon cancer cell line GEO and the head-and-neck
cancer cell line HNS were chosen because (i) they express the
EGFR and represent common human cancers in which EGFR-
targeted therapy is used clinically (1, 29, 30) and (ii) their
respective pattern of tumor response to cetuximab has been well
established (31, 32).

As an experimental baseline, we first confirmed that treatment
of these tumor cells in vitro with cetuximab consistently and
reproducibly inhibited cell proliferation. To evaluate the bio-
logical activity of the synthetic motif CVRAC, we incubated HNS
tumor cells (Fig. 44) with increasing equimolar concentrations of
CVRAC or negative control peptides. In both cell lines, we
observed a concentration-dependent inhibition by CVRAC of the
antibody-dependent inhibition of proliferation, presumably due
to the binding to cetuximab as a soluble EGFR decoy. These
results demonstrate that CVRAC is biologically active in the
context of EGFR-expressing human tumor cells in vitro and is a
drug candidate meriting further development.

Design, Synthesis, and Development of a Small Drug Decoy. Peptide-
based drugs are often susceptible to degradation by proteolytic
enzymes; consequently, the biological activity of a peptide
depends directly on its stability in serum. Retro-inverted peptide
modification (i.e., reversal of the direction of the primary peptide
sequence plus inversion of the chirality of each individual residue
to the D-enantiomer) of biologically active motifs has been
shown to increase the stability of peptidomimetic drug candi-
dates (33), because most natural mammalian proteases do not
cleave D-residue nonpeptide bonds. In general, this retro-
inversion approach can result in peptidomimetics with strong
topological correlation to the parent peptide because the
resulting side-chain disposition is similar (i.e., the positions of
side-chains are preserved) but carbonyl and amide groups are
interconverted (i.e., the positions of carbonyl and amino groups
in the backbone of the peptide are exchanged).

Through solid-phase synthesis, we designed and produced a
compound based on the EGFR-interacting site CVRAC (Fig. S2).
Because the function of any peptidomimetic-based drug candidate
generated through retro-inversion methodology must be empiri-
callyvalidated, we used several assays (Fig. 4 B-D) to determine the
activity and biological properties of the retro-inverted drug pro-
totype p(CARVC). We first asked whether antibodies produced
against the peptide CVRAC would also recognize ,(CARVC) by
ELISA (Fig. 4B). p(CARVC) retained binding activity to the
antibody cetuximab; in addition, polyclonal anti-CVRAC anti-
bodies recognized both the peptide CVRAC and the drug
p(CARVC). The EGFR served as an immobilized positive control,
and BSA or control peptides (CVAAC) served as immobilized
negative controls. Negative control IgG showed only minimal
background binding relative to the specific binding mediated by
either anti-CVRAC antibodies or cetuximab (Fig. 4B). This result
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Fig. 4. The retro-inverso peptidomimetic of the CVRAC motif is recognized by
cetuximab and inhibits binding of cetuximab to the EGFR. (A) Human HN5 tumor
cells were treated with increasing concentrations of cetuximab (black line). Cells
were also exposed to either 60 pM (red line) or 180 puM (blue line) CVRAC.
Unrelated control peptide (purple line) or EGFR-related control peptide (green
line) had no effect on cetuximab activity. A representative experiment is
depicted. Experiments were repeated four times with similar results. Bars rep-
resent mean + SEM. (B) Binding of retro-inverso D-form peptides (plated at 10
pg/mL) to cetuximab in an ELISA-based assay. Equivalent amounts of IgGs
(cetuximab, anti-CVRAC, or h-IgG) were analyzed for binding to CVRAC or to its
retro-inverso peptidomimetic p(CARVC). (C) Effect of the synthetic peptides on
HNS5 tumor cells. Cells were incubated with increasing concentrations (up to 250
mM) of the peptide CVRAC, the retro-inverso peptidomimetic o(CARVC), or a
negative control peptide. Viability in the absence of peptide wassetto 100%. (D)
Inhibition of EGFR:cetuximab association, monitored by SPR in the presence of
synthetic peptides or peptidomimetic p(CARVC). Bars represent mean + SEM. (E)
Analysis of receptor autophosphorylation in cells stimulated with EGF or control
media for 15 min, after which cetuximab or synthetic peptides were added with
the growth factor to evaluate inhibition. Receptors were immunoprecipitated
with antibodies against phosphorylated (p)EGFR and were immunoblotted with
anti-phosphotyrosine IgG. This representative experiment shows that ,(CARVC)
specifically inhibits the phosphorylation of the EGFR in human HN5 tumor cells.

indicates that antibody recognition of the peptide CVRAC and the
drug p(CARVC) is similar in this assay. In summary, the hapten-
carrier adduct KLH-CVRAC induces a humoral immune response
that recognizes either the peptide CVRAC or the drug n(CARVC)
as a hapten.

