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Background: The monoclonal antibody cetuximab (IMC-225,
Erbitux) inhibits epidermal growth factor receptor (EGFR)
signaling and has been approved for metastatic colon cancer
therapy. However, to achieve effective titers, passive antibody
therapies must be repeatedly administered over long periods.
To overcome this limitation, we aimed to generate a vaccine
inducing continuously available “cetuximab-like” antibodies
in vivo using the mimotope approach. Methods: We used the
phage display technique to identify four peptides structurally
mimicking the cetuximab epitope. We coupled two of these
peptides to an immunogenic carrier protein, and we vacci-
nated four groups (n = 8) of BALB/c mice intraperitoneally
with 10 pg of the mimotope conjugates, a control peptide con-
jugate, or the carrier protein alone. We assessed antibody-
dependent cellular cytotoxicity and complement-dependent
cytotoxicity mediated by the induced antibodies against
EGFR-overexpressing human A431 carcinoma cells. We then
tested receptor internalization capacity of the induced anti-
bodies with fluorescently labeled EGFR, and we assayed
their growth inhibitory potential toward A431 cells with a
[*H]thymidine proliferation assay. Results: Mimotope-induced
antibodies recognized EGFR, and both types of antibody-
mediated cytotoxic effects were elicited by these antibodies.
In both cellular cytotoxicity assays, the mimotope-induced
antibodies exhibited specific lysis of more than 50%. The in-
duced antibodies caused internalization of the receptor from
the cell surface into endocytic vesicles and inhibited growth
of EGFR-expressing cells to a similar extent as cetuximab
[67% (95% confidence interval {CI} =55% to 79%) and 69%
(95% CI =55% to 84%), respectively]. Conclusions: Epitope-
specific immunization is feasible for active anti-EGFR
immunotherapy. The in vitro biologic features of mimotope-
induced antibodies are similar to those of the monoclonal
antibody cetuximab. [J Natl Cancer Inst 2005;97:1663—70]

Members of the epidermal growth factor (EGF) family of
membrane receptors are among the best-characterized targets on
cancer cells. This family, which contains four members—EGF
receptor (EGFR; also known as HER-1 or ErbB1), HER-2 (also
known as ErbB2 or neu), HER-3 (also termed ErbB3), and HER-4
(also known as ErbB4)—is essential in regulating cellular growth,
differentiation, and proliferation (7). Increased EGFR signaling,
in particular, has been associated with oncogenic transformation;
it results in autonomous cell growth, tumor invasion, angiogene-
sis, and metastasis (2,3). EGFR expression and overexpression
has been reported in multiple tumor types (4), and one-third of
epithelial cancers express high levels of the receptor. Often, EGFR
overexpression has been associated with poor prognosis (35).
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Because EGFR has been implicated in cancer initiation and
development, therapeutics that target EGFR have been devel-
oped. One EGFR inhibitor is cetuximab (IMC-C225, Erbitux)
(6), a monoclonal antibody that was approved by the U.S. Food
and Drug Administration for treatment of metastatic colon cancer
(7). Cetuximab is a chimeric human—murine antibody that targets
the extracellular domain of EGFR (8). It binds to EGFR with
higher affinity than its naturally occurring ligands, EGF and
transforming growth factor o (TGF-a), thus competitively block-
ing their ability to bind to and activate EGFR (8,9).

One limitation of this therapeutic approach of passive immu-
notherapy is the need to repeatedly administer the antibody to
achieve titers that effectively inhibit EGFR and elicit antitumor
activity. Active immunization that initiates the ongoing produc-
tion of antibodies of the desired type would be an attractive alter-
native because it would circumvent both the need for multiple
infusions and the danger of inducing an immune response against
the nonhuman parts of the artificial antibodies. Our group has
previously used mimotopes (epitope mimics) for epitope-specific
induction of antibodies in type I allergy (70,11) and malignant
disease (712,13). Mimotopes are small peptides that mimic a given
epitope structurally, but not necessarily by amino acid sequence
(14,15). These mimics are isolated from phage display libraries
(16), often comprising a repertoire of more than 10° possible
ligands. A special advantage of the phage display technique is
that the epitope to be mimicked does not need to be defined; the
only prerequisite is that an antibody recognizes it (/7)—in this
study, an antibody with proven beneficial antitumor properties.

