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ABSTRACT Amplification and overexpression of the
erbB-2/neu protooncogene are frequently associated with
aggressive clinical course of certain human adenocarcinomas,
and therefore the encoded surface glycoprotein is considered
a candidate target for inmunotherapy. We previously gener-
ated a series of anti-ErbB-2 monoclonal antibodies (mAbs)
that either accelerate or inhibit the tumorigenic growth of
erbB-2-transformed murine fibroblasts. The present study
extended this observation to a human tumor cell line grown as
xenografts in athymic mice and addressed the biochemical
differences between the two classes of mAbs. We show that the
inhibitory effect is dominant in an antibody mixture, and it
depends on antibody bivalency. By using radiolabeled mAbs
we found that all of three tumor-inhibitory mAbs became
rapidly inaccessible to acid treatment when incubated with
tumor cells. However, a tumor-stimulatory mAb remained
accessible to extracellular treatments, indicating that it did
not undergo endocytosis. In addition, intracellular fragments
of the inhibitory mAbs, but not of the stimulatory mAb, were
observed. Electron microscopy of colloidal gold-antibody
conjugates confirmed the absence of endocytosis of the stim-
ulatory mAb but detected endocytic vesicles containing an
inhibitory mAb. We conclude that acceleration of cell growth
by ErbB-2 correlates with cell surface localization, whereas
inhibition of tumor growth is associated with an intrinsic
ability of anti-ErbB-2 mAbs to induce endocytosis. These
conclusions are relevant to the selection of optimal mAbs for
immunotherapy and may have implications for the mechanism
of cellular transformation by an overexpressed erbB-2 gene.

The ErbB-2 protein (also called Neu and HER-2) belongs to
a subgroup of receptor tyrosine kinases (1) whose prototype is
the epidermal growth factor (EGF) receptor. However, unlike
the EGF receptor, which binds many known ligands, no direct
ligand of ErbB-2 has been reported. Nevertheless, both EGF
and a series of isoforms of Neu differentiation factor (NDF or
heregulin) can transmodulate ErbB-2 through receptor het-
erodimerization (2-4). ErbB-2 attracted extensive research
efforts because of its role in malignant transformation. While
a point mutated version of the rodent protein is highly
oncogenic (5), overexpression of the wild-type version of the
human homolog is sufficient to drive transformation of murine
fibroblasts (6, 7). These observations are relevant to human
cancer because amplification and/or overexpression of the
erbB-2 gene have been observed in 20-30% of adenocarcino-
mas of the breast, ovary, lung, and stomach (reviewed in ref.
8). Moreover, overexpression has been linked to poor prog-
nosis in breast (9) and ovarian (10) cancer.

The relatively high oncogenic action of human ErbB-2, as
compared with the homologous EGF receptor, has been
attributed to a single substitution of an amino acid in the
cytoplasmic part of the protein; this substitution results in
profound activation of the intrinsic protein-tyrosine kinase
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activity (11). Despite the lack of understanding how this affects
tumor development, the wealth of evidence implicating ErbB-2
in cancer and the cell surface localization of this oncogenic
receptor made it an excellent target for inmunotherapy. The
first monoclonal antibody (mAb) to Neu/ErbB-2 was directed
to the rodent homolog and was shown to inhibit growth of
neu-transformed cells both in vivo and in vitro (12, 13). This was
followed by several studies that described mAbs to the human
homolog with potent inhibitory activity toward transformed
cells expressing ErbB-2 (14-17).

We previously described a series of anti-ErbB-2 mAbs that
either inhibited or accelerated the tumorigenic growth of
erbB-2-overexpressing murine cells in athymic mice (17).
Whereas the stimulatory action was correlated with the ability
of a mAb to activate the intrinsic catalytic function of ErbB-2,
the tumor-inhibitory effects of certain mAbs may be related to
their ability to induce differentiation and growth arrest of
certain cultured mammary tumor cells (18). In the present
study we extended the observation of opposing growth-
regulatory effects to a human tumor cell line that overex-
presses erbB-2 and analyzed the cellular basis of the differential
cellular effects. We report that a tumor-stimulatory mAb is
unique among other antibodies in its ability to remain at the
cell surface with minimal endocytosis and degradation. On the
other hand, the tumor-inhibitory potential correlates, to some
extent, with the kinetics of cellular uptake of antibodies.

