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We report a novel approach for specific in vivo inacti-
vation of the ErbB-2 receptor tyrosine kinase and sup-
pression of ErbB-2-induced transformation. Genes en-
coding single chain antibodies that specifically bind to
the extracellular domain of human ErbB-2 were con-
structed and expressed intracellularly in NTH/3T3 fibro-
blasts transformed by activated ErbB-2. The single
chain antibodies are derived from monoclonal antibod-
ies FRP5 and FWP51 (Harwerth, 1. M., Wels, W., Marte, B.
M., and Hynes, N. E. (1992) J. Biol. Chem. 267, 15160-
15167) and are composed of heavy and light chain vari-
able domains connected by a flexible peptide linker. The
antibodies were provided with: 1) an N-terminal hydro-
phobic leader sequence to target their synthesis to the
lumen of the endoplasmic reticulum, and 2) a C-terminal
retention signal to prevent secretion. When expressed in
ErbB-2-transformed cells, the single chain antibodies
bound to the receptor and prevented its transit through
the endoplasmic reticulum. This resulted in the func-
tional inactivation of the receptor and reversion of the
transformed phenotype. This is the first demonstration
of a targeted and stable inactivation of a cellular onco-
protein via intracellular antibody expression. The use of
such a strategy represents a simple and powerful ap-
proach to study the in vivo function of receptors and
other cellular proteins.

The erbB-2 gene encodes a 185-kDa transmembrane glyco-
protein that is a member of the subclass I, epidermal growth
factor receptor-related tyrosine kinases (1-4). Amplification
and/or overexpression of erbB-2 is observed in tumors arising at
many sites including breast and ovary where it correlates with
an unfavorable patient prognosis (5—-10). The oncogenic poten-
tial of the ErbB-2 protein can be activated by different mecha-
nisms including point mutation (11-14) and overexpression
(15, 16). ErbB-2 as a target for cancer therapy is an area of
intense research. ErbB-2-specific monoclonal antibodies (17—
21) and recombinant immunotoxins (22) both of which inhibit
in vitro or in vivo growth of ErbB-2 overexpressing tumor cells
have been described. Here we present a novel approach using
intracellular expression of single chain antibodies (scFv) to
suppress ErbB-2 transformation.

The concept of using antibodies to alter cellular physiology
was initially tested in yeast where it was shown that expres-
sion and assembly in the cytoplasm of functional intact anti-
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bodies (23) and Fab fragments (24) was possible. Recent tech-
nological advances have made possible the cloning and
expression of Fv molecules, the smallest high affinity binding
domain of an antibody (25-27). cDNAs specific for the variable
domains of Immunoglobulin heavy and light chains are cloned
by polymerase chain reaction and joined via an oligonucleotide
linker to yield a gene encoding a single chain antibody. Stable
alteration of a cellular phenotype by intracellular scFv expres-
sion in a mammalian system has been described recently. A
single chain antibody directed against the human immunodefi-
ciency virus-1 envelope protein was expressed in the endoplas-
mic reticulum and shown to inhibit the processing of the enve-
lope protein precursor (28).

We report here on the expression in mammalian cells of
scFvs directed against human ErbB-2. ScFvs derived from
mAbs FRP5 and FWP51, which bind to the extracellular do-
main of the receptor (20, 21) were used for this purpose. The
scFvs were targeted to the lumen of the ER! of NIH/3T3 fibro-
blasts transformed by oncogenically activated ErbB-2. We show
that both scF'vs were stably expressed at high levels and func-
tional in binding and inhibiting the ER transit of ErbB-2. Re-
tention of the receptor in the ER caused its functional inacti-
vation and reversion of the transformed phenotype.