We recently reported the generation of a mimotope vaccine
for induction of “trastuzumab-like” antibodies against HER-2
(13), and we were able to show that epitope-specific active im-
munotherapy is feasible against the EGFR family of growth
receptors. In the EGFR family, epitope-specificity of vaccines is
crucial, as growth-stimulatory antibody populations must be
prevented (7/8). Here our aim was to identify peptide mimics of
the EGFR epitope recognized by cetuximab and to develop a
mimotope vaccine. Also, we sought to characterize the resulting
immune response in vitro.
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MATERIALS AND METHODS
Cell Lines and Total Cell Lysates

The EGFR-overexpressing human epidermoid carcinoma
cell line A-431 (CRL-1555; American Type Culture Collection
[ATCC], Manassas, VA) was grown in Dulbecco’s modified
Eagle’s medium (Gibco BRL, Inchinnan, UK) supplemented
with 10% fetal calf serum, 1% glutamine, 1% penicillin—
streptomycin, and 50 pg/mL gentamicin sulfate. The human
mammary carcinoma cell line SK-BR-3 (ATCC HTB-30),
which expresses very low levels of EGFR, was grown in
McCoy’s medium (Gibco BRL) that was supplemented as
described above.

Total cell lysates were made as previously described (79)
using a modified lysis buffer containing 20 mM Tris, 150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, and a pro-
tease inhibitor cocktail (Complete; Roche, Basel, Switzerland)
at pH 7.5. The protein concentration was determined photo-
metrically using bicinchoninic acid (BCA Protein Assay Kit;
Pierce, Rockford, IL). Extracts were aliquoted and stored
at —80 °C.

Monoclonal Antibodies

Cetuximab (Erbitux), a chimeric immunoglobulin G1 (IgG1)
monoclonal antibody, was purchased from Merck (Darmstadt,
Germany). A different chimeric IgGl monoclonal antibody,
ch14.18, which is directed against disialogangliside GD2, was
used as an isotype control.

Biopanning of M13 Phage Display Library

To isolate M13 phage with the desired properties, i.e., high-
affinity binding of peptide inserts to cetuximab, a random pep-
tide phage library was subjected to three successive rounds of
biopanning with this antibody. The library CL10, kindly pro-
vided by Professor Luca Mazzucchelli, Locarno, Switzerland,
expresses cysteine-flanked decapeptides that are circularized
by disulfide bridging between the cysteines and fused to pIIl of
the filamentous phage M13. The library carries a kanamycin
resistance (20). Biopannings were performed as previously
described (21), with some modifications. In brief, 96-well
enzyme-linked immunosorbent assay (ELISA) plates (Nunc,
Roskilde, Denmark) were coated with 40 pg/mL cetuximab in
bicarbonate buffer at pH 8.5. Nonspecific binding was blocked
with phosphate-buffered saline (PBS) containing 1% dry milk,
and wells were incubated with an aliquot of the phage library
(~5 % 1010 phage particles) in PBS containing 1% dry milk and
0.1% Tween 20 at room temperature for 2 hours. Unbound
phage particles were removed by extensive washing with PBS
containing 0.5% Tween 20. Bound phage particles were eluted
with 150 pL of 0.1 M glycine, pH 2.2, and the solution was im-
mediately neutralized with 45 pL of 1 M Tris, pH 8.0. Phage
were amplified in Escherichia coli K91, precipitated from the
bacterial culture supernatant with polyethylene glycol, and ei-
ther used immediately for another round of biopanning or stored
at —20 °C. Phage titers were determined by plating serial dilu-
tions of the eluate or the amplificate on Luria broth agar plates
containing 75 pg/mL kanamycin and counting colonies after
overnight incubation at 37 °C.
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Colony-Screening Assay

After each round of biopanning, specific phage clones were
selected by colony screening (22). Colonies grown on Luria
Broth—kanamycin agar plates as described above were trans-
ferred to nitrocellulose membranes in duplicate, and these were
immunoscreened with either cetuximab or isotype control anti-
body chl14.18 (2.5 ug/mL in PBS—casein). Bound antibody
was detected with 123]-labeled anti-human IgG (IBL GmbH,
Hamburg, Germany). Membranes were washed, dried, and ex-
posed to Biomax-MS films (Kodak, Rochester, NY) at =70 °C.
Positive clones were amplified as described above.

DNA Sequencing

Single-strand phage DNA was prepared using a Qiaprep Spin
M13 kit (Qiagen, Hilden, Germany). The amount of DNA was
determined by examining ethidium bromide—stained 0.7% aga-
rose gel under ultraviolet illumination. DNA sequencing was
done by [.B.L. (Vienna, Austria).

Specificity ELISA

Ninety-six-well ELISA plates (Nunc) were coated with 10 pg/
mL cetuximab or chl4.18 in PBS by incubating overnight at
4 °C. Plates were then washed with PBS containing 0.05% Tween
20, and nonspecific binding was blocked by incubation with PBS
containing 1% bovine serum albumin (BSA). Phage clones that
were positive in the colony screening assay or wild-type phage
were added at a concentration of 10° colony forming units (CFU)/
mL in PBS containing 0.1% BSA. Bound phage particles were
detected with a peroxidase-conjugated mouse anti—phage M13
monoclonal antibody (Amersham Pharmacia Biotech, Little
Chalfont, UK). The reaction was developed with 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (Sigma, St. Louis,
MO) as substrate. Optical density was measured in an ELISA
reader (Dynatech, Denkendorf, Germany) at 405 nm (reference
wavelength, 490 nm). All determinations were done in triplicate.

