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Anti-Epidermal Growth Factor Receptor Monoclonal
Antibodies Affecting Signal Transduction
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Abstract Monoclonal antibodies prepared against tyrosine phosphorylated epidermal growth factor receptor
(EGFR) were tested for their effects on transmembrane signal transduction in A431 tumor cells. Monoclonal antibodies
{(mab) defined by SDS-sensitive epitopes, i.e., epitopes with conformational specificity, were most effective. Mab 5-125
reacting with a site of the extracellular EGFR domain blocked EGF-binding and cell proliferation in vitro, as well as tumor
growth in vivo. However, this mab appeared not to be internalized upon binding to EGFR and did not trigger EGFR
autophosphorylation. In contrast, mab 5-D43, also defined by an SDS-sensitive epitope and reacting with an
extracellular EGFR site, did not block EGF binding but was readily internalized after binding to EGFR of untreated A431
cells. This mab induced EGFR tyrosine phosphorylation in cell lysates and tyrosine-specific autophosphorylation of
insolubilized EGFR immune complexes. Cell growth in vitro was greatly stimulated in the presence of mab 5-D43. Since
interaction of mab 5-D43 with EGFR induced most EGF-specific functions, although it did not bind to the EGF-specific
site of EGFR, we have to assume that binding of mab 5-D43 to EGFR induced a conformational shift that activated the
cytoplasmic EGFR kinase site. On the other hand, activation and/or accessibility of the EGFR kinase site could be
blocked by mab 1-594, which is defined by an SDS-insensitive protein epitope of the cytoplasmic EGFR domain.
Blocking of the EGFR kinase site by mab 1-594 also abolished EGF-induced tyrosine phosphorylation of endogenous
cellular substrates with molecular masses of 145, 97, 85, 37, and 32 kDa, as well as of exogenous substrates such as
GAT copolymer.  © 1993 Wiley-Liss, Inc.
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Tyrosine phosphorylation in receptor pro-
teins appears to play a dominant role in the
majority of regulatory systems, although the
amount of phosphorylated tyrosine compared to
the total of cellular acid-stable phosphorylated
amino acid residues is only 0.02—-0.06% [Cooper
et al., 1983]. Tyrosine phosphorylation gener-
ally occurs as an essential step for signal trans-
duction during effector/receptor interaction and
is governed by the activation of a cytoplasmic
receptor site exhibiting tyrosine-specific protein
kinase activity [Yarden and Ullrich, 1988]. One
of the most interesting regulatory systems, fol-
lowing this scheme of signal transduction, is the
epidermal growth factor (EGF) and its receptor
(EGFR). EGF is mitogenic for a variety of cell
types, including fibroblasts and epithelial cells

Received September 24, 1992; accepted October 14, 1992.
Address reprint requests to Dr. F.A. Anderer, Friedrich-
Miescher-Laboratorium der Max-Planck-Gesellschaft, Spe-
mannstrasse 37/39, D 7400 Tuebingen, Federal Republic of
Germany, Postfach 2109.

© 1993 Wiley-Liss, Inc.

[Schlessinger et al., 1983]; together with an
overexpression of EGFR, it might have an essen-
tial role in cellular transformation and oncogen-
esis as was initially suggested by Downward et
al. [1984]. Overexpression of EGFR has been
observed in various human cancers [Hendler
and Ozanne, 1984; Fitzpatrick et al., 1984],
especially in glioblastomas in which an amplifi-
cation of the EGFR gene or of the protein prod-
ucts has been recorded for more than one-half of
the tumors examined [Liberman et al., 1985;
Wong et al., 1987].

The binding of EGF to EGFR initiates a series
of rapid responses, most likely starting with
phosphorylation of tyrosine residues within the
EGFR itself, followed by phosphorylation of
other cellular proteins, hydrolysis of phosphati-
dyl inositol, and release of Ca?* from intracellu-
lar stores. In the case of the insulin receptor,
which follows the same scheme of signal trans-
duction, it was reported that, concurrent with
receptor phosphorylation, the state of phosphor-
ylation of a series of cellular proteins changes.
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However, this concerns for the most part pro-
teins phosphorylated on serine and/or threo-
nine residues [Rosen, 1987; Czech et al., 1988],
which cannot be the direct substrates of the
receptor tyrosine kinase. Therefore, it was sug-
gested that this type of phosphorylation might
require prior activation of the relevant kinases
by tyrosine phosphorylation [Ullrich and Schless-
inger, 1990; Chen et al., 1987]. One candidate
substrate of activated EGFR is MAP kinase, a
serine/threonine kinase that is transiently acti-
vated in many cell types by a variety of extracel-
lular signals, which is tyrosine-phosphorylated
and activated upon stimulation of cells with
EGF [Rossomando et al., 1989; L’Allemain et
al., 1991]. Another substrate shown to be di-
rectly phosphorylated by the EGFR tyrosine
kinase domain upon EGF stimulation is phos-
pholipase C II (PLC IT or PLC-y), which coprecip-
itates with EGFR in the presence of anti-PLC-y
[Margolis et al., 1989; Meisenhelder et al., 1989;
Wahl et al., 1989]. Both substrates, MAP kinase
and PLC-y together with the GTPase-activating
protein [Ellis et al., 1990; Margolis et al., 1990],
appear to be important physiological mediators
of the EGF-induced mitogenic signal but still
some more substrates have to be identified to
account for all different activities of the EGF
receptor since EGFR internalization seems not
to be required for tyrosine phosphorylation of
PLC [Wahl et al., 1989]. The mechanism
whereby EGF binding activates the EGFR tyro-
sine kinase site and elicits early and late re-
sponses remained unresolved up to now.