MATERIALS AND METHODS

Cells. The N87 human gastric tumor cell line has been
described (19). The 3T3/ErbB-2 cell line has been established
by selection for erbB-2 overexpression (6).

In Vivo Assay of Antitumor Effects. Cultured cells (0.2-1 X 107
per mouse) were injected subcutaneously into the back of
female CD1 mice (nude, 7-10 weeks old). Four to 6 days later,
groups of six to eight mice received antibodies by either
intraperitoneal or intravenous injection. The mAbs were ad-
ministered twice a week.

Antibodies. mAbs were purified from ascites fluid by am-
monium sulfate precipitation followed by affinity chromatog-
raphy on a column of immobilized protein A. F(ab’), dimers
were prepared from mAb N12 by the standard pepsin digestion
procedure. F(ab") was prepared from F(ab’), by reduction for
1 hr at 22°C with 5 mM dithiothreitol (Sigma) and alkylation
with 50 mM iodoacetic acid in Tris/HCI buffer at pH 8.2 for
30 min at 22°C. Rabbit anti-mouse F(ab’), was obtained from
Jackson ImmunoResearch.

Radiolabeling of Antibodies. Radiochemicals were pur-
chased from Amersham. For radiolabeling with 12, we used
Na!®[ [0.5 mCi (18.5 MBq)] and the chloramine-T method
(20). The range of specific activity of labeled mAbs was 1-2
uCi/ug of protein. For biosynthetic labeling of mAbs, hybrid-
oma cells (9 X 10%) were incubated in 8 ml of methionine-free
Dulbecco’s modified Eagle’s medium that was supplemented

Abbreviations: EGF, epidermal growth factor; mAb, monoclonal
antibody.
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with 10% dialyzed horse serum and 1.125 mCi of [33S]methi-
onine. After 20 hr at 37°C, the growth medium containing the
secreted labeled antibody was dialyzed extensively against
phosphate-buffered saline (10 mM sodium phosphate 0.14 M
NaCl, pH 7.2) and the mAb was purified by affinity chroma-
tography on a protein A column. The specific activity of
biosynthetic labeling was in the range of 0.03-0.05 uCi/ug of
antibody.

Internalization of Antibodies. To release cell-bound mAbs,
we used either washing with a low-pH solution (21, 22) or
proteolysis of surface-exposed molecules. The acidic wash was
performed at 4°C by incubation with 50 mM glycine buffer (pH
2.8) containing 0.1 M NaCl or with 0.1 M acetic acid (pH 2.8)
containing 0.15 M NaCl. Each acid wash was repeated twice
for 10 min. Alternatively, papain (Sigma) was used at 2.5
mg/ml in RPMI 1640 medium that was adjusted to pH 2.5 (23).
The analysis of internalized 1%5I-labeled antibodies was fol-
lowed by PAGE under nonreducing conditions essentially as
described (24). Prior to the experiment, cells (1-5 X 10°) were
plated in 3.5-cm-diameter dishes for 24—48 hr and 1?%I-labeled
antibodies (6 X 10° cpm per plate) were added. In some
experiments a chase was performed with an excess of unla-
beled antibody (50 pg/ml).