Next, we determined whether the peptide CVRAC or the drug
p(CARVC) would affect the proliferation of HNS cells. Tumor
cells exposed to either CVRAC or p(CARVC) proliferated much
less in vitro than those exposed to the control peptide (Fig. 4C);
this marked effect was specific and concentration dependent. In
addition to HNS5 cells, similar results were also observed with
GEO cells and with EF43.fgf-4 cells (Fig. S3). Finally, ,(CARVC)
activity on an equimolar basis appeared to be more potent, pos-
sibly due to the expected proteolytic degradation of the peptide
CVRAC in this prolonged (120-h) functional assay.

The capacity of CVRAC and p(CARVC) to block EGFR
binding to cetuximab was further assayed by surface plasmon
resonance (SPR). An immobilized anti-human Fc monoclonal
antibody was used to capture cetuximab; subsequently, the EGFR,
either alone or in the presence of the synthetic peptides, was
introduced. Both CVRAC and p(CARVC) markedly inhibited
the binding of the EGFR to cetuximab (Fig. 4D), relative to the
control peptide. The inhibition was concentration dependent,
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with an ICsq value of ~5.4 mM for CVRAC and ~4.8 mM for
p(CARVC); the observed similar activity of the two agents reflects
the lack of enzymatic activity in this serum-free assay. No binding
inhibition was observed with control peptides at equimolar con-
centrations (Fig. 4D). We also observed low-affinity interactions
(micromolar range) with both agents by NMR spectroscopy.
Finally, to determine whether EGFR activation was inhibited
after treatment with the candidate drug, we incubated tumor cells
with synthetic peptides, p(CARVC), or cetuximab in the presence
or absence of EGF. Treatment of tumor cells with EGF led to the
tyrosine phosphorylation of a specific 170-kDa protein (Fig. 4E);
as expected, no phosphorylation was observed in non-EGFR-
expressing control cells. Both cetuximab and p(CARVC)—but
not the negative control drug [p(CAAVC), a synthetic peptido-
mimetic with a mutation corresponding to EGFR Arg285Ala]—
effectively inhibited the EGF-induced tyrosine phosphorylation
in this functional assay (Fig. 4F), thus suggesting a new EGFR
inhibitory mechanism. To dissect the downstream signal trans-
duction cascade in this setting, we examined proliferative, sur-
vival, and migratory pathways. In preliminary experiments with
human HNS5 head and neck cells, p(CARVC) appears to differ-
entially inhibit EGF-induced phosphorylation of ERK and Akt
but not p38. Future studies will be required to fully understand
the signal transduction modulation mediated by ,(CARVC).

Tumor Targeting and Preclinical Validation of p(CARVC). Having
demonstrated the biological activity of our EGFR-derived agents
invitro, we next attempted to evaluate their potential for use in vivo
(Fig. 5). We reasoned that, to behave as EGFR decoys, these agents
should home to an EGFR “ligand-rich” tumor microenvironment
(i.e., with high local concentrations of the native ligands EGF and/
or TGFa). Therefore, the capacity of CVRAC-displaying phage to
target tumors in vivo was determined by administration of
CVRAC-displaying phage or controls (either CVAAC-displaying
phage or insertless control phage) i.v. into immunocompetent
(BALB/c) female mice bearing mammary tumors (Fig. 54) (34).
We chose to test a standard tumor model in which EF43 fgf-4 cells
are administered s.c. to induce very rapid growth of highly vascu-
larized tumors in immunocompetent mice (34). In histological
sections of fixed tissue, there was marked staining of the tumors in
mice receiving CVRAC-displaying phage but only background
staining in control organs. In contrast, negative control phage
(either CVAAC-displaying phage or insertless phage) were not
detected in tumors (Fig. 54) or in control organs (Fig. S4 4 and B).
We used the same isogenic tumor model (34) to evaluate whether
the peptide CVRAC or the drug prototype p(CARVC) could
suppress tumor growth in vivo. Tumor-bearing mice received
vehicle alone, the peptide CVRAC, the drug p(CARVC), or
control peptides (Fig. 5B). We observed differences in tumor
growth as early as 5 days after treatment. At the end of 2 weeks,
mice treated with p(CARVC) exhibited significantly smaller tumor
volumes (550 + 50 mm?, P = 0.02), relative to tumor-bearing mice
that received negative control peptide (1,120 + 120 mm?; ¢ test).
Tumors in mice treated with control peptide behaved similarly to
tumors in mice receiving vehicle alone (1,200 + 135 mm3), data
indicating that a control peptide had no measurable effect. The
CVRAC peptide also showed therapeutic efficacy in vivo but,
because of enzymatic degradation, the tumor responses observed
were somewhat inferior to those of p(CARVC). These results
confirm that ligand-directed viral particles and EGFR-derived
peptidomimetics target tumors. Consistent with an EGFR-decoy
activity, these results likely represent homing due to high concen-
trations of EGFR ligands in the tumor microenvironment in vivo. It
has long been established that D-amino acid oxidase is the only
mammalian enzyme that catabolizes D-peptidomimetics in the
kidney (17) and thus it is likely that the drug excretion mechanism
will be renal; however, follow-up studies will clarify the drug sta-
bility in vivo and in metabolism.