Mimicry ELISA

Ninety-six-well ELISA plates (Nunc) were coated with cetux-
imab (10 pg/mL) in PBS and blocked as described above. Phage
particles (107 CFU/mL) and cell extracts (containing 500 ug/mL
or 200 pg/mL of protein) were added simultaneously, and plates
were incubated for 1 hour at 37 °C and then for 1 hour at 4 °C.
After washing as above, bound phage particles were detected as
described above. Percent inhibition of phage binding to cetux-
imab by cell extracts was calculated relative to phage binding to
cetuximab in the absence of cell extract (set to 100%). Again, all
tests were performed in triplicate.

Synthesis of Vaccine Constructs

The 1,12-cyclic peptides C-QYNLSSRALK-C (constituting a
high-affinity mimotope), C-VWQRWQKSYV-C (a lower-affinity
mimotope), and C-DGGWLSKGSW-C (control) were chemically
synthesized (piChem, Graz, Austria). Conformational accuracy
was verified with cetuximab in a dot blot assay. In brief, the pep-
tides were solubilized in PBS containing 20% dimethylformamide
at 1 mg/mL and dotted onto nitrocellulose membranes. Blots were
blocked with PBS containing 1% BSA and later incubated
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with 10 pg/mL cetuximab or ch14.18 in PBS containing 0.1 % BSA
for 2 hours at room temperature. Bound antibody was detected by
incubating with !25]-labeled anti-human IgG (50 nCi/ml) (IBL
GmbH). The blots were washed with PBS containing 0.5 % Tween
20, dried, and exposed to Biomax-MS film (Kodak) at =70 °C.

After recognition by cetuximab was confirmed, each peptide
was coupled by way of its C terminus to a succinimidyl-4-(N-ma
leinimidomethyl)cyclohexan-1-carboxylate—activated immuno-
genic carrier, keyhole limpet hemocyanin (KLH), through a
linker (GPGPG) by S-acetyl-thio-acetate. The mimotope conju-
gates were again checked for cetuximab binding capability in a
dot blot assay, as described above.

Immunization of BALB/c Mice

Four groups (n = 8 per group) of BALB/c mice (Charles River
Laboratories, Sulzfeld, Germany) were immunized by intraperi-
toneal injection with 10 pg of the mimotope conjugates, C-
QYNLSSRALK-C-KLH or C-VWQRWQKSY V-C-KLH, control
peptide—KLH, or KLH alone, on days 1, 15, 44, and 57. Alumi-
num hydroxide (2% suspension in water) was used as an adju-
vant in all groups. Blood was taken from the tail vein on day 0
(preimmunization serum) and on days 22 (first immune serum),
50 (second immune serum), and 64 (third immune serum). Serum
was pooled from each group of mice by mixing equal volumes of
third immune sera from each mouse. Mice were treated accord-
ing to European Union Rules of Animal Care, with permission
#66.009/35-BrGT/P2004 from the Austrian Federal Ministry of
Education, Science, and Culture.

Western Blotting and Titer Determination

Total A431 cell lysates, prepared as described above, were
separated by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis, and proteins were electrophoretically transferred to ni-
trocellulose membranes. Blots were blocked with PBS containing
1% BSA and then incubated with cetuximab or pooled serum for
2 hours at room temperature. Bound cetuximab was detected by
a peroxidase-conjugated goat anti—-human IgG antibody (Jackson
ImmunoResearch, West Grove, PA), and bound mouse antibod-
ies were detected by a peroxidase-conjugated sheep anti-mouse
Ig (Amersham), using the ECL chemoluminescent detection pro-
tocol (Amersham).

Titers of sera from the immunized BALB/C mice against
KLH, the respective mimotope peptide, and against EGFR were
determined by incubation of serial dilutions of sera (1:500,
1:1000, 1:2000, 1:5000, 1:10000, 1:50000, 1:100000,
1:1000000, 1:10000000) with dotted KLH, either mimotope
peptide, or blotted A431 cell lysate. Titers are given as the
highest serum dilution at which antigen reactivity still was detect-
able in these blot experiments.

Fluorescence Microscopy

A431 cells, which overexpress EGFR, were plated at
103 cells/mL on four-well Lab-Tek tissue culture chamber slides
(Miles Laboratories Inc., Naperville, IL). SK-BR-3 cells, which
express very low levels of EGFR, were used as negative controls.
Cells were grown overnight until half-confluent. Chamber slides
were then cooled to 4 °C and washed with ice-cold PBS, cells
were fixed with 4% paraformaldehyde in PBS for 30 minutes,
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chamber slides were incubated with 50 mAM NH4Cl in PBS to
quench fixation, and blocked with 1% BSA in PBS. Then cells
were incubated with cetuximab (positive control) or with pooled
third immune sera, and bound antibodies were detected by fluo-
rescein isothiocyanate (FITC)—conjugated goat anti-mouse IgG
(Caltag Laboratories, Burlingame, CA). Pooled sera from the
KLH-immunized mice were used as a control. Nuclei were
stained with 0.1pg/mL Hoechst dye (Sigma) in PBS for 10
minutes. Cells were mounted in Mowiol mounting medium and
viewed with a Zeiss Axioplan 2 (Carl Zeiss, Jena, Germany).