Electron Microscopy. Colloidal gold (10 nm; Zymed) was
conjugated to mAbs N12 and N28, as well as to control
antibodies, according to a published protocol (25). The gold-
conjugated antibodies were incubated with N87 cells in 6-cm
Petri plates for 30 min at 4°C on a shaker. Binding was
terminated by washing and further incubation for 30 min at
4°C, followed by 10 min at 22°C. The latter incubation was
aimed to simulate the trypsin-mediated detachment treatment.
The labeled cells were then fixed with 2% glutaraldehyde
(electron microscopy grade) in phosphate-buffered saline at
pH 7.2. Thin-section micrographs were prepared and exam-
ined at 80 kV on a Phillips 410 microscope.

RESULTS

Effects of mAbs and Their Fragments on Tumorigenic
Growth of Cells Overexpressing erbB-2. In accordance with
our previous report (17), repeated injections of mAbs N12 and
N29 into athymic mice that were inoculated with erbB-2-
transformed murine fibroblasts inhibited their tumorigenic
growth, whereas mAb N28 increased the rate of tumor growth
(Fig. 14). A combination of the inhibitory antibody N29 and
the stimulatory antibody exerted an inhibitory effect. In ad-
dition, a bivalent dimer, F(ab'),, of N12 retained part of the
inhibitory effect (Fig. 14). By contrast, a monovalent F(ab')
fragment of the other inhibitory mAb, N29, completely lost the
tumor-inhibitory activity (data not shown). The N87 human
cell line was originally cultured from a liver metastasis (19),
and it developed subcutaneous tumors upon injection into
mice (16). In this model cellular system, mAb N12 was the most
effective inhibitor of tumor development (Fig. 1B), and its
effect persisted for at least 5 months after the last antibody
injection (data not shown). Similar to its effect on erbB-2-
overexpressing 3T3 cells, mAb N28 accelerated the rate of
growth of N87 cells (Fig. 1B). Likewise, the combination of
mAb N12 with mAb N28 did not alter the inhibitory capacity
of the first mAb (Fig. 1B), whereas the F(ab'), fragment of
N12 retarded tumor growth less efficiently than the intact
antibody (Fig. 1C). On the basis of the results presented in Fig.
1, we concluded that various mAbs to ErbB-2 can exert distinct
biological effects that are independent of cell type and that the
inhibitory activity is dominant over the stimulatory action but
requires antibody bivalency.

Internalization Kinetics of Anti-ErbB-2 mAbs. To address
the possibility that the opposing growth-regulatory effects of
anti-ErbB-2 mAbs correlate with their metabolism by target
cells, we used antibodies metabolically labeled with [33S]me-
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FiG. 1. Inhibition of tumor growth by intact antibodies, their
fragments, and a combination of antibodies. (4) Athymic mice re-
ceived a subcutaneous injection of 3 X 10° 3T3/ErbB-2 cells. The
indicated antibodies, or combinations of them, were injected intra-
peritoneally after 4, 7, and 11 days, and tumor volumes were measured
36 days later. Mice injected with phosphate-buffered saline (PBS) were
used for control. The results obtained were significant (P < 0.01) by
analysis of variance. Bars represent standard errors. (B) N87 human
gastric carcinoma cells (5 X 10°) were injected subcutaneously into
athymic mice, and mAbs were injected intraperitoneally 6, 9, 12, and
15 days later at a total dose of 2 mg per mouse. The antibodies used
were N12 (@, partly hidden by squares), N28 (a), and a mixture of both
mAbs (3J). Control animals were injected with PBS (O). (C) Mice were
injected subcutaneously with 107 N87 cells and mAbs were injected
intravenously 4, 7, 12, and 15 days later at a total dose of 1.8 mg per
mouse. The data presented were analyzed statistically and yielded P
values <0.05. The antibodies used were N12 (®) and F(ab’); of N12
(). Control mice were injected with PBS (O). Each group included six
to eight mice.