In order to obtain more detailed information
on the structural criteria of EGFR action, we
prepared a series of anti EGFR monoclonal anti-
bodies that differ in their blocking effects on
various EGFR activities. Our approach was based
on the use of highly purified EGFR [Steinhilber
et al.,, 1990] as immunizing antigen yielding
monoclonal antibodies (IgG) that show distinct
effects on cell growth, signal transduction, EGF
binding, autophosphorylation, and kinase activ-
ity.

MATERIALS AND METHODS
Cells

The following cell lines were used: human
epidermoid vulva carcinoma cell line A431 [Fab-
ricant et al., 1977], human glioblastoma cell line
N28, and human astrocytoma cell lines N31 and
N63 [Stavrou et al., 1987]. The cells were grown
in RPMI 1640 medium, supplemented with 10%

heat-inactivated fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and 20 p.g/ml
ciprofloxacin (Bayer, Leverkusen, FRG) to avoid
growth of mycoplasmas [Schmitt et al., 1988].
Mouse myeloma cells Sp2/0-Ag.14 [Shulman et
al., 1978] were used in fusion experiments.

Preparation of Monoclonal Antibodies

Highly purified human EGFR was prepared
from A431 tumor cells by affinity chromatogra-
phy on antiphosphotyrosine-coated columns
[Steinhilber et al., 1990]. Female BALB-c mice,
8 weeks old, were immunized i.p. with 50 pg
purified EGFR in complete Freund’s adjuvant,
followed by booster injections with 25 pg EGFR
in incomplete Freund’s adjuvant at day 21 and
42 after the first injection. Two further booster
injections, the last dissolved in PBS, were given
after intervals of 10 weeks. Increase of anti-
EGFR titers was followed by enzyme-linked im-
munosorbent assay (ELISA) (30 ng EGFR/well),
and mice used for fusion experiments, had titers
exceeding 1:108. Three days after the last injec-
tion, the animals were sacrificed and the spleno-
cytes of the immunized animals were fused with
Sp2/0-Ag.14 mouse myeloma cells as described
by Galfré and Milstein [1981]. Thereafter, the
cells were plated with feeder peritoneal cells
using RPMI-HAT medium. Supernatants of
growing colonies were screened for specific anti-
body production using dot-immunobinding to
select for IgG production [Hawkes et al., 1982]
and an ELISA (30 ng EGFR per well) for EGFR
specificity using peroxidase-conjugated goat an-
timouse IgG (Dianova, Hamburg, FRG) as sec-
ond antibody [Engvall, 1980]. All hybridoma
clones with positive reactions were further
screened for extracellular and intracellular bind-
ing of antibodies to EGFR domains in A431
tumor cells using indirect immunofluorescence
microscopy. The cells grown on 12-mm glass
coverslips were stimulated with 75 ng/ml EGF
(Sigma, Deisenhofen, FRG) at 37°C for 10 min
and then fixed with 3.7% formaldehyde in PBS
at room temperature for 15 min. For the prepa-
ration of permeabilized cells, part of the fixed
cells were treated with a mixture of methanol/
acetone (2:1) at —20°C for 5 min. Thereafter,
the coverslips were incubated with the hybri-
doma supernatants for 30-45 min at 37°C,
washed 3 times with PBS followed by incubation
with goat antimouse IgG-F(ab'), fluorescein
isothiocyanate conjugates (Dianova, Hamburg,
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FRG), and then again washed 3 times with PBS
prior to microscopy.

Hybridomas with supernatants yielding posi-
tive immunofluorescence were cloned at least
twice by serial dilution, and subclasses of mono-
clonal antibodies were determined by Ouchter-
lony immunodiffusion analysis using subclass-
specific rabbit antibodies (Nordic Immunological
Laboratories, Bochum, FRG). Monoclonal anti-
bodies in hybridoma supernatants were purified
by chromatography on protein A-Sepharose
CL-4B columns (Pharmacia, Uppsala, Sweden).
The protein content was determined with the
method of Bradford modified by Rylatt and Par-
ish [1982] or with the method of Peterson [1977].

Cell Lysis and Immunoprecipitation

Cell lysates were prepared from about 107
cells suspended in 3 ml of lysis buffer (20 mM
Tris x HCI, pH 8.4/150 mM NaCl/10 mM
EDTA/1% Triton-X-100/1% Na-deoxycholate/
0.1% Na-dodecyl sulfate/0.1 mM Na-vanadate/1
mM p-chloromercuriphenyl sulfonic acid/0.5 mM
phenylmethylsulfonyl fluoride). After 15 min at
4°C, still adherent material was dislodged with a
rubber policeman and the suspension subjected
to ultrasonication in an ice bath for 3 x 5 sec
(Branson sonifier; 50 W), followed by centrifuga-
tion at 5,000g for 15 min. The 3-ml superna-
tants were mixed with 0.3 ml of a 50% protein
A—Sepharose suspension in lysis buffer to re-
move unspecifically binding components. After
30-min incubation at 4°C, the suspensions were
centrifuged at 10,000g for 1 min, and the result-
ing supernatants were incubated with 40—60 pg
of purified monoclonal antibody dissolved in the
same volume of lysis buffer. After 2-h incuba-
tion at 4°C, a 50% suspension of protein
A-Sepharose beads corresponding to one-tenth
of the total lysate volume was added and further
incubated at 4°C for 45 min under gentle rock-
ing. Protein A—Sepharose beads with bound im-
mune complexes were then sedimented at
10,000g for 1 min, and the sediment washed 5
times with lysis buffer. Elution of anti-EGFR
immune complexes was achieved with 50 mM
diethyl amine/20 mM octyl glucoside; in case of
antiphosphotyrosine immune complexes, spe-
cific elution was achieved with 40 mM phenyl
phosphate. For analysis by polyacrylamide gel
electrophoresis (PAGE) [Laemmli, 1970], the
proteins were eluted at 100°C for 5 min with
sample buffer.