Antibody-Mediated Cytotoxicity Assays

Antibody-dependent cellular cytotoxicity (ADCC) and
complement-dependent cytotoxicity (CDC) potentials of the anti-
bodies induced by mimotope vaccination were assessed with
the CytoTox 96 Nonradioactive Cytotoxicity assay (Promega,
Madison, WI). A431 cells were used as specific target cells, and
SK-BR-3 cells served as target controls. The number of target
cells was optimized to 2 x 10° cells/mL as per the manufacturer’s
instructions. For the ADCC experiments, an effector to target
(E:T) cell ratio of 100:1 was found to yield optimal specific
lysis in a series of preliminary tests. Spleen cells of naive BALB/c
mice (prepared by mashing the spleen and lysing the erythrocytes
with ammonium chloride) were used as effector cells. We used
10 pg/mL of purified IgG from pooled third immune sera of the
mimotope-immunized mice or the control mice in ADCC assays.
For CDC assays, pooled third immune sera diluted 1:100 in
CytoTox 96 assay medium served as the source for both anti-
bodies and complement. All assay procedures and readouts were
done according to the manufacturer’s instructions. Percent cyto-
toxicity was calculated after correcting for background absor-
bance values according to the following formula:

% cytotoxicity

experimental —effector spontaneous —target spontaneous

= : %100
target maximum—target spontaneous

All assays were performed in triplicate.

Transfection and Internalization Assay

SK-BR-3 cells were plated into four-well Lab-Tek tissue cul-
ture chamber slides (Miles Laboratories Inc.) at a concentration
of 5 x 103 cells/mL. Cells were grown overnight and then trans-
fected with a EGFR/green fluorescent protein (GFP) construct
(23) that was kindly provided by Dr. Philippe Bastiaens (EMBL,
Heidelberg, Germany) using SuperFect Transfection Reagent
(Qiagen), according to the manufacturer’s instructions. The con-
struct encodes a fully functional EGFR that is tagged with GFP
and therefore can be visualized with a fluorescence microscope
(excitation wavelength of GFP: 395 nm; emission wavelength:
508 nm). After a 2-day expression period, cells were incubated
for 15 minutes with 10 pg/mL purified IgG from pooled third im-
mune sera obtained from mimotope-immunized or control mice,
with 10 pg/mL cetuximab, or with medium alone to allow for re-
ceptor trafficking. Cells were then fixed in 4% paraformaldehyde
in PBS and mounted in Mowiol mounting medium as described
above. Slides were viewed at the indicated wavelengths with a
Zeiss Axioplan 2 fluorescence microscope.
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[*H]Thymidine Proliferation Assay

A431 cells were seeded to a 96-well tissue culture plate (Nunc)
at 1000 cells/well in 100 pL of Dulbecco’s modified Eagle’s
medium. Cetuximab or ch14.18 was added to the respective wells
at concentrations of 2 pug/mL, or mouse sera from mimotope-
immunized or control mice at a dilution of 1:100 or 1:500. Plates
were incubated at 37 °C and 5% CO, for 4 days. [?’H]Thymidine
was then added to a concentration of 0.5 nCi/well, and the plates
were incubated for 4 more hours. Cells were harvested with
an LKB-Wallac 1295-001 Cell Harvester (Wallac Oy, Turku,
Finland) and collection filters dried and embedded in scintillation
fluid. Assays were read in a 1205 Betaplate Liquid Scintillation
Counter (Wallac Oy).

Statistical Analysis

Statistical analysis was performed using the Student’s 7 test.
P<.01 was considered highly statistically significant, P<.05 was
considered statistically significant, and P<.1 was considered
suggestive of statistical significance.

REsuLTS
Biopanning and Colony Screenings

We screened a constrained 10-mer random peptide phage dis-
play library by biopanning with cetuximab to identify peptides
mimicking the epitope recognized by the antibody. The total
phage titers increased with each successive round of panning,
indicating the presence of phage particles carrying epitope mim-
ics. The phage titer increased from 4 x 103 CFU/mL (first round)
to 10* CFU/mL (second round), and finally to 8 x 107 CFU/mL
(third round).

Colony screenings identified 11 cetuximab-specific phage
clones. These were amplified and sequenced. Four different
insert sequences were found, with C-QFDLSTRRLK-C being
found most often (seven times). A highly homologous sequence,
C-QYNLSSRALK-C, was detected twice, and two more se-
quences, C-VWQRWQKSY V-C and C-MWDRFSRWYK-C, were
found once each. Sequence analysis of the peptides revealed no
homology to EGFR or to any other member of the EGF receptor
family in database alignments (EMBL).