thionine and analyzed their capacity to undergo internalization
into N87 human tumor cells. To remove cell-bound mAbs we
washed the monolayers under acidic conditions that facilitate
ligand dissociation. The results of this experiment are pre-
sented in Table 1. Evidently, the tumor-inhibitory mAb N12
underwent rapid uptake into N87 cells, whereas the tumor-
stimulatory mAb N28 remained mostly attached to the outer
side of the plasma membrane. The partially tumor-inhibitory
mAbs N24 and N29 underwent slower cellular uptake than
mAb N12, and their cellular accumulation decreased upon
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Table 1. Cellular uptake of [3*S]methionine-labeled mAbs
to ErbB-2

Intracellular radioactivity, %
(mean * range)

Time,

min N12 N24 N29 N28
20 32+1 742 35+2 14+1
75 873 68 +1 63+2 211
150 83+2 49 +3 63+1 22+2
300 801 42+ 4 31+1 312

[33S]Methionine-labeled mAbs were incubated with N87 cells at
37°C for various times. The fractions of endocytosed antibodies were
determined by removal of the surface-bound antibody with an acidic
solution. Radioactivity (cpm) obtained with an unrelated antibody that
does not bind to N87 cells was subtracted from the corresponding
radioactivity of anti-ErbB-2 antibodies for each cellular fraction. The
assay was performed in duplicate and the ranges are indicated.

long incubation. In experiments that are not presented, the
extracellular radioactivity and the exocytosed antibody were
analyzed after precipitation with 20% (wt/vol) trichloroacetic
acid. This analysis showed that 80-90% of the radioactively
labeled molecules in this fraction was acid-precipitable, indi-
cating that secretion of proteolyzed antibodies was limited. To
confirm the differences between the antibodies, we used an
alternative assay in which radiolabeled antibodies were incu-
bated with N87 cell for 20 min at 4°C, unbound antibody was
removed, and incubation was then continued for 20 min at
37°C. At the end of the experiment the medium was collected
and its radioactivity was determined, whereas cell-associated
radioactivity was fractionated into membrane-bound and in-
tracellular antibody. Quantitative analysis of the results of four
experiments showed that 64-76% of the cell-associated mAb
N12 was inaccessible to membrane stripping, compared with
only 8-10% of mAb N28. Upon longer incubation (2 hr) at
37°C, the tumor-inhibitory antibodies showed no major change
in the distribution of radioactivity (Fig. 2). However, mAb N28
exhibited a moderate increase in the amount of internalized
antibody and mAbs N24 and N29 showed a distribution similar
to that of mAb N12.

Analysis of Cell-Associated Antibodies by Gel Electrophore-
sis. We next compared the extent of metabolism of the
tumor-inhibitory and tumor-stimulatory antibodies by using
gel electrophoresis and mAb molecules that were radiolabeled
with 1251 The radiolabeled antibodies were incubated with N87
cells for 20 min at 4°C, and then the radioactive molecules were
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FiG. 2. Subcellular fractionation of radiolabeled antibodies to
ErbB-2. The indicated 125I-labeled mAbs were incubated for 20 min at
4°C with N87 gastric carcinoma cells. Unbound antibody was then
removed by washing and the cells were further incubated for 2 hr at
37°C. Radioactivity released into the medium (Medium) was collected
and the surface-bound antibody was dissociated by an acidic wash
(Surface). Cells were detached with trypsin and their radioactivity was
determined (Intracellular). Histograms show radioactivity in each cell
fraction as a percentage of cell-associated radioactivity. Bars represent
ranges of duplicate determinations.
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FiG. 3. SDS/PAGE analysis of radiolabeled anti-ErbB-2 mAbs in
subcellular fractions. (4) The indicated 25I-labeled mAbs were incu-
bated for 20 min at 4°C with N87 cells and unbound radioactivity was
removed by washing. The cells were then incubated for 90 min at 4°C
in medium that contained unlabeled antibody (50 png/ml). Finally, the
cells were detached at room temperature by incubating them for 20
min in trypsin/EDTA solution. The exocytosed (Medium), mem-
brane-bound (Acid), or intracellular antibodies (Cells) were resolved
by SDS/PAGE under nonreducing conditions. For control, the labeled
antibodies were analyzed before incubation with the cells (Original).
(B) Internalized fractions of cells treated with mAb N24 or N12 were
analyzed after a 2-hr incubation at either 4°C or 37°C, as indicated.
Locations of marker proteins and the corresponding molecular masses
(kDa) are indicated.

