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The ErbB2 receptor tyrosine kinase (RTK) plays an
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Two internalizing monovalent single chain antibody
ragments (scFv), C6.5 and F5, that recognize distinct
rbB2 extracellular domain (ECD) epitopes, and their
ivalent forms dbC6.5 and F5(scFv*)2, were compared to
he growth-inhibiting anti-ErbB2 antibody Herceptin/
rastuzumab, in either its bivalent (Her) or monovalent
4D5Fab*) form, for their abilities to induce biological
esponses in the ErbB2-overexpressing breast cancer
ells, SkBr-3. Assays compared internalization by
eceptor-mediated endocytosis, effects on cell cycling
nd culture growth, and interference with intracellular
APK and PI3K signaling pathways. We found no cor-

elation between ErbB2 epitope affinity or valency on
egree of antibody-induced endocytosis, since all the
cFv were able to internalize better than Her. Unlike
er, neither the monovalent or bivalent forms of the

nternalizing scFv had any sustained effect on cell
rowth. Basal levels of MAPK and PI3K signaling in
kBr-3 cells were not inhibited by up to 8 h scFv treat-
ent, while decreased MAPK and PI3K signals were
oted within 8 h of Her treatment. In summary,
ntibody-induced ErbB2-mediated endocytosis is not a
urrogate marker for resultant biological response, as it
hows no correlation with cell cycle, culture prolifera-
ion, or intracellular kinase signal induction by internal-
zing antibodies. Thus, the enhanced endocytotic prop-
rty of scFv like C6.6 and F5 in conjunction with their
bsence of any growth or signaling impact on ErbB2-
verexpressing cells favors their choice as ErbB2 target-
ng moieties for intracellular delivery of novel cancer
herapeutics. © 2001 Academic Press
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mportant role in normal organ development as well as
n human tumorigenesis, where it is found amplified
nd/or overexpressed in 20–30% of breast, ovarian and
ladder adenocarcinomas and is associated with poor
atient prognosis (1, 2). It is one of four ErbB2 family
embers constituting the Type I RTKs and, although

t remains an orphan receptor, ErbB2 is the preferen-
ial binding partner of all ErbB receptors (3, 4). Given
hat ErbB2 is accessible at the cell membrane, modu-
ates intracellular ErbB signaling, and is implicated in
umor progression, ErbB2 represents a promising tar-
et for antibody-mediated cancer therapy (2). A num-
er of antibodies raised against the extracellular do-
ain (ECD) of ErbB2 have led to differing responses
hen used to treat ErbB2-overexpressing cancer cells

5, 6). Exposure of such cells to the murine anti-ErbB2
onoclonal antibody (MoAb) 4D5 has been shown to

nhibit breast cancer cell proliferation both in vitro and
n vivo, and the humanized version of this MoAb,
erceptin/trastuzumab, recently received FDA ap-
roval for the treatment of advanced ErbB2-
verexpressing breast cancers (2). As a result, there
re now an ever increasing variety of antibody-based
nti-ErbB2 therapeutics under clinical development
7).

At least two mechanisms have been identified for the
irect tumoristatic effect of anti-ErbB2 antibodies like
rastuzumab (2): receptor-mediated endocytosis with
ownmodulation of ErbB2 receptor levels, and disrup-
ion of ErbB2 heterodimers with inhibition of signaling
y these ErbB receptor complexes. Single chain vari-
ble region antibody fragments (scFv) directed intra-
ellularly against the ErbB2 receptor have also been
hown to downmodulate receptor levels, inhibit recep-
or signaling, and induce cell cycle arrest in breast
ancer cell lines overexpressing ErbB2 (8). More re-
ently, extracellularly administered scFv selected from
hage display libraries on the basis of their ability to



bind and internalize the ErbB2 receptor have been
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eveloped as targeting moieties for newer generations
f antibody-based anti-ErbB2 therapeutics (9–11).
owever, the cellular consequences following exposure