PNAS | March 16,2010 | vol. 107 | no.11 | 5121

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0915146107/DCSupplemental/Supplemental_PDF#nameddest=sfig03
http://www.pnas.org/cgi/data/0915146107/DCSupplemental/Supplemental_PDF#nameddest=sfig04

L T

/

1\

=y

1600
2 o
= = o Pre-treatment
3 1400 ® Post-treatment
o
g 1200 o
E
£ +
o g 1000 e o
S 3 ’ .
a 5 800 o o
5 ° &
- 800 & °
. ., P .
S S T A |
o . : .

Vehicle Control  (CARVC) CVRAC

Insertless

Fig. 5. CVRAC-targeted phage homes to tumors. (A) Phage displaying the
peptide CVRAC or CVAAC, or insertless negative control phage, were admin-
istered i.v. into mice bearing EF43.fgf-4-derived tumors. An anti-phage anti-
body was used for staining. H&E staining, with the corresponding
fluorescence-based immunostaining, is shown in tumors. Tumor-bearing mice
received CVRAC phage, CVAAC phage, or insertless control phage as indi-
cated. Cohorts of tumor-bearing mice (n = 5 mice/group) were used. A rep-
resentative experiment is shown. (Scale bar, 100 um.) (B) Treatment of tumor-
bearing mice with peptides and peptidomimetics. BALB/c mice bearing EF43.
fgf-4-derived tumors were divided into size-matched cohorts (n = 7 mice/
group); individual tumor volumes are represented before (black circles) and
after (white circles) treatment. Peptides and peptidomimetics were adminis-
tered at 750 pg/mouse/dose for 5 days. Shown are mean tumor volumes + SEM.

Mechanism of Action as a Candidate Drug Decoy. Given the prom-
ising results observed in vivo, we further investigated the mecha-
nism of action of ,(CARVC) as an EGFR-targeted soluble decoy.
Decreasing molar concentrations of EGFR were immobilized in
vitro, after which the native ligand (EGF or TGFa) was used to
establish the baseline for the binding of EGF to the EGFR or of
TGFa to the EGFR. As predicted, cetuximab displaced EGF at
low nanomolar concentrations and thus served as a positive con-
trol. The drug p(CARVC) displaced EGF and yielded a con-
centration-dependent effect (from 30 to 1,000 mM). Moreover,
the magnitude of ligand displacement elicited by p(CARVC) at
300 mM was similar to that of cetuximab in this assay (Fig. 64).
Finally, we observed concentration-dependent displacement of
TGFa by p(CARVC) (Fig. 6B). These data support the EGFR-
decoy effect as a mechanism of action of our prototype.

Li et al. (35) reported that cetuximab interacts with domain IIT
of the soluble extracellular region of the EGFR. Notably, the
EGFR ligand we selected, peptide CVRAC, is on domain II;
moreover, other phage display assays on cetuximab (23) selected
yet another set of ligand peptides without a clear relation to the
reported EGFR—cetuximab x-ray crystal structure. In another
study, the anti-ErbB2 monoclonal antibody pertuzumab was

found to bind to ErbB2 near the center of domain II, noteworthy
because the central portions of domain II in ErbB2 and EGFR
are highly homologous and represent the major part of the
dimerization interface observed in the EGFR (25, 28). In sup-
port of our results, one of the alanine scan mutants made in
ErbB2, involving the corresponding residue (Val286) in CVRAC
on the EFGR, is essential for the binding and dimerization of
pertuzumab to its receptor (36). Those data notwithstanding,
whether or not CVRAC and/or other cetuximab ligand peptides
are involved in a form of “induced fit” (37-39) remains an open
question to be addressed in future studies. The experimental
data presented here may lead to development of other molecular
decoys for EGF- and TGFa-related pathways.