EXPERIMENTAL PROCEDURES

Cloning and Construction of the Single Chain Antibodies—RNA from
hybridoma cells producing mAbs FRP5 and FWP51 (20, 21) was reverse
transcribed and the heavy chain (VH) and the light chain (VL) variable
domain ¢cDNAs were isolated by polymerase chain reaction, sequenced,
and used to construct genes encoding the single chain antibodies scFv
FRP5 and scFv FWP51, as described (22, 29, 30). In order to obtain
genes for intracellular expression in mammalian cells, cDNAs encoding
scFvs-58, 518, 5R, and 51R were constructed. Two pairs of complemen-
tary oligonucleotides encoding sequences specific for a human Immu-
noglobulin heavy chain signal peptide (VH 71-5'CL) (31) were de-
signed. The oligonucleotides were assembled, ligated, and cloned as a
HindIIl/Pstl fragment into pWW15 (29), upstream of the scFv FRP5
(22, 29, 30) and scFv FWP51 (30) ¢DNAs. To produce scFv-5S and
scFv-518, the proteins were tagged with a C-terminal FLAG epitope
(DYKD). To produce scFv-5R and scFv-51R an additional EL was added
to the C terminus. The DYKD and DYKDEL peptides were encoded by
synthetic oligonucleotides that were assembled into the ¢cDNAs as
Bglll/Xbal fragments. The resulting open reading frames were flanked
by upstream HindIIl and EcoRI sites and downstream Sall and Xbal
sites. The cDNAs were cloned into the retroviral vector pBabePuro (32)
as EcoRI/Sall fragments.

Cell Culture—NIH/ErbB-2 cells are a clone of NIH/3T3 cells (clone
no. 3.7) expressing an oncogenically activated human erbB-2 under the
control of the SV40 early promoter (21). NIH/3T3 and NIH/ErbB-2*
cells were maintained in Dulbecco’s modified Eagle’s medium contain-
ing 8% fetal calf serum. For the latter, the medium was supplemented
with 0.5 mg/ml G-418.

! The abbreviations used are: ER, endoplasmic reticulum; FACS, flu-
orescence-activated cell sorting; mAb, monoclonal antibody; PAGE,
polyacrylamide gel electrophoresis; PDGF, platelet-derived growth fac-
tor; scFv, single chain antibody; VH, heavy chain variable domain; VL,
light chain variable domain.
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Retroviral Gene Transfer—Ecotropic virus was prepared basically as
described (33). The amphotropic packaging cell line PA317 (34) was
transfected with 10 pg each of pBabePuro/scFv-58, 518, 5R, 51R, and
empty vector using the calcium phosphate precipitation method. After
24 h, conditioned medium containing transiently produced virus was
harvested and used for infection of the ecotropic packaging cell line QE
(32) in the presence of 8 pg/ml polybrene. Two days after infection, the
cells were placed in 2 pg/ml puromycin (Fluka). Virus-containing me-
dium collected from pools of puromycin-resistant QE was used to infect
NIH/3T3 and NIH/ErbB-2* cells, and after 3 days the cells were placed
in 2 pg/ml puromycin. Pools of puromycin-resistant cells were analyzed
in all the experiments.

Western Blotting—Cell lysates were prepared by adding 500 pl of
lysis buffer (50 mm Tris-HCI, pH 7.5, 1% Triton X-100, 150 mm NaCl, 5
mm EGTA) supplemented with protease inhibitors {10 ug/ml aprotinin,
10 pg/ml leupeptin, 1 my phenylmethylsulfonyl fluoride) and phospha-
tase inhibitors (2 mm sodium orthovanadate, 50 mum sodium fluoride, 10
mu sodium molybdate, 20 um phenyl arsine oxide) to cells in a 10-cm
dish and incubating on ice for 10 min. The lysates were clarified by
centrifugation at 10,000 x g for 10 min. 50 ug of protein were separated
by SDS-PAGE, transferred to polyvinylidenedifluoride membranes, and
assayed by Western blot analysis with either an anti-scFv antiserum
(29), 21N antiserum against ErbB-2 (35), or an anti-phosphotyrosine
monoclonal antibody (36). Bound antibody was detected with horserad-
ish peroxidase-coupled anti-rabbit or anti-mouse polyclonal antibodies
using enhanced chemiluminescence (Amersham).