o ErbB2 ECD-targeted scFv remain undefined despite
heir potential influences on the clinical efficacy or
oxicity of scFv-based therapeutics. Thus, here we have
ompared the effects of both monovalent and bivalent
orms of newly engineered ErbB2 ECD-targeted scFv
n receptor-mediated endocytosis, intracellular kinase
ignaling, cell cycling and proliferation following treat-
ent of a cultured human breast cancer line, SkBr-3,

nown to represent ErbB2-overexpressing breast can-
ers and respond in vitro to the cytostatic effects of
erceptin/trastuzumab.

ATERIALS AND METHODS

Monovalent and bivalent anti-ErbB2 scFv, and control anti-ErbB2
ntibodies. Bacterial expression, purification, and characterization
f the phage-selected anti-ErbB2 scFv, C6.5 and F5, has been de-
cribed previously (9–13). In addition, bivalent F5(scFv9)2 and the
iabody form of C6.5 (14), dbC6.5, were similarly produced with the
ollowing modifications: bivalent C6.5 diabody was generated by
hortening the linker region that promotes inter- rather than intra-
olecular pairing between VH and VL domains, while bivalent

F5(scFv9)2 was formed by disulphide bridging the free cysteine res-
dues at the VL C-terminus of two F5 scFv molecules. Hereceptin/
rastuzumab or the murine monoclonal, 4D5, and its monovalent
ragment, 4D5Fab9, were commercially obtained or provided (Genen-
ech Inc.) and used as anti-ErbB2 antibody comparison controls. C6.5
cFv, C6.5db, and F5 scFv affinity (Kd values) for ErbB2 was deter-
ined on human SKOV3 cells using flag tagged antibody fragment

s previously reported (15, 16). Competitive epitope mapping was
etermined by surface plasmon resonance in a BIAcore1000 instru-
ent (BIAcore Inc.) using 3000 RU of ErbB2 ECD coupled to a CM5

ensor chip (BIAcore Inc.) under a continuous flow rate of 15 mL/min,
s previously described (15). These assays established that C6.5 and
5 (and their bivalent forms) and 4D5/trastuzumab recognize differ-
nt epitopes within the ErbB2 ECD; furthermore, these scFv did not
nterfere with ErbB2 receptor heterodimerization as evidenced by
he observation that F5 and C6.5 can be co-immunoprecipitated with
eterodimeric complexes of ErbB1 and ErbB2 (data not shown).

Cell culture, growth factor and other antibody reagents. ErbB2-
verexpressing SkBr-3 cells were maintained in Dulbecco’s Modified
agle Medium (DMEM) supplemented with 10% fetal calf serum

FCS). Low ErbB2 expressing MCF-7 cells were maintained in 10%
CS supplemented DME-H-16 medium (with 1 g/L glucose, 10 mg/ml

nsulin). In all experiments 1 3 106 cells were transferred to 10 cm
ishes and left overnight to attach before antibody or growth factor
ere applied. Antibody reagents used in the cellular response assays
ere commercially obtained (New England Biolabs, MA) and in-

luded anti-Akt (PKB), anti-phospho-Akt (Ser 473), anti-phospho-
rk1/Erk2 (p44/42; Thr202/Tyr204), anti-phospho-JNK (Thr183/
yr185). Recombinant heregulinb growth factor (NDF) was also
ommercially obtained (Neomarkers, Fremont, CA).