EGF Binding Assay

Quantitative determination of EGF binding
to cells and inhibition of EGF binding by mono-
clonal antibodies was carried out with iodinated
EGF according to the outlines given by Carpen-
ter [1985]. Cells were cultured overnight in 24-
well Costar plates starting with 10° cells/well.
Then the cells were washed with PBS and fur-
ther incubated at 37°C in serum-free RPMI 1640
medium supplemented with 0.2% bovine serum
albumin (BSA) and 2 g glucose/L. In the case of
inhibition assays, the cells were cultured with
various concentrations of anti-EGFR mono-
clonal antibodies in the medium at 37°C for 45
min prior to the addition of 1%I-EGF (3.7 MBq/
pg; Amersham, Braunschweig, FRG) at 4°C to
yield a final EGF concentration of 1.65 nM. The
cultures were then kept at 4°C for 2 h under
gentle rocking, followed by 3 washes (each 5
min) with cold incubation medium and 2 washes
with cold PBS/1 mM CaCly/1 mM MgCl. There-
after, lysis was achieved by treatment with 0.5
ml 0.1 M NaOH/1% Triton-X-100 at 37°C for 15
min and bound radioactivity was determined in
a LB 2101 Berthold gamma counter.

Immune Complex Kinase Assay and EGF- and
mab 5-D43-Induced Phosphorylation

Autophosphorylation and phosphorylation of
an exogenous peptide substrate was analyzed
according to the outlines given by DiRenzo et al.
[1986]. About 107 A431 cells were treated with 3
ml lysis buffer (20 mM Tris x HCI, pH 8.2/150
mM NaCl/1% Triton-X-100/1 mM EDTA/0.5
mM phenylmethylsulfonyl fluoride) at 4°C for
15 min and immune precipitation was carried
out as described above. The precipitates were
washed 3 times in washing buffer (20 mM
HEPES, pH 8.2/150 mM NaCl/0.1% Triton-X-
100/10 mM MgCl,/5 mM MnCl,) and once in
assay buffer (20 mM HEPES, pH 7.4/0.1% Tri-
ton-X-100/10 mM MgCl,/5 mM MnCl,). The
immune precipitates were resuspended in 75 ul
assay buffer, mixed with 5 ul EGF (0.1 ug/pl)
and kept on ice for 10 min. Autophosphorylation
was started by addition of 10 pl assay buffer
containing 0.37 MBq +v32P-ATP (370 GBq/
mmol; Amersham International plc.). After 30-
min incubation at room temperature, the reac-
tion was stopped by the addition of Laemmli’s
sample buffer and heating at 100°C for 5 min,
followed by electrophoretic separation of labeled
components in sodium dodecyl sulfate (SDS)
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polyacrylamide gels. Labeled components were
visualized by autoradiography, using Kodak X-
Omat paper. For quantification of incorporated
radioactivity, labeled bands were excised and
Cerenkov radiation was determined in a Beck-
man liquid scintillation counter.

Phosphorylation of exogenous substrate was
performed under the conditions of the autophos-
phorylation assay but in the presence of 40 pg of
a synthetic random copolymer consisting of glu-
tamic acid, alanine, tyrosine 6:3:1 (molecular
weight 20,000-50,000 Da; Sigma, Deisenhofen,
FRG). The reaction was stopped by adding EDTA
to a final concentration of 50 mM. For quantifi-
cation of the incorporated radioactivity, 5-pl
portions of the reaction mixture were trans-
ferred onto 1-cm? pieces of Whatman filter fol-
lowed by 4 washings (each 30 min) with ice-cold
15% trichloroacetic acid/20 mM pyrophosphate.
The filter pieces were then dryed and radioactiv-
ity was determined in a Beckman liquid scintilla-
tion counter.

In vivo autophosphorylation of EGFR in-
duced by mab 5-D43 was studied with prela-
beled A431 cells: Cell cultures in 6-well Costar
plates containing 105 cells/cm? were incubated
with phosphate-free RPMI + 0.5% FBS at 37°C
overnight in the presence of 100 wCi 32P-ortho-
phosphate/ml (carrier-free; 370 MBq/ml, Amer-
sham International pic.). The indicated amounts
of mab 5-D43 or EGF (as a positive control) were
then added directly to the labeling medium and
incubated for a further 45 min at 37°C. The
harvested cells were then lysed with lysis buffer,
EGFR was precipitated with antiphosphotyro-
sine mab 3-365-10 and the washed sediment
subjected to SDS-PAGE.

EGF-induced secondary tyrosine-phosphory-
lation of endogenous cellular proteins was stud-
ied in cell lysates. A431 cells were harvested
with a rubber policeman, washed once with 150
mM NaCl, and portions of 5 x 108 cells resus-
pended in 500 pl of phosphorylation buffer (20
mM HEPES, pH 8.0/5 mM MgCl,/2 mM MnCl,)
were lysed by ultrasonication. The nuclei were
removed by sedimentation (1,000g; 10 min) and
the supernatants incubated with 60 pg anti-
EGFR or control antibodies at 4°C for 4 h. After
the addition of 300 ng EGF/ml reaction mix-
ture, phosphorylation was started by adding
0.185 MBq v-2P-ATP (370 GBq/mmol; Amer-
sham, Braunschweig, FRG). The reaction was
allowed to proceed at room temperature for 30
min and was then stopped by addition of 500 wl

RIPA buffer, followed by a two-step immunopre-
cipitation: the first precipitate was obtained with
anti-EGFR antibody and the second with anti-
phosphotyrosine antibody. The sediments were
analysed by SDS polyacrylamide gel electropho-
resis as described above and labeled proteins
were visualized by autoradiography, using Ko-
dak X-Omat paper.