Mimotope Characterization

A specificity ELISA was performed to independently confirm
the colony-screening results. All four mimotope candidates were
specifically recognized by the selecting antibody cetuximab but
not by the isotype-matched control antibody ch14.18 (Fig. 1, A).
Moreover, neither cetuximab nor the control antibody reacted
with wild-type M13 phage. As in the colony-screening result
analysis, the phage-displayed peptides C-QFDLSTRRLK-C
and C-QYNLSSRALK-C exhibited the highest reactivity to
cetuximab.

To demonstrate mimicry between peptides and the original
antigen, phage particles and a cell extract from the human EGFR-
overexpressing cancer cell line A431 were allowed to compete
for cetuximab, and bound phage particles were detected by
ELISA. A cell extract from SK-BR-3 cells was used as control.
Only the A431 cell extract could specifically displace bound
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Fig. 1. Characterization of cetuximab mimotopes. A) Specific recognition
of selected phage clones by cetuximab was examined by enzyme-linked
immunosorbent assay (ELISA). Solid bars, binding of cetuximab to M13 phage
clones displaying specific circular peptide inserts or to wild-type M13 phage.
Open bars, binding of isotype-matched control antibody ch14.18 to the same
phage clones. B) ELISA analysis of competitive effects of cell extracts on
binding of cetuximab to peptides. Solid bars, no cell extract; oblique hatched
bars, extract from human epidermoid carcinoma A431 (epidermal growth factor
receptor [EGFR] overexpressing) cells at 500 pg/mL; open bars, extract from
A431 tumor cells at 200 pg/mL; horizontally hatched bars, extract from the
low EGFR-expressing cell line SK-BR-3 at 500 pg/mL. Data in both panels show
means of triplicates from a single representative experiment; error bars represent
95% confidence intervals.

phage from the antibody; moreover, this displacement was
dose dependent (Fig. 1, B). That is, the phage mimics were
displaced by 61% (C-QFDLSTRRLK-C, 95% confidence
interval [CI] = 58% to 63%), 71% (C-QYNLSSRALK-C,
95% CI = 69% to 72%), 70% (C-VWQRWQKSYV-C, 95%
CI=69.7% to 70.0%), and 66% (C-MWDRFSRWYK-C, 95%
CI = 65% to 66%), respectively, when A431 extract was
used at 500 mg/mL. At a lower concentration (200 pg/mL),
the mimics were displaced by 21% (95% CI = 4% to
36%), 33% (95% CI = 22% to 43%), 30% (95% CI = 6%
to 55%), and 31% (95% CI = 23% to 39%), respectively.
Some inhibition was also observed with the control extract
(500 pg/mL) that was likely due to its low but detectable
EGFR content.
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Fig. 2. Dot blot analysis of antibody recognition of synthetic cyclic mimotopes.
(Left) Each peptide of the indicated sequence was dotted in triplicate and blots
were probed with cetuximab (lane 1), isotype control antibody ch14.18 (lane 2),
or no primary antibody (buffer control, lane 3). (Right) Both mimotope peptides

Vaccine Constructs and Immune Responses Induced by
Mimotope Vaccination

From the specificity ELISA and mimicry test results, the
highly reactive peptide C-QYNLSSRALK-C and the somewhat
less reactive peptide C-VWQRWQKSY V-C were chosen for im-
munogenicity evaluation and manufactured synthetically. The
synthetic peptides were, again, recognized by cetuximab, but
not by the isotype control antibody (Fig. 2, left). The pattern of
reactivity was similar to the results of the specificity ELISA
(Fig. 1, A). Also, mimotope conformation was preserved after
conjugation to the immunogenic carrier, KLH. Neither control
peptide coupled to KLH, nor KLH itself was recognized by
cetuximab (Fig. 2, right).

The immunogenicity of the mimotope conjugates (and con-
trols) was then evaluated in four groups (n = 8 per group) of
BALB/c mice. All mice developed high anti-KLH titers, indicat-
ing successful immunization in all four groups (Table 1). Mice
immunized with the mimotope conjugates showed a humoral
response toward the respective peptide and, more important,
developed antibodies that recognize EGFR in A431 cell lysates
(Table 1; Fig. 3). Sera from control mice showed no reactivity to
the mimotope peptides or EGFR (Table 1; Fig. 3).

Immunofluorescence

We performed immunofluorescence staining of A431 cells to
determine whether the induced antibodies also recognized
EGFR on the cell surface. Sera of mice immunized with C-
QYNLSSRALK-C-KLH (Fig. 4, A) or C-VWQRWQKSY V-
C-KLH (Fig. 4, B) showed marked membrane staining of A431
cancer cells, as did cetuximab (positive control) (Fig. 4, C).
Only background staining was observed when serum antibodies
from mice immunized with KLH were tested (Fig. 4, D).