Conclusion

In summary, these results show that the prototype p(CARVC)
functions as a specific inhibitor of tumor cell proliferation, with
experimental evidence in vitro, in cells, and in vivo to support
our initial hypothesis that this unique class of small drug candi-
dates functions through an EGFR-decoy mechanism. In contrast
to other EGFR-targeting agents such as cetuximab, this ligand-
sequestering drug still may be active and perhaps a suitable
candidate for translation in the setting of downstream K-ras gene
mutations. Indeed, it has long been demonstrated that human
tumors containing KRAS mutations express high levels of ErbB
ligands (40—42). Moreover, Fujimoto et al. (43) have shown that
KRAS mutations are not sufficient to confer resistance to EGFR
inhibition. One can speculate that EGFR ligands can still stim-
ulate tumor growth, even with genetic alterations in the down-
stream pathway. Although the reasons for these observations are
not entirely understood, it is conceivable and it remains to be
determined whether or not an EGFR ligand decoy such as
p(CARVC) or its derivatives might be effective in such settings.
On a larger context, this work illustrates an example of combi-
natorial peptide library selection and discovery on key receptor—
ligand tumor pathways, followed by rapid generation and pre-
clinical evaluation of a targeted anticancer drug lead.

Materials and Methods

Reagents. Cetuximab is a human (h)-mouse (m) chimeric anti-EGFR 1gG1 class
monoclonal antibody (44). Monoclonal antibody 528 (isotype lgG2a) and
M225 (isotype 1gG1) are directed against EGFR. m-IgG and h-lgG were pur-
chased from Sigma. Primary antibodies were anti-EGFR1 (Tyr1068) and anti-
phospho-tyrosine (Cell Signaling) and HRP-conjugated goat anti-mouse
(Jackson). Synthetic peptides CVRACGAD and CVRAC and peptidomimetics
p(CARVC) and p(CAAVC) were purchased from PolyPeptide Laboratory.
EGFR-derived and unrelated sequences (such as SDNRYIGSW and CEFESC)
also served as controls in assays.

Fig. 6. The prototype peptidomimetic drug p(CARVC)
functions through an EGFR-decoy mechanism. (A)
p(CARVCQ) displaces EGF from the EGFR. The EGFR was
coated onto 96-well plates at decreasing concentrations.
Increasing molar concentrations of the synthetic pepti-
domimetic p(CARVC) were used to evaluate competitive
inhibition of EGF binding (squares). 5,(CAAVC) was used as
a negative peptidomimetic control at the same concen-
trations (circles). Cetuximab (12 nM) served as a positive
control for the displacement of EGF from the EGFR. (B)
p(CARVCQ) displaces the binding of TGFa from the EGFR.
Evaluation is shown of the competitive inhibition of the
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binding of TGFa to the EGFR by increasing molar con-
centrations (as indicated) of the synthetic peptidomimetic
p(CARVC). Bars represent mean + SEM.
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Cell Culture and Cell Viability Assays. Tumor cell lines HN5, UMSCC 10A, GEO,
and EF43.fgf-4 were cultured in standard conditions. Viability was assessed
by MTT assays (Sigma) as described (45). For details, see S/ Text.

Phage Display Screening and Binding Assays. Phage peptide screening and
binding assays were performed as described (45); see S/ Text.

Antibodies Against CVRAC Peptide and ELISA. Rabbits were immunized with
KLH-conjugated CVRAC peptide (46). For details, see S/ Text.

Surface Plasmon Resonance. SPR was used to determine the inhibitory effect
of CVRAC or p(CARVCQ) on the binding of EGFR to cetuximab in a BlAcore
3000. For details, see S/ Text.

Immunoprecipitation and Western Blot Analysis. Cells were lysed and lysates
were used for immunoprecipitation assays as described (45). An anti-
phosphotyrosine antibody (PY20) was used for EGFR activation assays. For
details, see S/ Text.
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Tumor Targeting. Selective phage homing to tumors was evaluated as
described (34, 47). See S/ Text for details.

Immunohistochemistry. Immunostaining was performed as described (48); see
SI Text.

Sequence Alignment. We used peptide-matching software (49) to identify
motifs resembling targeted ligands. For details, see S/ Text.

Statistics. The appropriate statistic test was used for the analysis of assays as
indicated. Results were considered statistically significant if P < 0.05. For
details, see S/ Text.
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