Antibody internalization assay. The antibodies were labeled with
25I using carrier-free [125I]-NaI (Amersham) (1 mCi/mg of protein)
nd Iodo-Beads kit (Pierce, Rockford, IL) according to the manufac-
urer’s instructions. Radioiodinated antibodies were purified by gel-
ltration on Sephadex G-25. SkBr-3 cells were seeded in 12-well
lates at 1.5 3 105 cells/well and incubated in triplicate with 5 3 106

pm of radioiodinated antibodies in 1 ml of growth media at 37°C for
h. The cells were then rinsed 4 times with Hanks’ balanced salt
275
M NaCl, 0.1 M glycine, pH 2.5). Following acid rinse, the cells were
ysed with 2 ml of 100 mM TEA for 4 min at 4°C. Radioactivities of
he rinses and of the acid-washed cell lysate was determined using
obra 5003 gamma-counter (Packard Instruments). Radioactivity of

he last Hanks’ rinse was used to check for completeness of the
emoval of antibody not associated with the cells. The proportion of
nternalized antibody was determined as the ratio of cell lysate
adioactivity (internalized antibody) to the sum of radioactivities of
he cell lysate (internalized antibody) and acid rinses (surface-bound
ntibody).

Cell extraction and immunoblotting. Cells were lysed in NP40
ysis buffer (50 mM Hepes, pH 7.4, 1% NP40, 150 mM NaCl, 25 mM
-glycerol phosphate, 25 mM NaF, 5 mM EGTA, 1 mM EDTA, 10
g/ml leupeptin and aprotinin, 1 mM PMSF) and cell debris was
elleted at 10,000g for 30 min. Cell extract protein concentrations
ere determined by the method of Bradford, proteins separated on
.5–15% SDS-PAGE gels, blotted onto PVDF and detected by ECL as
reviously described (5a). Immunoblot signal intensities were quan-
ified by image densitometry, with phospho-Erk1/2, phospho-PKB,
nd phospho-JNK signal intensities then normalized by total PKB
ignal intensity, as a measure of protein lane loading.

Cell cycle analysis. Trypsinized cells were resuspended in PI
taining buffer (1 mM sodium citrate, pH 4.0, 1.5 mM NaCl, 5 mM
DTA, 5 mM EGTA, 0.1% NP40, 4 mg/ml propidium iodide, 80 mg/ml
Nase A in PBS), placed on ice for 1 h. Cell cycle analysis was
erformed on a Becton Dickinson FACScan Flow Cytometer as pre-
iously described (5a).

Cell culture growth assays. SkBr-3 cells were seeded 1 3 104/well
n 96-well plates. After incubation with respective antibodies for 3
ays, the number of living cells was estimated using a cell growth
ssay (Promega CellTiter 96 AQ) and relative cell number was de-
ermined spectrophotometrically by crystal violet staining.

ESULTS AND DISCUSSION

ndocytosis and Cell Internalization by Anti-ErbB2
Antibodies Is Independent of Antibody Valency
and ErbB2 Binding Affinity

Receptor-mediated endocytosis and internalization
f a ligand-bound or otherwise activated receptor com-
lex is an immediate cellular response closely linked to
ntracellular signaling (17). Ligand binding can induce
eceptor-mediated endocytosis, as is the case for EGF-
ound EGFR, which then leads to either proteosomal
egradation (receptor downmodulation) or surface re-
ycling of the receptor. Antibodies causing ErbB2 in-
ernalization and downregulation have been associated
ith cytostatic growth inhibition (18, 19); however, due

o the limited number of anti-ErbB2 antibodies stud-
ed, this is not a well defined mechanism (5, 19, 20).
herefore, the monovalent and bivalent scFv were
ested for their ability to internalize by receptor-
ediated endocytosis after administration and binding

o the ErbB2-overexpressing breast cancer cell line,
kBr-3. Hereceptin/trastuzumab (Her) and the mono-
alent Fab9 fragment of the murine monoclonal Her
recursor, 4D5, were used as positive control compar-
sons. As expected, internalization of the bivalent Her

onoclonal exceeded that of the monovalent 4D5Fab9.
urprisingly, despite their lower ErbB2 affinity (Kd)
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onstants, both monovalent and bivalent forms of the
6.5 and F5 scFv internalized 2- to 4-fold better than