Immunoprecipitations—For the detection of scFv proteins in culture
supernatants, conditioned medium was harvested, a polyclonal rabbit
anti-mouse IgG (ICN Immunobiologicals) was added and allowed to
bind for 1 h on ice after which the immune complexes were collected by
the addition of protein A-Sepharose. Bound proteins were released by
boiling in sample buffer and analyzed by Western blotting with an
anti-scFv antiserum (29). For coimmunoprecipitation of scFvs with
ErbB-2*% the receptor from 250 pg of protein was immunoprecipitated
with the 21N antiserum (35) and analyzed by Western blotting with an
anti-scFv antiserum (29).

Cell Growth Assays—To monitor growth, 3 x 10? cells in culture
medium were plated/well of a 96-well dish and growth was monitored
after 24, 48, and 72 h. To examine growth induction by PDGF and basic
fibroblast growth factor, the cells were placed 24 h in serum-free me-
dium. Then, they were either induced with 20 ng/ml PDGF or 50 ng/ml
basic fibroblast growth factor, or grown in the absence of factors.
Growth induction as compared with the untreated cells was measured
after 2 days, The experiments were performed using the Cell Titer 96™
kit (Promega), and all points were prepared in triplicate.

Immunocytochemisiry—For indirect immunofluorescence, cells were
grown 2 days on chamber slides (Nunc), fixed 30 min with 3.7% form-
aldehyde, and permeabilized with 0.5% Triton X-100 for 3 min. Staining
for scFvs was done using a scFv-specific antiserum (29) in combination
with a rhodamine-linked anti-rabbit polyclonal antibody (Sigma).
Staining for ErbB-2 was done using mAb FSP77 (20) in combination
with a fluorescein-linked anti-mouse polyclonal antibody (Amersham).
The cells were mounted and observed by fluorescence microscopy.

Flow Cytometric Analysis—Cells were trypsinized and counted prior
to staining. 5 x 10° cells were washed with 2 ml of FACS buffer (phos-
phate-buffered saline containing 0.1% sodium azide and 1% bovine
serum albumin) and resuspended in 50 ul of FACS buffer containing 20
pg/ml fluorescein isothiocyanate-coupled mAb FSP77 (20). Following
incubation on ice for 1 h, the cells were washed twice with 2 ml of FACS
buffer, resuspended in 300 nl of FACS buffer, and analyzed for their
fluorescence in a Becton-Dickinson FACScan.

Soft Agar Growth—To examine anchorage-independent growth, 5 x
10* cells were plated in duplicate in 6-cm dishes in 6 ml of culture
medium supplemented with 0.35% noble agar overlying a 0.7% agar
layer. The plates were incubated 14 days at 37 °C after which colonies
were stained by adding 2 ml of phosphate-buffered saline containing 0.5
mg/m] nitro blue tetrazolium for 24 h. Colonies were counted using an
Artek 880 colony counter (Dynatech Laboratories, Inc.).

RESULTS

Construction and Expression of scFvs FRP5 and FWP51—
Hybridoma cells producing mAbs FRP5 and FWP51 (20, 21)
which bind to the extracellular domain of human ErbB-2 were
used to construct genes encoding scFvs, as described previously
(22, 29, 30). For expression in eukaryotlc cells two versxons of
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Fic. 1. Diagram of the secreted (S) and ER-retained (R) forms
of scFvs FRP5 and FWP51. The N-terminal signal peptide (SP), the
heavy chain variable domain (VH), the linker peptide (L), the light
chain variable domain (VL), and the C-terminal tags (T') are indicated.
DYKD: FLAG epitope; DYKDEL: FLAG epitope/ER retention signal.

predicted to encode secreted proteins, whereas the scFv-5R and
scFv-51R ¢DNAs encode variants which are expected to be lo-
calized to the lumen of the ER (Fig. 1). The scFv proteins have
an N-terminal Ig heavy chain-derived signal peptide which
directs them to the secretory compartment of the cell, the same
compartment through which ErbB-2 passes on its way to the
plasma membrane. The FLAG epitope tag DYKD is present at
the C terminus of all s¢Fv proteins. The seFv-R proteins have
an additional EL at their C terminus, thereby providing these
versions with the ER retention signal, KDEL. This sequence is
predicted to cause the retention of soluble proteins in the lumen
of the ER (37).