— 200

—116.5

replaced with unlabeled antibodies and incubation was con-
tinued for 90 min at either 4°C (Fig. 34) or 35°C (Fig. 3B).
SDS/PAGE analysis of the surface-bound and the spontane-
ously released fractions revealed that both antibodies dis-
played mostly intact forms in these fractions (Fig. 3). By
contrast, multiple proteolytic products were observed when
the internalized fraction of mAb N12 was analyzed, but no
endocytosed mAb N28 was detectable in cell lysates (Fig. 34).
Similar analysis of an endocytosed fraction of mAb N24
revealed that it, like N12, underwent uptake and degradation
that were enhanced at an elevated temperature (Fig. 3B). In
conclusion, N87 cells were able to endocytose both mAb N12
and mAb N24, but mAb N28 underwent minimal endocytosis
and proteolysis.

Electron Microscopic Analysis of the Cellular Uptake of
Anti-ErbB-2 mAbs. Our biochemical analyses, which were
performed with 125I-labeled and [*3S]methionine-labeled an-
tibodies, indicated lack of endocytosis and proteolytic degra-
dation of the tumor-stimulatory mAb N28 but rapid endocy-
tosis of the tumor-inhibitory mAb N12. To confirm this
difference by ultrastructural analysis, we prepared colloidal
gold conjugates of the two mAbs and analyzed their interaction
with N87 cells by using electron microscopy (Fig. 4). While
short incubation of N87 cells with mAb N12 resulted in the
appearance of colloidal gold particles in peripheral large
vesicles and tubular structures, only few particles of mAb N28



3356 Immunology: Hurwitz et al

Proc. Natl. Acad. Sci. USA 92 (1995)

FiG. 4. Electron microscopy of colloidal gold-labeled antibodies to ErbB-2 after incubation with N87 cells. Colloidal gold-conjugated mAbs (10
nM) N28 (Left) and N12 (Right) were incubated for 30 min at 4°C with N87 human gastric carcinoma cells. The unbound antibody was removed
and the cells were further incubated for 10 min at 22°C. Thin-section micrographs were prepared after cell fixation in 2% glutaraldehyde. (x21,500.)

conjugates penetrated into the cytoplasm. Quantitatively,
mAb N28 was localized mostly to the extracellular side of the
cell membrane (74% of the gold grains), whereas the majority
of cell-bound mAb N12 (83%) was confined to the cytoplasm
(83%). 1t is, therefore, conceivable that the observed accu-
mulation of mAb N12 in submembrane vesicles rendered this
inhibitory antibody inaccessible to removal by acid or by
proteolytic enzymes.