Table 1. Titers of the four mouse groups as determined by DotBlot and western
blot analysis (third immune serum, day 64), against carrier, peptide, and original
antigen

Titers
Antigen anti-KLH anti-mimotope anti-EGFR
C-QYNLSSRALK-C-KLH 1:100000 1:100000 1:5000
C-VWQRWQKSYV-C-KLH 1: 100000 1:10000 1:2000
KLH 1:100000 - -
control peptide-KLH 1:100000 - -
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C-QYNLSSRALK-C C-VWQRWQKSYW-C

KLH control peptide

KLH KLH

and a control peptide were conjugated to the immunogenic carrier molecule
keyhole limpet hemocyanin (KLH) and dotted in triplicate. Conjugated peptides
and carrier KLH alone were again probed with cetuximab (lane 1), isotype
control antibody ch14.18 (lane 2), or no primary antibody (lane 3).

SK-BR-3 control cells did not stain with any antibody (data
not shown).

Functional Assays

To assess whether the biologic activities of the antibodies in-
duced by the mimotopes are similar to those of cetuximab, we
performed ADCC and CDC assays and internalization and pro-
liferation inhibition studies. In both cellular cytotoxicity assays,
the mimotope-induced antibodies exhibited specific lysis of more
than 50% of A431 cells (Fig. 5). Anti-C-QYNLSSRALK-C
antibodies elicited specific lysis of 54% (95% CI = 32% to 76%)
of target cells in the ADCC assay and 51% (95% CI = 39%
to 63%) specific lysis in the CDC assay. Anti-C-VWQR
WQKSYV-C antibodies caused lysis of 50% (95% CI =39% to
61%) of target cells as measured by the ADCC assay and of 65%
(95% CI=154% to 76%) in the CDC assay. No ADCC (1%, 95%
CI = 0% to 19%), although some background CDC (13%, 95%
CI = 4% to 22%), was seen with antibodies from the KLH-
immunized control group. The differences were highly statisti-
cally significant (P<.01) both for ADCC and CDC results. When
anti-mimotope antibodies were tested on SK-BR-3 control cells,
no specific cytotoxicity was observed (data not shown). Because
all effectors (cells and complement) in these assays were mu-
rine, cetuximab could not be used as a positive control.

To assess antibody-mediated internalization of the receptor,
we transfected SK-BR-3 cells with a GFP-labeled EGFR
construct so that it could be visualized with a fluorescence
microscope. (The low constitutive level of EGFR in SK-BR-3
cells reduces the level of unlabelled receptors that could interfere

175 kDa -

Fig. 3. Western blotting with cetuximab or mimotope-induced antibodies for
epidermal growth factor receptor (EGFR) recognition in an A431 cell lysate.
EGFR detection at 175 kDa by cetuximab (lane 1, positive control) and by sera
from mice immunized with the C-QYNLSSRALK-C-KLH conjugate (lane 2),
with the C-VWQRWQKSY V-C-KLH conjugate (lane 3), with the carrier KLH
alone (lane 4), or with a control peptide-KLH conjugate (lane 5).
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Fig. 4. Immunofluorescence staining of epidermal
growth factor receptor (EGFR) on A431 cancer cells.
Anti-EGFR antibodies were detected by fluorescein
isothiocyanate (FITC)-conjugated secondary anti-
bodies. Nuclei were stained with Hoechst dye in
phosphate-buffered saline for 10 minutes. Cells were
viewed with a Zeiss Axioplan 2 fluorescence micro-
scope. A) Sera from mice immunized with C-QYN
LSSRALK-C-KLH. B) Sera from mice immunized
with C-VWQRWQKSYV-C-KLH. C) Cetuximab
(positive control). D) Sera from mice immunized with
KLH alone (negative control).