We investigated effects of intracellular scFv expression in
ErbB-2-transformed fibroblasts. NIH/3T3 clone 3.7 expresses
an oncogenically activated form of the receptor, designated
ErbB-2*%, that carries a single amino acid substitution (valine to
glutamic acid) in the transmembrane domain (21). The kinase
activity of ErbB-2* is constitutive and ligand-independent (14).
This cell line, referred to as NIH/ErbB-2%, shows the typical
phenotype of transformed fibroblasts, as judged by morphology,
focus formation, ability to undergo anchorage-independent
growth, and tumor formation in nude mice (21).

We have used retroviral gene transfer to express the scFvs
FRP5 and FWP51 in control NIH/3T3 and in NIH/ErbB-2*
cells. First, we examined expression and localization of the
scFvs. In both cell lines the proteins were produced at high
levels as shown by Western blotting with a scFv-specific anti-
serum. The scFvs targeted for secretion were found in the con-
ditioned medium of the cells (Fig. 24), whereas the scFvs tar-
geted to the lumen of the ER were found intracellularly (Fig.
2B). Both in control NIH/3T3 and in NIH/ErbB-2%, the scFv-5R
was detected as a double band (Fig. 2B, lanes 3 and 8). The
upper band corresponds to a N-glycosylated form and was not
detected after treatment of extracts with peptidyl-N-glycosi-
dase F2. In extracts of NIH/ErbB-2* cells, more of the secreted
scFvs was detected than in extracts of control NIH/3T3. This
difference is probably due to scFvs bound to the ErbB-2* on the
cell surface.

Intracellular expression or secretion of scFv proteins did not
affect the general metabolism of the cells. Morphology and
growth rate of scFv expressing and vector control NIH/3T3 cells
was indistinguishable, indicating that the antibodies were non-
toxic to the cells (Fig. 3).

Subcellular Localization and Association of scFus and ErbB-
2% _We next examined the subcellular distribution of the
scFv-R proteins and ErbB-2* in NII/ErbB-2* cells expressing
scFv-5R and scFv-51R. In both cell lines, immunofluorescence
using a scFv-specific antiserum revealed the staining of a tu-
bular network throughout the cytoplasm, typical of ER resident
proteins. Staining of control NIH/ErbB-2* cells with a mAb
specific for human ErbB-2 revealed that the major part of the
receptor was located intracellularly (Fig. 44). Since it has been
shown that most of the constitutively activated ErbB-2 is de-
graded before reaching the plasma membrane (38), we assume
that thlS is the reason for the weak plasma membrane stammg
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Fic. 2. Expression of scFvs FRP5 and FWP51 in control NIH/
3T3 and in NIH/ErbB-2* cells. A, secretion of the scFvs. Conditioned
medium of cells infected with vector control, scFv-5S, scFv-5R, scFv-
518, and scFv-51R virus was collected, immunoprecipitated with rabbit
anti-mouse IgG (ICN Immunobiologicals), subjected to 15% SDS-PAGE,
and analyzed by Western blotting with a scFv-specific antiserum (29).
B, intracellular expression of scFvs. Virus-infected cells were lysed in
Triton X-100 lysis buffer, and 50 pg of protein were subjected to 15%
SDS-PAGE and analyzed by Western blotting as above.
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Fic. 3. Growth of NIH/3T3 cells infected with vector control,

scFv-58, scFv-5R, scFv-518, and scFv-51R virus. Cell growth was
monitored at the indicated times using the Cell Titer 96™ Kkit.

was an increased ER staining of the NIH/ErbB-2* cells express-
ing scFv-5R and scFv-51R with the ErbB-2 specific mAb (Fig.
4A). This suggests that there was colocalization of ErbB-2* and
antibodies in the lumen of the ER. As an additional indication
for a physical interaction in vivo, the scFvs could be coimmu-
noprecipitated with the receptor from total extracts of NIH/
ErbB-2% cells using an ErbB-2 specific antiserum (Fig. 4B).
However, it is noteworthy that in the case of the scFv-5R ap-
parently only the unglycosylated protein bound to the receptor.
A flow cytometric analysis revealed that the amount of ErbB-2*
on the cell surface was dramatically decreased in the cells
expressing scFv-5R and scFv-51R (Fig. 4C). This demonstrates
that there was a stable association of the scFvs with ErbB-2*
within the lumen of the ER which inhibited transit of the re-
ceptor to the cell surface.