DISCUSSION

As more mAbs to ErbB-2 are generated and their interactions
with erbB-2-expressing cells are characterized, it becomes clear
that differences exist between the intrinsic actions of various
antibodies (14-18, 21, 26, 27). Understanding the molecular
bases of the differential intrinsic activities of antibodies to
ErbB-2 is important for rational selection of specific mAbs for
immunotherapy and subsequent improvement of their efficacy
by protein engineering, humanization, and conjugation to
drugs, toxins, and radioactive isotopes. In addition, because
the direct natural ligand of ErbB-2 is still unknown (28),
lessons learned with various mAbs may be relevant to the
~ mechanism by which ErbB-2 contributes to malignant trans-
formation. The present study took advantage of the opposing
effects of two mAbs on tumorigenic growth in vivo. It was first
demonstrated that remarkably different activities were dis-
played by the two mAbs when either erbB-2-transfected murine
cells or erbB-2-overexpressing human tumor cells were exam-
ined (Fig. 1). By using radiolabeled mAbs, cellular fraction-
ation analyses (Table 1, Fig. 2, and Fig. 3), and electron
microscopy (Fig. 4), we demonstrated that one clear difference
between the tumor-stimulatory mAb N28 and the tumor-
inhibitory mAb N12 was the ability of the latter to undergo
rapid cellular uptake. Two additional mAbs that displayed
partial tumor-inhibitory effects in vivo, N24 and N29 (17), also
underwent endocytosis. However, the rates of uptake of these
mAbs and the amount of internalized molecules were low in
comparison with N12. Although correlative, these results
support the possibility that antibody-mediated internalization
of ErbB-2 causes a reduction in the ability of the receptor to
maintain a transformed phenotype. A similar conclusion was
drawn from experiments with antibodies to an oncogenic
mutant of the rodent Neu/ErbB-2—namely, that removal of
the oncoprotein from the cell surface inhibited tumor growth
(29). Likewise, a combination of two mAbs to human ErbB-2
has been shown to be more efficient than each mAb alone in
the induction of tumor regression, as well as in accelerating
receptor degradation (16).

mAbs to ErbB-2 appear to share their route of endocytosis
with ordinary ligands of growth factor receptors (for review
see ref. 30). Initially, the receptor is diffusely distributed on the
cell surface and is mostly excluded from endocytic pits (31).
Upon binding of certain mAbs, ErbB-2 follows the internal-
ization pathway used by antibodies to transferrin and other
receptors (31), and is destined to endosomes and multivesicu-
lar bodies. Our results indicate that three tumor-inhibitory
mAbs to ErbB-2 follow this pathway, whereas a tumor-
stimulatory mAb is excluded from or inefficiently destined to
this pathway. Because this mAb acts better than other anti-
bodies as an agonist of tyrosine autophosphorylation (17), it is
worthwhile to examine the connection between endocytosis
and kinase activation. Experiments that made use of various
mutants of ErbB-2 led to the conclusion that neither auto-
phosphorylation sites nor tyrosine kinase activity are required
for antibody-mediated endocytosis of ErbB-2 (32). Moreover,
two groups reported on mAbs to ErbB-2 that stimulate
tyrosine autophosphorylation of the receptor, undergo inter-
nalization, and exert growth-inhibitory effects (14, 32). Be-
cause the kinetics of internalization of these antibodies were
not compared with those of other mAbs, we cannot relate
endocytosis to growth inhibition, but it is safe to conclude that
the agonist activity of anti-ErbB-2 mAbs is not necessarily
coupled to growth effects.

On the basis of our results and other considerations we favor
the following model of ErbB-2 involvement in malignant
transformation. Due to gene amplification and overexpression,
spontaneous dimers of ErbB-2 are frequently formed at the
cell surface and a concomitant growth-promoting signal is
generated. This can be amplified by an agonist mAb that
activates the catalytic function without inducing significant
endocytosis. Because ErbB-2 utilizes the Ras—Raf-1 pathway
(33), whose substrates are localized to the plasma membrane
(34), antibody-induced removal of the active kinase from the
plasma membrane and destination of ErbB-2 to the endocytic
pathway result in cessation of growth promotion. According to
this model, a default mechanism that involves phenotypic
cellular differentiation may be induced in certain mammary
cells upon antibody- or ligand-induced translocation of ErbB-2
from the plasma membrane (18, 35). In agreement with an
oncogenic function of a surface-localized receptor, an inter-
nalization-defective EGF receptor is more oncogenic than the
wild-type receptor (36), and cytoplasmic localization of
ErbB-2 in breast cancer tumors was linked to better prognosis
in comparison with tumors that displayed membranous im-
munostaining (37). The validity of the proposed model may be
tested by using a larger battery of mAbs to ErbB-2 and by
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examination of mutant receptors that undergo no endocytosis.
If confirmed, the internalization kinetics of anti-ErbB-2 mAbs
may turn out to be a useful predictor of their clinical potential.
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