in the assay.) After a 15-minute incubation of transfected cells
with either cetuximab (Fig. 6, A) or mimotope-induced anti-
bodies (Fig. 6, B and C), we observed a reduction of receptor
surface density with later appearance of the receptor in vesicles.
Mimotope-induced antibodies in particular led to pronounced in-
ternalization and aggregation of EGFR in perinuclear vesicles,
which are indicative of receptor degradation. Sera from mice
immunized with the carrier KLH alone did not cause receptor
internalization, but EGFR remained at the cell surface (Fig. 6, D),
like in cells treated with medium alone (Fig. 6, E).
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Fig. 5. Antibody-mediated cytotoxicity against A431 cells elicited by antibodies
induced after vaccination with mimotopes or keyhole limpet hemocyanin,
expressed as percent cytotoxicity. Solid bars, antibody-mediated cellular
cytotoxicity (ADCC). Open bars, complement-mediated cytotoxicity (CDC).
Columns represent means of triplicate analysis; error bars represent 95%
confidence intervals. Specific lysis was compared with lysis incurred by the
anti-KLH control antibodies. Statistical analysis was performed using the
Student’s ¢ test (**, P<.01; exact P values: comparison of ADCC mediated
by anti-C-QYNLSSRALK-C-KLH antibodies to anti-KLH antibodies, P =
.01; comparison of ADCC mediated by anti-C-VWQRWQKSYV-C-KLH
antibodies to anti-KLH antibodies, P = .006; comparison of CDC mediated by
anti-C-QYNLSSRALK-C-KLH antibodies to anti-KLH antibodies, P = .005;
comparison of CDC mediated by anti-C-VWQRWQKSYV-C-KLH antibodies
to anti-KLH antibodies, P =.001).
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We performed a proliferation inhibition assay to analyze the
direct growth-inhibitory capacities of the induced antibodies
(Fig. 7). Cetuximab inhibited growth of A431 cancer cells by
69% (95% CI = 55% to 84%). Anti-C-QYNLSSRALK-C anti-
bodies at a dilution of 1:100 also inhibited A431 cancer cell
growth (67%, 95% CI = 55% to 79%) to an extent comparable to
cetuximab, whereas anti—-C-VWQRWQKSYV-C antibodies ex-
hibited weaker inhibition (47%, 95% CI = 38% to 57%). Both
cetuximab and anti-C-QYNLSSRALK-C antibodies inhibited
growth to a statistically significantly (P =.05 and P = .03, respec-
tively) greater extent than the isotype control antibody (16%,
95% CI = 0% to 43%). The weaker inhibition of anti—-C-VWQR
WQKSYV-C antibodies still was suggestive of statistical signifi-
cance (P =.1) but was not statistically significant when compared
with the inhibition caused by the isotype control antibody. The
observed growth inhibitions were dose dependent; sera diluted to
1:500 caused less inhibition, 46% (95% CI = 17% to 75%) for
anti—-C-QYNLSSRALK-C antibodies, and 31% (95% CI = 7% to
55%) for anti-C-VWQRWQKSYV-C antibodies, than sera di-
luted to 1:100. Antibodies from the KLH-immunized group
exhibited similar nonspecific growth inhibitions of 21% (95%
CI = 3% to 38%) at 1:100 and 18% (95% CI = 0% to 42%) at
1:500 as the isotype control for cetuximab.

DiscussioN

The continuous availability of “natural” antibodies induced by
active immunization compared with the need of periodic treat-
ment with an exogenous antibody such as cetuximab could open
new avenues for the early treatment or even prevention of
EGFR-overexpressing tumors. Interest in different vaccination
approaches has been strengthened by the finding that immuno-
logic tolerance to the EGFR family is not absolute and can be
overcome (24). An important consideration when targeting
growth receptors is the need to rule out the induction of growth-
stimulatory antibodies (78). One way to address this problem might
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Fig. 6. Antibody-mediated internalization of epidermal growth factor receptor (EGFR). Cells were transfected with a fluorescence-labeled EGFR and incubated
with antibodies for 15 minutes; receptor trafficking was viewed with a Zeiss Axioplan 2 fluorescence microscope. A) Cetuximab. B) Purified antibodies from
mice immunized with C-QYNLSSRALK-C-KLH. C) Purified antibodies from mice immunized with C-VWQRWQKSY V-C-KLH. D) Purified anti-keyhole limpet

hemocyanin antibodies. E) Medium alone.

be epitope-specific vaccination with peptide mimics (mimotopes)
of an epitope that is recognized by a growth-inhibitory antibody.

The goal of this study was to determine whether a mimotope
vaccine that could induce cetuximab-like antibodies could be de-
veloped using the phage display technique. We isolated four pep-
tide mimics of the epitope recognized by cetuximab from a cyclic
decamer peptide library. None of the four peptide mimics showed
sequence similarities to EGFR or any of the other EGFR family
members in database alignments, suggesting either that the ce-
tuximab epitope is discontinuous, i.e., it is composed of different
regions of the polypeptide chain that come together through pro-
tein folding, or that carbohydrates participate in the formation of
the epitope. It is a strength of the phage technology that even
complex epitopes like this, which exist only in the native form of
the protein, can be mimicked by amino acid sequences of mimo-
type peptides.

All four mimotope peptides represent true epitope mimics be-
cause they were specifically recognized by cetuximab and showed
mimicry with EGFR in an inhibition assay, meeting the previ-
ously established guidelines for specificity and mimicry testing
(25). To investigate the mimotopes’ ability to elicit anti-EGFR
antibodies, two peptides were selected for immunization studies.
One peptide showed high reactivity with cetuximab and specific
mimicry with EGFR, and the other had lesser reactivity but still
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Fig. 7. A431 cell proliferation inhibition assessed by [*H]thymidine incorporation.
Cells were grown for 4 days with medium alone or with antibodies present
as indicated on the x-axis, and then incubated with [*H]thymidine. Uptake of
[*H]thymidine, which represents cell growth, was measured in a scintillation
counter (counts per minute are given on the y-axis). Columns represent means of
triplicate analysis; error bars represent 95% confidence intervals. Differences in
A431 cell growth inhibition were analyzed using the Student’s 7 test. P values<.05
(*) were considered statistically significant (P = .05 for inhibition caused by
cetuximab compared with isotype control, and P = .03 for inhibition caused by
anti-C-QYNLSSRALK-C-KLH antibodies compared with isotype control);
P<.1 (°) was considered suggestive of statistical significance (P = .1 for anti—C-
VWQRWOQKSYV-C-KLH antibodies compared with isotype control).