Antibody expression did not affect the ER transit of other
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Fic. 4. Subcellular localization and association of scFvs and
ErbB-2* in NIH/ErbB-2* cells. A, immunofluorescence of scFv ex-
pressing NIH/ErbB-2* cells. Cells infected with scFv-5R, scFv-51R, and
vector control virus were stained for expression of scFvs using a scFv-
specific antiserum (29) and for human ErbB-2* using mAb FSP77 (20).
B, coimmunoprecipitation of scFvs and ErbB-2*. Control NIH/3T3 and
NIH/ErbB-2# cells infected with scFv-5R, scFv-51R, and vector control
virus were lysed in Triton X-100 lysis buffer. ErbB-2* was immunopre-
cipitated from 250 pg of lysate the with 21N antiserum (35), subjected
to 15% SDS-PAGE, and analyzed by Western blotting with a scFv-
specific antiserum (29). C, cell surface staining for ErbB-2¥. NIH/
ErbB-2# cells infected with scFv-5R (solid line, upper graph), scFv-51R
(solid line, lower graph), and vector control virus (narrow dotted lines),
as well as control NIH/3T3 cells (wide dotted lines) were stained using
mAb FSP77 (20) and subjected to flow cytometric analysis.

growth factor, stimulated growth of the scFv-5R and scFv-51R
expressing NIH/3T3 cells to an extent similar to that seen for
the vector control cells (Table I), showing that the effect of the
scFv-R proteins is specific for ErbB-2.

ErbB-2% Function in scFv Expressing Cells—To assess the
effects of the scFv-mediated ER retention on ErbB-2% we ana-
lyzed whole cell lysates by Western blotting (Fig. 5). An anal-
ysis using an ErbB-2-specific antiserum revealed that the ER-
retained ErbB-2* showed an increased mobility on SDS-PAGE
(Fig. bA), suggesting that there are changes in its post-trans-
lational modifications. ErbB-2 is a glycoprotein (4, 38) which
undergoes N-linked glycosylation in the ER followed by modi-
fication and extension of the carbohydrate side chains in the
Golgi apparatus. Thus it is likely that glycosylation of the ER-
retained ErbB-2* is impaired which may account for the differ-
ent apparent molecular weight. The level of ErbB-2* was
strongly elevated in the scFv-5R and scFv-51R expressing cells
(Fig. 5A). This accumulation in the ER might be due to an
increased rate of synthesis or a decreased rate of degradation of
the protein. A Western analysis using a phosphotyrosine-spe-
cific mAb showed that the total phosphotyrosine content of
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TaBLE 1
Growth stimulation by PDGF and basic fibroblast growth factor in
scFuv expressing NIH |3T3 cells
NIH/3T3 cells infected with vector control virus, scFv-5R virus, and
scFv-51R virus were serum-starved for 24 h prior to induction by PDGF
(20 ng/ml) or basic fibroblast growth factor (50 ng/ml) for 2 days. The
percentage of growth stimulation (+ S.D.) in comparison to untreated
cells was calculated and is given below.