Inhibition of Tumor Growth In Vive

Inbred BALB-c/nu-nu mice kept under patho-
gen-limited conditions were used for growth in-
hibition studies. The nude mice were inoculated
subcutaneously at day 0 with 7 x 106 A431
tumor cells in 250 pl PBS, yielding palpable
tumors in 100% of the animals within 10 days.
Groups of 3 mice were serially treated with i.p.
injections of distinct anti-EGFR mab (200 pg/
200 pl PBS) starting at day 1 after tumor cell
inoculation with further anti-EGFR injections
ondays 1, 3, 5, 8, 12, 16, and 19. Tumor growth
was monitored by caliper measurements in three
dimensions at days 2, 4, 9, 11, 15, 18, 22, 24, and
26, and tumor volumes were calculated using
the formulaV=mx/6(a-b"c).

RESULTS
Characterization of Anti-EGFR mab

Fusion experiments were performed with
spleen cells derived from mice hyperimmunized
with highly purified tyrosine-phosphorylated
EGFR. Antibodies produced by hybridoma clones
were screened for IgG subtypes and specific bind-
ing to EGFR. Most of them (80%) were members
of the IgGl/kappa subclass. Immunofluores-
cence studies with fixed and fixed + perme-
abilized A431 cells demonstrated extracellular
binding of 23/28 anti-EGFR mab, whereas 5/28
mab bound to the cytoplasmic domain of EGFR.
Among the extracellularly binding mab, we re-
corded 5/23 defined by EGFR epitopes sensitive
to 1% SDS in nonreducing buffers, i.e., these
mab had conformational specificity and were
especially suited to the study of the involvement
of conformational shifts in signal transduction.
The protein-specific anti-EGFR mab (19/23) also
precipitated the nonglycosylated EGFR mole-
cule (130 kDa) [Mangelsdorf-Soderquist and Car-
penter, 1984] from lysates of A431 cells cultured
with tunicamycin overnight. Only one of the
extracellularly binding antibodies, mab 5-D43
(IgG1), induced 100% internalization within 30
min at 37°C after binding to viable A431 cells.
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Fig. 1. Binding and ternalization of anti-EGFR mab 5-D43
visualized by FITC- (A,B,C) and peroxidase-conjugated goat
antimouse IgG(D) A: A431 cells were reacted with mab 5-43 at
4°C for 1 h, washed with ice-cold PBS, then incubated with
second (FITC) antibody at 4°C for 1 h, washed again, and fixed
with 3 5% formaldehyde for 15 min B: Analogous to A, but after
the reaction with mab 5-D43 and washing, cells were kept at
37°C for 30 min prior to reaction with second antibody followed
by fixation with formaldehyde C: Analogous to B but after
incubation at 37°C, the cells were first fixed with formaldehyde
and permeabilized with methanol/acetone (2 1) at —20°C for 5
min prior to reaction with the second antibody (x630) D:

After fixation and permeabilization of the mab
5-D43-treated cells, the antibody could be local-
ized within the cells as randomly distributed
punctual structures (Fig. 1A-C). Since mab
5-D43 bound to native A 431 cells was still
internalized when reacted with the second anti-
body prior to shifting the temperature from 4° to
37°C, internalization could be also visualized by
electron microscopy. Figure 1D shows promi-
nently stained EGFR/mab 5-D43/second anti-
body complexes in cytoplasmic vacuoles and
small heavily stained vesicles. This mab 5-D43 is
defined by an SDS-sensitive EGFR epitope.

Electron microscopic visualization of internalized EGFR/mab
5-D43/second antibody complexes A431 cells were incubated
with mab 5-D43 at 4°C for 1 h, washed with 1ce-cold PBS and
water, further incubated with peroxidase-conjugated goat anti-
mouse IgG at 4°C for 1 h, then washed with PBS and incubated
at 37°C for 30 mun prior to fixation with 2 5% glutaraldehyde for
1 h Peroxidase was allowed to react with diaminobenzidin (0 6
mg/mi) at room temperature for 20 min The next steps were
postfixation with 1% osmium tetroxide in PBS for 1 h, washes
with PBS and water, overnight staining with 1% uranyl| acetate
in water at 4°C, followed by dehydration with ethanol, embed-
ding in Epon and preparation of ultrathin sections

Blocking of EGF Binding

The EGF-binding assay with A431 tumor cells
showed that mab 5-D43, which was readily inter-
nalized upon binding to EGFR at 37°C, did not
block binding of '2I-EGF (1.65 nM) at 4°C (Fig.
2A). This is an unexpected result, since the
EGFR/mab 5-D43 complex was found to be in-
ternalized at 37°C; thus, we have to assume a
rapid re-expression or recycling of EGFR. Confir-
mation of the inability of mab 5-D43 to block
EGF binding was obtained from an experimen-
tal series in which both antibody binding and
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Fig. 2. A: Effects of some selected affinity-purified anti-EGFR
mab on the specific binding of radiolabeled EGF to A431 cells.
The cells were incubated with various concentrations of extra-
cellularly binding mab for 45 min prior to addition of '25I-EGF
{final concentration 1.65 nM). The radioligand was allowed to
bind to the cells for 2 h at 4°C in the presence of antibody. The
effects of the following mabs are given in a semilogarithmic
plot: 5-125 (H) and 5-D43 (®), both defined by SDS-sensitive
epitopes; 3-162 (@) and 1-241 (A), both defined by SDS-
insensitive epitopes. B: Effects of mab 5-125 on EGF-binding to
glioblastoma cell lines N 28 (), N31 (O) and N63 (A). The
broken line represents EGF-binding of N 63 cells after pretreat-
ment with mab 5-D43.