Journal of the National Cancer Institute, Vol. 97, No. 22, November 16, 2005

good mimicry results. Because small peptides on their own are
not immunogenic and may even induce tolerance (26), we cou-
pled the mimotopes to an immunogenic carrier, KLH. We ob-
served that the mimotope conjugates were immunogenic and
induced antibodies not only against the peptide and carrier but
also against the natural epitope on EGFR.

We then analyzed the biologic properties of the induced anti-
bodies to determine whether they were comparable to those de-
scribed for cetuximab. The antitumor activity of cetuximab itself
is due to the two Fc-mediated mechanisms, antibody-dependent
cellular cytotoxicity and complement-dependent cytotoxicity
(27), as well as to the direct effects of this antibody’s binding to
EGFR. Direct effects include reduction of EGFR on the cell sur-
face due to internalization of the receptor—antibody complex into
endocytotic vesicles (28) and growth inhibition due to blockade
of EGFR-signaling (29). Like cetuximab, both mimotopes
induced antibodies mediating substantial antibody-dependent
cellular and complement-dependent cytotoxic effects against
EGFR-expressing cells. These antibodies also led to effective in-
ternalization of the receptor from the cell surface. The perinuclear
distribution of the endocytic vesicles suggests routing of the
receptor into a degradation pathway. In direct growth-inhibition
assays, antimimotope antibodies caused dose-dependent inhibi-
tion of A431 cancer cell proliferation. Interestingly, the anti-
bodies induced by C-QYNLSSRALK-C (the higher affinity
mimotope) were more potent growth inhibitors than those in-
duced by C-VWQRWQKSYV-C. These findings parallel the re-
sults of the specificity tests, where cetuximab was found to react
more strongly with C-QYNLSSRALK-C than with C-VW
QRWQKSYV-C. The observed differences in growth-inhibitory
potential could indicate that biologic activity of antibodies may
be associated not only with their epitope specificity but also with
the differences in the antibodies’ affinities to their target antigen.
High reactivity of a mimotope peptide with the selecting anti-
body thus appears to be an important criterion in selecting prom-
ising peptide candidates for subsequent immunizations. Taken
together, these results indicate that antibodies induced by vacci-
nation with an epitope mimic can elicit the same biologic re-
sponses as the original antibody. Because the induced antibodies
are polyclonal, it may even be speculated that they could mediate
a broader spectrum of immunologic effects, as they can interact
with more Fc receptors than a monoclonal antibody of a single
given isotype.

Advantages of synthetic peptide vaccines are that they are
cost-effective, they are simple to produce, and quality control dur-
ing the manufacturing process is straightforward. Also, they are
chemically stable and contain no oncogenic, toxic, or infectious
material. However, all effects of mimotope-induced anti-EGFR
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antibodies in vaccinated individuals will undoubtedly have to be
closely monitored, even though the induction of antibodies that
stimulate tumor growth has been excluded by deliberate selection
of the cetuximab epitope. Thus far, no toxicities have been ob-
served in the immunized mice, but further toxicity studies are
warranted. Because cetuximab can be safely given in doses that
fully inhibit EGFR signaling (29), we expect that an immune re-
sponse narrowly focused to the same epitope should show a simi-
lar safety profile. However, it remains to be seen whether similar
safety and efficacy would be observed in patients.

We are aware that this study is only the first step and that
further work is necessary before being able to predict success in
humans. To assess whether the described mimotopes would be
able to overcome immunological tolerance against EGFR or
affect EGFR-induced tumor growth in vivo, immunizations will
have to be conducted in animals transgenic for the human recep-
tor. If all these experiments still show promise for a translation of
an anti-EGFR mimotope vaccine to humans, toxicity studies
should ideally be performed in primates.

We conclude that active immunization inducing in vivo pro-
duction of cetuximab-like anti-EGFR antibodies is feasible with
mimotope vaccination. With active immunization, the obstacles
of passive immunotherapy—such as a comparatively short anti-
body half-life, high antibody peaks, unequal tissue distribution,
and the immunogenicity of artificial antibodies—may be over-
come. Also, protein vaccination leads to the induction of immu-
nologic memory, possibly providing ongoing protection for
vaccinated individuals. Thus, epitope-specific active vaccination
against EGFR may represent a novel therapeutic option in the
neoadjuvant setting.
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