Basic fibroblast

NIH/3T3 PDGF growth factor
Control 10.8 (x0.6) 12.6 (£1.9)
scFv-5R 13.8 (£1.5) 15.5 (+1.6)
scFv-51R 10.3 (¢1.0) 12.4 (x0.4)
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Fic. 5. Phosphotyrosine analysis and level of ErbB-2* in NIH/
ErbB-2* cells. A, Western blot analysis of ErbB-2* NIH/ErbB-2* cells
infected with vector control, scFv-5S, scFv-5R, scFv-51S, and scFv-51R
virus, as well as control NIH/3T3 cells were lysed in Triton X-100 lysis
buffer, 50 ng of total protein were separated on 7.5% SDS-PAGE, and
the ErbB-2* content was analyzed by Western blotting with the 21N
antiserum (35). B, phosphotyrosine content of ErbB-2*. 50 ng of total
protein were subjected to 9% SDS-PAGE and analyzed by Western
blotting with a phosphotyrosine specific mAb (36). C, pattern of phos-
photyrosine containing proteins. 50 pg of total protein were subjected to
5-12% gradient SDS-PAGE and analyzed by Western blotting with a
phosphotyrosine specific mAb (36). Arrows indicate bands that show
different intensity in the individual cell lines.

(Fig. 5B). Due to the strongly increased level of ErbB-2#, the
receptor appears to be phosphorylated at a much lower stoichi-
ometry in the cells expressing the retained versions of the
scFvs, indicating a decrease in its kinase activity. It should be
noted that the phosphotyrosine content of ErbB-2* was lower in
cells expressing scFv-5R than in cells expressing scFv-51R,
while the ErbB-2* level was slightly higher. Most importantly,
compared to the control-infected NIH/ErbB-2* cells and to cells
expressing the secreted scFvs, the intensity of bands with ap-
parent molecular masses of 145, 84, 56, 52, and 48 kDa was
markedly reduced in cells expressing scFv-5R and scFv-51R
(Fig. 5C). The pattern of phosphotyrosine-containing proteins
in these cells was very similar to the one in control NIH/3T3
cells. These observations suggest that the retention of ErbB-2*
in the ER led to its functional inactivation.

Reversion of the Transformed Phenotype—Retention of
ErbB-2* in the ER resulted in a drastic change in the morphol-

DOCKET

_ ARM

scFv Mediated Inactivation of ErbB-2

NIH/erbB-2* control

NIH/erbB-2*

Fic. 6. Morphological reversion of cell transformation. The
morphology of NIH/ErbB-2* cells infected with scFv-5R, scFv-51R, and
vector control virus, as well as control NIH/3T3 cells is shown.
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2*-transformed cells reverted to the more flattened appearance
of normal fibroblasts (Fig. 6). In addition, while the control-
infected cells and those expressing the secreted scFvs formed
foci at a high efficiency, the cells expressing the ER-retained
scFvs failed to do so.? To further investigate the changes in the
transformed phenotype of NIH/ErbB-2* cells, we analyzed
their anchorage-independent growth in soft agar. ER expres-
sion of both scFvs dramatically reduced colony formation as
compared to the control-infected cells and to cells expressing
the scFv-51S. Expression of the scFv-5S caused up to 44%
inhibition on soft agar growth (Table II). Anchorage-independ-
ent growth of cells expressing the scFv-5R was similar to nor-
mal NIH/3T3,% indicating complete reversion of the trans-
formed phenotype.

DISCUSSION

Our results show the stable inactivation of an oncoprotein,
accompanied by reversion of a transformed phenotype, via in-
tracellular single chain antibody expression. As a model system
we have chosen the mAbs FRP5 and FWP51 which bind to the
extracellular domain of human ErbB-2. We have studied effects
of ER lumenal expression of scFvs FRP5 and FWP51 in NIH/
ErbB-2* fibroblasts transformed by point-mutated, activated
human ErbB-2. We have shown that both scFvs, which recog-
nize different epitopes on the ErbB-2 extracellular domain,
were very potent in affecting the ER transit and transforming
ability of ErbB-2*. Our results demonstrate (i) the feasibility of
expressing functional antibodies intracellularly, (ii) the possi-
bility of inhibiting the transit of an integral membrane protein
through the ER by means of scFv expression, and (iii) that
retention of a constitutively active receptor tyrosine kinase in
the ER interferes with its transforming ability.