binding of EGF were performed at 4°C. Again,
no inhibition of EGF-binding was observable up
to antibody concentrations of 15 pg/ml. How-
ever, mab 5-125 (IgG1), also defined by an SDS-
sensitive EGFR epitope, induced complete block-
ing of EGF binding at a concentration of 10 ng
mab/ml (Fig. 2A), but this mab appeared not to
be internalized. Complete blocking of EGF-
binding by mab 5-125 was also recorded when
the binding inhibition assay was performed at
4°C throughout. All other extracellularly bind-
ing mab, no matter whether defined by SDS-
sensitive or SDS-insensitive EGFR epitopes, had
no effects on EGF binding. The effect on EGF-

binding curves of some of these mab are de-
picted in Figure 2A.

Mab 5-125, which blocked EGF binding to
A431 cells, also showed efficient blocking of EGF
binding to glioblastoma cell lines N28, N31, and
N63 (Fig. 2B). However, the mab concentrations
required for 100% blocking were lower by an
order of magnitude that correlated very well
with data resulting from EGF-binding assays
and with the yields of EGFR obtained from
affinity purification of the corresponding cell
lysates. The low-level expression of EGFR should
render these cell lines more sensitive to a possi-
ble blocking effect of mab 5-D43 that might not
have been observable with A 431 cells due to
EGFR overexpression (Fig. 2A). However, when
analogous studies of EGF binding were done
with glioblastoma N63 cells and mab 5-D43,
again no blocking effect by mab 5-D43 was re-
corded (Fig. 2B). In contrast, we observed a
tendency of increased EGF binding with in-
creased concentrations of mab 5-D43, an effect
that again could result from a rapid antibody-
induced re-expression or recycling of EGFR.

Inhibition of Cell Growth

The effect of various concentrations of anti-
EGFR mab on the growth of A431 tumor cells
was studied in 7-day cultures. The antibody
concentration ranged from 1 to 100 nM. The
initial cell number plated per well (day 0; 24-well
plate) was 2 X 10%. Antibody was added directly
after plating. For antibodies affecting cell growth,
controls with the antibody added one day after
plating were also performed. In Figure 3 the
dependence of cell growth from increasing anti-
body concentrations is plotted for some selected
anti-EGFR mab. Mab 5-125, which showed effi-
cient blocking of EGF binding even at low anti-
body concentrations (see Fig. 2A), was also effec-
tively inhibiting growth of A431 cells (Fig. 3).
However, mab 1-241 (IgG2a), defined by an SDS-
insensitive EGFR epitope, and that did not af-
fect EGF binding, also showed some minor
growth-inhibiting effects starting at an antibody
concentration of 9 ug/ml (60 nM) (Fig. 3). An
entirely different effect was obtained with mab
5-D43 which showed rapid internalization upon
binding. This mab induced stimulation of cell
growth in vitro up to 170% of control cultures
(Fig. 3). The controls with mab 5-I125 and mab
5-D43 added 1 day after plating showed essen-
tially similar growth inhibition or growth stimu-
lation effects, respectively. All other anti-EGFR
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Fig. 3. Effects of some selected affinity-purified anti EGFR mab
on the in vitro growth of A431 tumor cells. The cells were
cultured for 7 days in the presence of different concentrations
of mab The inttial number of cells/well was 2 x 10* (day 0)
Antibodies were added directly after plating. After 7 days of
culture, the cell numbers/well were determined. Growth curves
obtained in the presence of the following mabs are given in
semilogarithmic plots. 5-125 (&) and 5-D43 (+) defined by
SDS-sensitive epitopes, 3-162 (), 1-241 (A), and 1-594 (O)
all defined by SDS-insensitive epitopes. Mab 1-594 binds to the
cytoplasmic domain of EGFR and was used as a control. The
shaded area represents the average number of cells/well grown
in the absence of antibodies for 7 days

mab showed no growth-inhibiting effects in the
concentration range tested.

Experiments performed to obtain information
on tumor development in vivo in the presence of
anti-EGFR antibodies yielded first results that
confirm the in vitro findings. Growth inhibition
in vivo was studied with nude mice inoculated
subecutaneously with 7 X 10¢ A431 cells at day 0
yielding 100% tumor take in the controls. The
animals received 7 injections of anti-EGFR mab
within 19 days after inoculation, i.e., a total of
1.4 mg per mouse. Tumor growth was followed
by caliper measurements and average tumor
volumes of developing tumors are listed in Table
I. Mab 5-125, the antibody that showed blocking
of EGF binding and growth inhibition in vitro,
also blocked A431 tumor growth in the nude
mouse. Treatment with mab 1-241, the anti-
body inhibiting cell growth in vitro only at high
mab concentrations, resulted in a strong general

depression of tumor growth and induced tumor
regression in one mouse whereas two mice died
in spite of bearing only very small tumors. Sur-
prisingly, treatment with mab 5-D43, the anti-
body that stimulated cell growth in vitro, in-
duced strong retardation of tumor development
in vivo during the initial 14 days, followed by a
phase of very rapid tumor growth. Death oc-
curred simultaneously with the first death in
the untreated control group. Mab 3-162, which
had no effect on cell growth in vitro, also showed
no effect on tumor development in vivo.