he Her monoclonal (Fig. 1). Given the order of magni-
ude Kd differences between these antibodies including
heir monovalent and bivalent forms, it is evident that
he degree of receptor-mediated internalization by
nti-ErbB2 antibodies is not necessarily dependent on
ither antibody Kd or valency, with the monovalent and
ow affinity binding anti-ErbB2 scFv F5 capable of the
ighest level of intracellular uptake. Further analysis

ndicated that while all the scFv could initiate ErbB2
nternalization in SkBr-3 cells, F5 was significantly

ore efficient at ErbB2-mediated internalization than
he next most efficient antibody, C6.5, across all anti-
ody concentrations tested, suggesting that F5 acts
ither as a monovalent ErbB2 ligand or otherwise
timulates ErbB2 endocytosis in an epitope-specific
anner.

ell Cycle and Growth Inhibition Do Not Correlate
with Cell Internalization by Anti-ErbB2 Antibodies

Anti-ErbB2 monoclonals that bind with high affinity
o cellular ErbB2 can have diverse effects on cell cy-
ling and growth of ErbB2-overexpressing cells (5, 18–
1). Treatment with Her or 4D5, as well as other cyto-
tatic anti-ErbB2 monoclonals, has now been shown to

FIG. 1. Receptor-mediated internalization of anti-ErbB2 anti-
odies into SkBr-3 cells. Anti-ErbB2 scFv: monovalent C6.5 and F5,
ivalent dbC6.5 and F5(scFv9)2, in comparison to the anti-ErbB2
ontrol antibodies, Herceptin/trastuzumab (Her) and 4D5Fab9. Af-
nity constants determined on cells (Kd) and by BIAcore for ErbB2
re indicated below the graph. Cells were incubated with 125I-labeled
ntibodies at 37°C for 2 h. The amounts of cell surface-bound and
nternalized antibodies were determined by acid rinse technique,
nd antibody affinity constants (Kd values) for ErbB2 were deter-
ined by flow cytometry on SKOV3 cells as described under Mate-

ials and Methods and have been previously reported (15, 16).
276
rbB2-overexpressing cells in a cyclinE/cdk2-
ependent manner (18, 22). In contrast, other anti-
rbB2 antibodies also known to alter ErbB2 phosphor-
lation can stimulate cellular proliferation (20). Figure
A demonstrates that 4D5 treatment of SkBr-3 cells
roduces an accumulation of cells in the G1 phase of
he cell cycle after 24 h of treatment, consistent with its
nown cytostatic effect (22). In contrast, neither the
6.5 nor F5 monovalent scFv had any significant affect
n the SkBr-3 cell cycle profile relative to untreated
ontrol cells, while the bivalent forms of these scFv
aused an apparent mitogenic cell cycle push reflected
y an increase in the proportion of S-phase cells after
4 h of treatment (Fig. 2A). Growth assays measuring
he antibody responses of these same cells after 3 days
f continuous exposure again confirmed the marked
rowth inhibitory effect of 4D5, but also showed that
either monovalent nor bivalent forms of C6.5 and F5
cFv result in any significant growth altering effects on
rbB2 overepressing cells (Fig. 2B). Thus, the in-
reased number of cells in the S-phase of the cell cycle
bserved by FACS analysis after 24 h treatment with
he bivalent scFv appears as a transient cellular re-
ponse and is not sustained long enough to produce a
ignificant proliferative response. However, this tran-
ient response does suggest that ErbB2-overexpressing
ells react somewhat differently to monovalent vs.
ivalent forms of the same scFv.

nternalizing scFv Do Not Inhibit the Same Cell
Signaling Pathways Affected by Cytostatic
Anti-ErbB2 Monoclonals

Various mitogen activated protein kinase (MAPK,
NK) and phosphatidylinositol 39-kinase (PI3K) sig-
aling pathways have been shown to be involved in
rbB2-mediated transformation (8, 22–24), and these
ame pathways are inhibited by cytostatic anti-ErbB2
onoclonals in ErbB2-overexpressing cells like SkBr-3