We have observed that single chain antibodies directed to the
secretory pathway are found in the conditioned medium,
whereas scFvs containing a C-terminal ER retention signal are
stably retained in the ER, irrespective of coexpression of ErbB-
2%, This is in contrast to a recent publication showing that a
single chain antibody against gp160, the human immunodefi-
ciency virus-1 envelope protein precursor, which was designed
for secretion, was stably retained in the ER, whereas a variant
carrying an additional C-terminal ER retention signal, yielded
an unstable protein that was rapidly degraded if not coex-
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TaBLe 11
Soft agar growth of scFv expressing NIH | ErbB-2* cells

NIH/ErbB-2* cells infected with vector control, scFv-5S, scFv-5R,
scFv-518, and scFv-51R virus were plated in culture medium supple-
mented with 0.35% agar. After 14 days viable cells were stained and
colonies >50 and >200 nm were counted using an Artek colony counter.
The experiment was repeated three times in duplicate, and the colony
numbers of one typical experiment (+ S.D.) are shown below.

NIH/ErbB-2* >50 pm inhibition >200 pm % inhibition
Control 239 (¢7.1) 71 (x0.0)
scFv-58 163 (+7.8) 32 40 (24.2) 44
scFv-5R 11 (20.7) 96 4 (20.7) 95
scFv-518 231 (x9.9) 3 68 (+2.8) 4
scFv-51R 59 (=0.7) 76 14 (£2.8) 80

pressed with its binding partner (28). Single chain antibodies
consist of Immunoglobulin heavy and light chain variable do-
mains and are, therefore, variable in sequence. This is likely to
cause biochemical differences between individual scFv proteins
which might explain their different in vivo behavior.

ER expression of both scFv-5R and -51R led to a strongly
elevated level of ErbB-2*. This could either be due to an in-
creased synthesis rate or a decreased turnover rate of ErbB-2*.
We favor the latter explanation since in the transfectants,
ErbB-2* expression is under the control of the SV40 early pro-
moter making transcriptional or translational control unlikely.
Due to its constitutive kinase activity, the half-life of ErbB-2* is
short, approximately 1.5 h, while the normal ErbB-2 has a
half-life of more than 7 h (14). Compared to the transformed
control cells, the ER-retained ErbB-2* has, on a molar basis,
lower amounts of phosphotyrosine, suggesting that its kinase
activity is decreased which may in turn alter the kinetics of
turnover. Indeed, the level of ErbB-2* found in scFv-5R and
scFv-51R-expressing cells suggests that there is a close link
between half-live and kinase activity. In the scFv-5R express-
ing cells where ErbB-2* kinase activity was inhibited to a
greater extent than in the scFv-51R expressing cells, higher
levels of ErbB-2* were found. In this context it is noteworthy
that in cell lines expressing normal ErbB-2, scFv-mediated ER
retention of the receptor did not affect its phosphorylation or
result in an increased level of ErbB-2.2

Why are the NIH/ErbB-2* cells expressing scFv-5R and
scFv-51R reverted? There are differences in the post-transla-
tional modifications, activity, and subcellular location of
ErbB-2* in the reverted cells. As discussed above, the ER-re-
tained ErbB-2* in the reverted cells has, on a molar basis,
lower amounts of phosphotyrosine suggesting that its kinase
activity is decreased. The lower activity may in turn be due to
the immature, under-glycosylated state of the ErbB-2* precur-
sor. It has been described that the ErbB-2* precursor is less
phosphorylated, and thus presumably less active, than the ma-
ture protein (38). Significantly, in the reverted cells ErbB-2* is
no longer present on the plasma membrane, but accumulates in
the ER. These differences may all contribute to reversion of the
transformed phenotype. In the revertants a number of cellular
proteins display a lower level of phosphotyrosine, a level com-
parable to that seen in control NIH/3T3 cells. This may be due
to the lower ErbB-2* kinase activity and/or to the fact that the
ER-located receptor cannot interact with crucial substrates. It
is possible that one or more of these proteins is a key substrate
for cellular transformation.