Blocking of EGFR Autophosphorylation by
Binding to the Cytoplasmic EGFR Domain

In a first set of experiments, anti-EGFR mab
defined by epitopes of the cytoplasmic domain
were screened for blocking autophosphorylation
using an immune complex kinase assay. The
corresponding EGFR immune complexes precip-
itated from A431 cell lysates were treated with
EGF prior to initiation of phosphorylation with
v-32P-ATP. Mab 1-594 (IgG1), which is specific
for a site of the cytoplasmic EGFR domain,
showed complete blocking of EGF-induced auto-
phosphorylation, either by blocking activation
and/or by blocking accessibility of the cytoplas-
mic kinase site of EGFR (Fig. 4D) The other
mab with specificity for the cytoplasmic EGFR
domain had no effect on autophosphorylation
(e.g., Fig. 4C). An additional prove for the pres-
ence of EGFR in all immunoprecipitates was
obtained by immunodetection with anti-EGFR
mab 3-162 after electrophoretic transfer to nitro-
cellulose membranes (Fig. 4b—e) and specificity
of autophosphorylation by immunodetection
with the phosphotyrosine-specific mab 3-365-10
(not shown).

Under saturation conditions blocking of EGFR
autophosphorylation by mab 1-594 binding to a
cytoplasmic domain, also abolished the ability to
phosphorylate the tyrosine residues of GAT, a
synthetic 6:3:1 random copolymer of glutamic
acid/alanine/tyrosine. GAT peptide chains range
between 20- and 50-kDa molecular mass and are
highly suitable exogenous substrates to prove
secondary tyrosine phosphorylation in the EGFR
immune complex kinase assay. All other anti-
EGFR mab that did not block EGFR autophos-
phorylation in the respective immune com-
plexes did neither block GAT phosphorylation in
the immune complex kinase assay.
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TABLE I. Average Tumor Volume of Tumor-Bearing Mice Determined Various Days After
Inoculation s.c. of 7 x 105 A431 Cells at Day 0

Average tumor volume (mm?) at day

Treatment
mab 2 4 9 11 15 18 22 24 26
— 28 67 75 108 335 512 851 1,173 1,389
3-162 31 56 59 85 225 847 973 1,374 1,516
1-241 58 82 36 36 38 136 115 —=a —_
5-125 24 62 56 36 16 8 10 12 6
5-D43 13 12 10 27 66 171 313 586 983

#Death of all three mice between day 22 and 25; one of these 3 mice was tumor free.

Extracellularly Binding Anti-EGFR mab and the
Mechanism of Signal Transduction

Anti-EGFR mab defined by extracellular
EGFR epitopes did not influence EGF-induced
autophosphorylation in the immune complex
kinase assay (e.g., mab 3-162) (Fig. 4B) with the
exception of two mab. Mab 5-125 that efficiently
could block EGF binding (see Fig. 2A), partially
allowed autophosphorylation of EGFR in the
corresponding immune complexes in the pres-
ence of EGF (Fig. 4E). This can be explained by
the possibility that, under the conditions of the
immune complex kinase assay, the EGF-binding
site must have become partly accessible, most
likely due to dissociation of the immune com-
plexes and loss of mab saturation conditions
during washing of precipitates because, in the
presence of additional mab 5-125 during the
kinase assay, no autophosphorylation of EGFR
was detectable. The reaction of mab 5-125 with
EGFR without subsequent EGF treatment did
not trigger autophosphorylation.

The second anti-EGFR mab influencing auto-
phosphorylation was mab 5-D43, which showed
conformational specificity to an extracellular
EGFR domain and did not block EGF binding
(see Fig. 2) but was rapidly internalized upon
binding to A431 cells. This mab was capable to
induce EGFR autophosphorylation in the ab-
sence of EGF using the following assay condi-
tions: 1 x 10% A431 cells prelabeled with 32P
orthophosphate were incubated with varying
concentrations (5-300 ng/ml) of mab 5-D43 at
37°C for 45 min; cells were then lysed; EGFR
was precipitated by antiphosphotyrosine mab
3-365-10 and subjected to SDS polyacrylamide
gel electrophoresis (Fig. 5). Treatment of cells
with 50-300 wg/ml mab 5-D43 induced a high
degree of EGFR autophosphorylation, with a
maximum effect at 150 pg/ml mab 5-D43 corre-
sponding to about 40% of EGF-induced EGFR

autophosphorylation at EGF saturation condi-
tion (77 ng EGF/mD.

To answer the question of whether associated
membrane components are involved in mab
5-D43-induced EGFR autophosphorylation or
whether the EGFR kinase site is activated by a
mab 5-D43-induced conformational shift in the
EGFR structure, the effects of mab 5-D43 were
studied in specific EGFR immune precipitates
prepared with antibody mab 3-162 immobilized
on protein A-Sepharose beads. The EGFR im-
mune complexes contained no associated pro-
teins (Fig. 6). Stimulation of EGFR immune
complexes with EGF or with anti-EGFR mab
5-D43 for 10 min in the presence of ATP in-
duced extensive tyrosine phosphorylation (Fig.
6B,C), a reaction already observed in EGFR
immune complexes obtained with mab 5-D43
immobilized on protein A—Sepharose beads (Fig.
6D), but not in EGFR immune complexes with
immobilized anti-EGFR mab 3-162 (Fig. 6A).
EGF and anti-EGFR mab 5-D43-induced EGFR
autophosphorylation in immobilized EGFR im-
mune complexes was demonstrated with the
“enhanced chemiluminescence” detection sys-
tem (Amersham International plc.) as well as
directly by autoradiography when the reaction
was performed in the presence of y-32P-ATP (20
wCi/ml).