18, 22). While low ErbB2 expressing cells like MCF-7
annot be growth inhibited by cytostatic anti-ErbB2
onoclonals like Her, these same antibodies can inter-

upt PI3K and JNK signaling without affecting other
APK pathways (e.g., Erk) when MCF-7 cells are

rowth stimulated by heregulin/neuregulin/neu differ-
ntiation factor (NDF) (24). Thus, we evaluated the
ignaling effects of 30 min and 8 h treatments of
kBr-3 and MCF-7 cells (in the absence or presence of
DF) with monovalent and bivalent scFv, as compared

o a comparable and cytostatic dose of Her. As ex-
ected, none of the antibodies had any detectable effect
n the basal MAPK or PI3K signaling in MCF-7 cells
data not shown). In contrast and as shown in Fig. 3, all
ntibodies had variable degrees of an early (30 min)
nd transient agonist-like effect on basal MAPK sig-
aling, measured by increased levels of phospho-Erk1/
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rk2 and phospho-JNK. Only the bivalent scFv dem-
nstrated a more sustained (8 h) MAPK activation,
articularly with regard to phospho-Erk1/Erk2 and
onsistent with their transient cell cycle stimulatory
ffect and S-phase push (Fig. 2). Notably, basal levels
f MAPK and PI3K signaling in SkBr-3 were not sig-
ificantly impaired by up to 8 h treatment with mono-
alent or bivalent scFv while declines down to 10% of
ontrol levels were noted in SkBr-3 phospho-JNK and
hospho-PKB signals within 8 h of treatment with an

FIG. 2. (A) Cell cycle profiles of SkBr-3 cells in response to 2
nti-ErbB2 control antibody (Her), or control buffer (Con). The percen
elow each profile. (B) Effect of monovalent and bivalent anti-ErbB
kBr-3 culture growth, with relative cell number quantitated spect
ays of continuous exposure to the indicated antibody concentration
277
dentical and cytostatic dose of Her. Thus, the en-
anced degree of ErbB2 internalization showed by
onovalent and bivalent scFv over Her was not clearly

eflected in their effects on SkBr-3 basal kinase signal-
ng; and only the cytostatic Her monoclonal exhibited
ny inhibiting effect on basal JNK or PI3K signaling in
hese ErbB2-overexpressing cells.

Ligand activation of heterodimeric ErbB2 receptor
omplexes (e.g., ErbB2/ErbB3, ErbB2/ErbB4) by NDF
an induce tumor growth in low ErbB2 expressing cells

treatment with anti-ErbB2 scFv (C6.5, F5, dbC6.5, F5(scFv9)2),
e of cells in each phase of the cell cycle (G1, S and G2/M) are shown

cFv and control anti-ErbB2 antibody (bivalent 4D5 monoclonal) on
hotometrically (as described under Materials and Methods) after 3
4 h
tag

2 s
rop
s.
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ike MCF-7; some of these receptor mediated signaling
athways, but not the cellular growth response, can be
nhibited by pretreatment of these cells with an ErbB2
pecific monoclonal like Her (24). While also capable of
ctivating these same ErbB mediated signals in
kBr-3 cells, NDF has been paradoxically shown to

nduce partial differentiation and growth arrest of this
rbB2-overexpressing cell line (18, 25). As shown in
ig. 4, NDF-induced cell signaling in both SkBr-3 and
CF-7 cells occurs by MAPK (increased phospho-Erk1/
rk2 and phospho-JNK levels) and PI3K (increased
hospho-PKB levels) transduction pathways. To ex-
lore the impact of anti-ErbB2 scFv on NDF-induced
ignaling, SkBr-3 and MCF-7 cells were pretreated for
h with scFv before being given a 15 min stimulatory