Although ER expression of both scFvs reverted transforma-
tion, the two proteins were not equally efficient. The scFv-5R
protein inhibited soft agar growth more strongly than the scFv-
51R protein. This may be partly due to the fact that the loss of
cell surface ErbB-2* was more complete in the scFv-5R express-
ing cells, as the FACS analysis showed. However, the scFv
FRP5 appears to have additional inhibitory effects. First, the

DOCKET

_ ARM

23935

ER-located ErbB-2* displayed a lower phosphotyrosine content
in the scFv-5R, than in the scFv-51R expressing cells. Reten-
tion of proteins in the lumen of the ER is mediated by a recep-
tor-like protein recognizing the KDEL peptide present on the C
terminus of ER resident proteins and is achieved by their con-
tinual retrieval from the cis-Golgi (or a pre-Golgi) compartment
(37, 39, 40). In the case of scFv-5R expressing cells, the final
configuration of the transiently formed, trimeric complex con-
sisting of the KDEL receptor, scFv, and ErbB-2* might interfere
with dimerization and kinase activity. Second, binding of the
the scFv FRP5, but not the scFv FWP51, per se seems to affect
the activity of ErbB-2*. The secreted form of the scFv FRP5
also repressed the soft agar growth of NIH/ErbB-2* cells, with-
out affecting ErbB-2* receptor trafficking® or phosphotyrosine
content, possibly by altering the receptor conformation. It was
noted in a recent publication (41) that an ErbB-2-specific mAb
was growth inhibitory, without affecting ErbB-2 tyrosine phos-
phorylation. This suggests that for the inhibition of growth,
antibody induced effects such as alteration of receptor confor-
mation could be as important as effects on kinase activity.

It has been suggested that constitutively active receptor ty-
rosine kinases, such as ErbB-2* or the PDGF receptor in sis-
transformed cells, might at least partially exert their trans-
forming activity intracellularly, in the ER and/or the Golgi
compartment (38, 42). The experiments presented in this paper
show that the intracellular retention of an activated ErbB-2*
causes reversion of transformation. Cells expressing the se-
creted version of scFv FWP51 are not affected in their growth,
indicating that the binding of scFv FWP51 does not affect re-
ceptor activity per se. In contrast, cells expressing the scFv-51R
are inhibited by 80% in their soft-agar growth. Thus, we con-
clude that the activated ErbB-2* must be on the cell surface, or
at least in a cellular compartment distinct from ER and cis-
Golgi, to cause transformation.

The data presented here are the first demonstration of a
targeted and stable inactivation of a cellular oncoprotein via
intracellular antibody expression. The potential for inactivat-
ing malignant cell growth by a gene therapy approach has
implications for the treatment of cancer. In a more general
sense, our results and the recent work of other groups (28, 43)
illustrate how potent engineered antibodies are in altering the
in vivo function of selected cellular or viral target proteins. This
approach should also be useful in studying complex receptor-
ligand systems such as the one that has become apparent in the
epidermal growth factor receptor-related family of growth fac-
tor receptors (44). It should be possible to retain individual
members of the receptor family in the ER and analyze effects of
ligands on the altered cells. Moreover, expression of scFvs in
other subcellular compartments should allow the interference
with different classes of proteins. In particular, the intracellu-
lar expression of highly specific kinase inhibitory scFvs should
prove to be a simple and powerful approach to study the com-
plex network of signal transduction in eukaryotic cells, provid-
ing an attractive alternative to chemical inhibitors, dominant
kinase-negative mutants, or microinjection of antibodies. We
conclude that single chain antibody-mediated “immunointer-
ference” represents a simple and powerful approach to study
the in vivo function of receptors and other cellular proteins.

Acknowledgments—We thank D. Moritz for the anti-scFv serum and
fluorescein isothiocyanate-coupled mAb FSP77, M. Wesp for technical
assistance with the flow cytometric analysis, and D. Graus, N. Cella,
and M. Wartmann for their valuable suggestions on the manuscript.

REFERENCES

1. Schechter, A. L., Stern, D. F., Vaidyanathan, L., Decker, S. J., Drebin, J. A.,
Greene, M. 1, and Weinberg, R. A. (1984) Nature 312, 513-516

2. Coussens, L., Yang-Feng, T. L., Liao, Y. C., Chen, E., Gray, A., McGrath, J.,
Seeburg, P. H,, Libermann, T. A, Schlessinger, J., Francke, U., Levinson, A.,

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