Endogenous Cellular Substrates of EGFR
Kinase Activity

Blocking of the EGFR kinase site by mab
1-594 opens up the possibility of obtaining infor-
mation on direct cellular substrates of EGFR.
EGF-induced phosphorylation of A431 cell ly-
sates was studied after 4 h preincubation with
or without the kinase-site-blocking antibody.
After addition of EGF, the phosphorylation reac-
tion was initiated by addition of y-32P-ATP and
was allowed to proceed for 30 min. Thereafter,
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Fig. 4. Electrophoretic patterns of anti-EGFR immune com-
plexes obtained with different anti-EGFR mab, showing differ-
ent degrees of EGF-induced autophosphorylation in the pres-
ence of y-32P-ATP (immune complex kinase assay). A: Control
mab, not EGFR-specific. B: Mab 3-162, defined by an extracellu-
lar SDS-insensitive EGFR epitope, +EGF. C: Mab 1-353, de-
fined by a cytoplasmic SDS-insensitive EGFR epitope, +EGF. D:
Mab 1-594, defined by a cytoplasmic SDS-insensitive EGFR
epitope, +EGF. E: Mab 5-125, defined by an extracellular SDS-
sensitive EGFR epitope, +EGF. b,c,d,e: immune detection of
B—E using anti-EGFR mab and then antimouse IgG-H/L chain
antiserum. Reference molecular masses are given as kDa.
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Fig. 5. Autoradiography of the electrophoretic pattern of EGFR
autophosphorylation in 32P-orthophosphate-labeled A431 cells
induced by 45-min treatment of cells with 38 (B) and 77 (C)
ng/ml EGF or with 5 (D}, 50 (E), 150 (F), and 300 (G) pg/m!
anti-EGFR mab 5-D43. Controls were performed with labeled
cells without any induction (A). EGFR was precipitated from the
cell lysates by antiphosphotyrosine mab 3-365-10 immobilized
on protein A-Sepharose beads, followed by SDS-PAGE.

EGFR and phosphotyrosine proteins were iso-
lated by immunoprecipitation in separate sets of
experiments. For phosphotyrosine-specific pre-
cipitation, mab 3-365-10 (Fig. 7B,D). and for
EGFR-specific precipitation mab 3-162 (Fig.
7A,C), an antibody that had no effect on EGF
binding and kinase activity, defined by an extra-
cellular SDS-insensitive EGFR epitope, was
used. After preincubation with the blocking mab
1-594 (Fig. 7A,B), the phosphorylation pattern
of the precipitate obtained with anti-EGFR 3-162
showed strongly reduced 32P incorporation into
EGFR compared with 3?P incorporation in the
absence of mab 1-594 (Fig. 7C,D). The weak
phosphorylation observed in the EGFR-specific
precipitate (Fig. 7A) predominantly resulted
from non-EGFR-mediated Ser/Thr phosphory-
lation since in the phosphotyrosine-specific pre-
cipitate only a trace band of labeled EGFR could
be detected (Fig. 7B). Blocking of the EGFR
kinase site also completely abolished tyrosine
phosphorylation of other cellular proteins (Fig.
7B). Preincubation of A431 cell lysates in the
absence of the blocking mab 1-594 yielded strong
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Fig. 6. Electrophoretic patterns of anti EGFR immune com-
plexes obtained with anti-EGFR mab 3-162 (A—C) or mab 5-D43
(D) immobilized on Sepharose beads. Washed immune com-
plexes were treated with 10 wmoles/ml ATP (A-D) and 1 pg/ml
EGF (C) or 300 ng/mi mab 5-D43 (B) for 10 min at 37°C. The
electrophoretic pattern was visualized with anti phosphotyro-
sine mab 3-365-10, using the “‘enhanced chemiluminescence”
(ECL) detection system (Amersham International plc.), which
uses antimouse immunoglobulin H and L chain antiserum.

phosphotyrosine-specific phosphorylation of
EGFR and of five major cellular proteins with
molecular masses of 145, 97, 85, 37, and 32 kDa
(Fig. 7D). In addition, minor proteins with phos-
phorylated tyrosine residues were frequently de-
tectable in these immunoprecipitates having mo-
lecular masses of 72, 54, 45, and 42 kDa (Fig. 7D).

DISCUSSION

The use of highly purified native EGFR as an
immunizing antigen yielded several anti-EGFR
monoclonal antibodies with conformational spec-
ificity. The epitope characteristics of the anti-
EGFR antibodies used in the study described in
this paper are listed in Table I1I. Since the immu-
nizing EGFR sample was isolated in its tyrosine-
phosphorylated form [Steinhilber et al., 1990],
the conformational specificity of these mab is
confined to the conformation of the activated
EGFR molecule. One of these antibodies, mab
5-D43, characterized in our present investiga-
tions, showed an exceptional capability to in-
duce most details of EGF-like signal transduc-
tion. Mab 5-D43 is defined by a site of the
extracellular domain of EGFR but does not block
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Fig. 7. Autoradiography of electrophoretic patterns of immu-
noprecipitates prepared from pretreated A431 cell lysates with
anti-EGFR mab 3-162 (A,C) or antiphosphotyrosine mab
3-365-10 (B,D). Prior to precipitation, A431 cell lysates were
preincubated with (A,B) or without (C,D) kinase-blocking mab
1-594 for 4 h, followed by addition of EGF (300 ng/ml) and
phosphorylation with y-32P-ATP at room temperature for 30
min. Reference molecular masses are given as kDa.