ose of NDF. While the Her monoclonal was able to
ubstantially block basal PI3K and JNK signaling in
kBr-3 cells (Fig. 3), it had only a partial ability to
lock NDF-induced SkBr-3 PI3K and JNK signaling
Fig. 4A). Consistent with an earlier report (12), Her
lso partially blocked NDF-induced PI3K and JNK
ignaling in the low ErbB2 expressing MCF-7 cells
Fig. 4B), despite the inability of these cells to inter-
alize detectable levels of Her or any of the anti-ErbB2
cFv (data not shown). NDF-induced JNK signaling in
oth low (MCF-7) and high (SkBr-3) ErbB2 expressing
ells appeared most sensitive to Her and scFv pretreat-
ent; however, despite evidence of differential anti-

ody recognition by the two cell lines the biological
ignificance of this observation remains unknown since
o consistent pattern emerged destinguishing Her
rom C6.5 or F5 scFv (in either monovalent or bivalent
orm) on NDF-induced JNK signaling.

Thus, while there appears to be a differential sensi-
ivity to Her and monovalent or bivalent anti-ErbB2

FIG. 3. Time-dependent responses in the MAPK and PI3K sig-
aling pathways upon exposure of SkBr-3 cells to monovalent or
ivalent scFv. SkBr-3 cells were treated with identical protein con-
entrations (10 mg/ml) containing the indicated scFv control anti-
rbB2 bivalent antibody (Her), or buffer only (con) for the indicated

imes (30 min, 8 h). As described under Materials and Methods, cell
xtracts were prepared and immunoblotted with antibodies recog-
izing the activated and phosphorylated products of these signaling
athways (phospho-Erk1/Erk2, phospho-JNK, phospho-PKB), or
ith an antibody to total PKB (phosphorylated plus unphosphory-

ated forms) to normalize signal intensities for gel protein loading.
278
ntibody internalization by receptor-mediated endocy-
osis can only be detected in ErbB2-overexpressing
ells where the degree of antibody internalization has
o apparent influence on intracellular signaling or cell
rowth. A striking consistency among all the above
esults is this absolute lack of correlation between the
arying degrees of anti-ErbB2 antibody internaliza-
ion, their early or delayed effects on basal and NDF-
nduced cell signaling, and their more sustained effects
n cell cycling and culture proliferation. The dramatic
- to .4-fold enhanced endocytotic property of scFv
ike C6.5 and F5 over the clinically proven internaliz-
ng monoclonal Her, or its 4D5Fab9 fragment, favors
he choice of these scFv as ErbB2 targeting moieties for
ntracellular delivery of novel therapeutics (10). Fur-
hermore, clinical studies involving Her have indicated
otable cardiac toxicity both as a single agent and in
ombination with doxorubicin (dox) (26). ErbB2 signal-
ng appears to play a critical role in myocardial devel-
pment and maintenance (27), thus the antiprolifera-
ive effects of Her on ErbB2 signaling may account for
he observed cardiotoxicity (28). Therefore, the absence
f any independent signaling or growth-altering effect
y the scFv on ErbB2-overexpressing tumor cells, sug-
ests that scFv-mediated treatment may not cause ad-
erse cardiac side-effects seen with Her treatment,
roviding an additional rationale for the use of these
gents to target ErbB2-overexpressing cancer cells.

FIG. 4. Effects of scFv pretreatment on SkBr-3 cell responses to
he ErbB growth factor, NDF. Cells were pretreated with identical
oncentrations (10 mg/ml) of the indicated scFv, control anti-ErbB2
ntibody (Her), or buffer only (2) for 8 h before 15 min treatment
ith NDF (1 nM). As described in the legend to Fig. 3, cell extracts
ere prepared and immunoblotted with antibodies recognizing

he phosphorylated products of the MAPK (phospho-Erk1/Erk2,
hospho-JNK) and PI3K (phospho-PKB) signaling pathways, or with
n antibody to total PKB (phosphorylated plus unphosphorylated
orms) to normalize signal intensities for gel protein loading.
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