EGF binding. Upon binding to viable untreated
A431 cells, the mab 5-D43/EGFR complex is
readily internalized in full analogy to the EGF
ligand/receptor complex formation. However, in-
ternalization is not a prerequisite for mab 5-D43-
induced activation of the EGFR kinase site and
subsequent autophosphorylation, since mab
5-D43-induced activation of the EGFR kinase
site also occurred in specific EGFR immune
complexes with the antibody immobilized on
protein A-Sepharose beads indicating that this
activation is an intramolecular process. This
finding is in agreement with the observation of
kinase-active/internalization-defective EGFR in
transformed cells [Chen et al., 1989]. The mech-
anism of this type of activation of the EGFR
kinase site must be based on the alteration of
distinct structural criteria enforced by the pre-
defined specificity of mab 5-D43, implying a
transmembrane conformational shift, shifting
the conformation of the inactive kinase site to
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TABLE II. Properties of the Anti-EGFR-Antibodies Used in This Study

Blocking Activation - ]
Sublass  SDS-Sensitive of EGF of tyrosine In vitro growth of A431
mab IgG epitope? binding  Internalization  kinasesite  Inhibition  Proliferation
3-162 1x - - - - — -
1-241 2Ak - - - - — -
1-594 1k - - - — — -
5-D43 1k + - + + _ +
5-125 1k + + —(+) - + -

aAll mab recognize protein epitopes.

the active state. This mechanism might also
apply to EGF-induced activation of the EGFR
kinase site, at least in cells with kinase-active
but internalization-defective EGFR. Moreover,
binding of mab 5-D43 to EGFR of intact cells
inducing an increase of the proliferation rate of
cells in vitro in spite of internalization, is not
necessarily in contradiction to the hypothesis
that ligand-induced internalization serves to ter-
minate or attenuate the mitotic signal [Chen et
al., 1989]. An antibody-mediated acceleration of
tumor growth in vivo and enhancement of auto-
phosphorylation in the immune complex kinase
assay was also reported for a monoclonal anti-
body against the ERBB2 gene product [Stancov-
ski et al., 1991].

According to our data, signal transduction by
a conformational shift activating the EGFR ki-
nase site appeared to be restricted to at most
two different conformational sites of the extra-
cellular EGFR domain: one site is defined by
mab 5-D43 and the other by the site of EGF-
binding. However, the conformational epitope of
EGF-binding was not affected by binding of mab
5-125, which blocks subsequent EGF binding, as
well as both sites were not affected by all the
other extracellularly binding anti-EGFR mab
characterized by us.

Our data do not support the assumption that
ligand-induced activation of the EGFR kinase
domain is mediated by receptor dimerization or
oligomerization [Schlessinger, 1988; Williams,
19891, which appears to be initiated by ligand
binding and a subsequent conformational alter-
ation of the extracellular EGFR domain. On the
other hand, our data do not exclude in situ
requirement of dimerization for EGFR activa-
tion. Since we could show that the signal for
activation of the EGFR kinase site was also
transduced in immobilized EGFR immune com-
plexes, i.e., immobilized EGFR, when treated
with EGF or anti-EGFR mab 5-D43, multiple

pathways of signal transduction have to be as-
sumed.

Mab 5-125-induced blocking of EGF binding
consequently resulted in blocking of EGF-in-
duced autophosphorylation of EGFR and in inhi-
bition of cell proliferation in vitro and tumor
growth in vivo. Similar blocking effects were
described for monoclonal antibodies No. 425
[Murthy et al., 1987], defined by a conformation-
dependent epitope common to both high- and
low-affinity EGFR, mab 528 [Kawamoto et al.,
1983; Wu et al., 1989], mab LA 22, LA 58, and
LA 80 [Wu et al., 1989] essentially defined by a
sequence of 14 amino acids from Ala 351 to Asp
364 of the mature human EGFR and mab 96,
108 [Lax et al., 1989] both binding to epitopes
also located in domain III of human EGFR.
However, inhibition of tumor growth by our
mab 1-241, defined by an SDS-insensitive extra-
cellular EGFR epitope, is not well understood.
This mab did neither block EGF binding nor
EGF-induced autophosphorylation. The critical
point of this phenomenon may be seen in its
IgG2a isotype which was reported to specifically
inhibit growth of human tumors in nude mice
via IgG2a-dependent macrophage-mediated cy-
totoxicity whereas all antitumor antibodies be-
longing to the other immunoglobulin classes
(IgG1, IgG2b, IgG3, IgM, and IgA) showed no
inhibition of tumor growth [Herlyn and Ko-
prowski, 1982]. This mechanism might also ap-
ply to tumor-inhibiting effects of some other
anti-EGFR mab of the IgG2a isotype reported
by other groups [Masui et al., 1984; Masui et al.,
1986; Rodeck et al., 1987; Aboud-Pirak et al.,
1988]. In case of our IgG2a-isotype anti-EGFR
mab 1-241, it is still open as to why part of the
animals remained tumor free and another part
died in spite of only very small tumors.

Mab 1-594 that blocks the kinase site of EGFR
opened up the possibility to obtain information
on cellular substrates of EGFR by comparing
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EGF-induced phosphorylation of cell lysates in
the presence and absence of the blocking anti-
body. A variety of tyrosine-phosphorylated com-
ponents could be correlated with the EGF-
induced EGFR-mediated reaction comprising the
already known substrates phospholipase C-y
[Margolis et al., 1989; Meisenhelder et al., 1989;
Wabhl et al., 1990; Nishibe et al., 1990; Kim et al.,
1990] and MAP-kinase [Rossomando et al., 1989;
L’Allemain et al., 1991]. However, our data are
the result of a 30-min phosphorylation reaction
and are hampered by the possibility that during
this time rapid desensitization of the kinase
activity [Countaway et al., 1992] or dephosphor-
ylation might have occurred. Therefore, the in-
vestigation of phosphorylation kinetics are a
goal for further studies.
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