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Fig. 4. Binding of scFv(FRP5)-ETA to the erbB-2 protein on SKBR3 human
breast tumor cells. SKBR3 cells were fixed with 2% formaldehyde and incubated
with various concentrations of scFv(FRP5)-ETA. The amount of specifically
bound scFv(FRP5)-ETA was measured after incubation with rabbit anti-ETA
followed by AP-coupled goat anti-rabbit antiserum, with an absorbance at 405
nm. The binding affinity of scFv(FRP5)-ETA to erbB-2 on SKBR3 cells was
determined to be 6.5 HM.

scFv(FRP5)-ETA activity was tested on HC11 mouse mam
mary epithelial cells transfected with human erbB-2 expression
vectors (24). Rl#l 1 and R2#l 1 are clones of HC11 cells which
express, respectively, the normal and the activated alÃ­eleof the
human erbB-2 receptor. The activated alÃ­elehas a point muta
tion at position 659, which causes a valineâ€”-glutamic acid sub
stitution (37). The HC11 cells which were used as a control
express the mouse homologue of the erbB-2 receptor (Fig. 5B;

Ref. 28). The HC11 cells and the two clones were incubated
with scFv(FRP5)-ETA at concentrations ranging from 0.1 to
1000 ng/ml. Cells were treated for 16 h at 37Â°Cwith scFv-

(FRPS)-ETA, and protein synthesis was measured by pulsing
the cells with [3H]leucine. Untreated cultures served as con

trols. The results are shown in Fig. 5A. The rate of protein
synthesis in HC11 cells was not affected by up to 1000 ng/ml of
scFv(FRP5)-ETA. In contrast, in the HC11 transfectant cell
lines Rl#l 1 and R2#l 1 expressing the human erbB-2 receptor,
protein synthesis was inhibited, with an ID50 of, respectively,
5.3 and 1.6 ng/ml scFv(FRP5)-ETA (Table 1). These results
show that scFv(FRP5)-ETA specifically binds to and selectively
inhibits protein synthesis in cells which express the human
erbB-2 protein.

The effect of the parental MAb FRP5 on the cytotoxic activ
ity of scFv(FRP5)-ETA on Rl#ll cells was determined in a
competition experiment. We used an assay based upon the cell
ular conversion of a tetrazolium salt into a blue reaction prod
uct (31, 32). The cells were incubated for 40 h at 37Â°Cwith 1

Mg/ml scFv(FRP5)-ETA in the absence of competitor or with 10
Mg/ml of the parental MAb FRP5 (IgGl, K)added. MAb 225
(IgGl, K)specific for the human epidermal growth factor recep
tor (16) was used as a control. The MAbs alone had no effect on
the growth of the Rl#l 1 cells (Fig. 6, left). The erbB-2-specifÃ¯c
MAb FRP5 effectively competed with scFv(FRP5)-ETA for
binding to the erbB-2 receptor on Rl#ll cells, thereby inhib
iting its cytotoxic activity. The control MAb 225 had no effect
on scFv(FRP5)-ETA cytotoxicity (Fig. 6, right). These results
further confirm that the binding of scFv(FRP5)-ETA to Rl#l 1
cells is via the human erbB-2 receptor. This binding is reversible
and competitive with the parental MAb FRP5.

The effect of scFv(FRP5)-ETA upon protein synthesis and
cellular toxicity was measured on human tumor cells expressing
various levels of the erbB-2 receptor. SKBR3, MDA-MB453,
and MDA-MB231 are human breast tumor cell lines which
express, respectively, high, moderate, and low levels of the
erbB-2 protein. HTB77 are ovarian tumor cells with high levels
of the erbB-2 receptor (Fig. 1C). The MDA-MB231 erbB-2
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Fig. 5. A, Inhibition of protein synthesis in erbB-2-expressing HC11 cells by
scFv(FRP5)-ETA. HC11 mouse mammary epithelial cells (top) and HC11 clones
transfected with either the normal human c-erftB-2 gene (Rl#l 1, bottom, â€¢¿�)or a
point-mutated human c-erbB-2 gene (R2#l 1, bottom, O) were incubated for 16 h
with the indicated concentrations of scFv(FRP5)-ETA. The treated cells were
labeled with [3H]leucine, and the rate of protein synthesis was determined in
comparison to control untreated cells. Each point was determined in triplicate. B,
immunoprecipitation of human erbB-2 protein from HC11 cell clones. HC11
cells and transfectants Rl#l 1 and R2#l 1 were metabolically labeled with [35S]-
methionine. The human erbB-2 protein was immunoprecipitated with MAb
FRP5 and analyzed by 7.5% SDS-PAGE. The position of the M, 185,000 erbB-2
protein is indicated.

protein is not visible on the exposure shown in Fig. 1C but is
present at low levels (29). The cells were incubated with increas
ing amounts of scFv(FRP5)-ETA, and the rate of protein syn
thesis was measured (Fig. 1A). Protein synthesis was inhibited
in MDA-MB453, SKBR3, and HTB77 cells at an ID50 of,
respectively, 5.5, 29, and 195 ng/ml scFv(FRP5)-ETA (Fig. 1A;
Table 1). Despite the fact that MDA-MB231 cells have low
levels of the erbB-2 receptor, they were not affected by treat
ment even with high doses of scFv(FRP5)-ETA.

Table 1In vitro toxicity ofscFv(FRPS)-ETAID50,

ng/ml scFv(FRP5)-ETAÂ«Cell

lineHC11

Rl#ll
R2#ll
HTB77
SKBR3
MDA-MB453
MDA-MB231Protein

synthesis>1000

5.3
1.6

195
29

5.5
>1000Cell

viabilityND*

ND
ND175

32
ND
ND

" 50% inhibitory concentrations were determined in a protein synthesis inhibi
tion assay and a cell viability assay. The data are from Figs. 5 and 6.

* ND, not done.
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ug/ml scFv(FRP5)-ETA

Fig. 6. Inhibition of scFv(FRP5)-ETA cell killing activity by competition with
MAb FRP5. HC11 clone Rl#ll cells transfected with the human erbB-2 gene
were incubated for 40 h with 1 Â»ig/mlscFv(FRP5)-ETA (righi) without the addi
tion of competitor (D) or in the presence of 10 wg/ml MAb FRP5 (â€¢)or 10 ng/ml
control MAb 225 (D) as competitors. The relative number of viable cells was
determined with an enzymatic assay described in "Materials and Methods" and is

indicated as the absorption at 570 nm. As a control the effects of the competitors
on Rl#l 1 cells incubated in the absence of scFv(FRP5)-ETA are shown (left).

The effect of the scFv(FRP5)-ETA on the viability of HTB77
and SKBR3 cells was also measured. The cells were incubated
for 40 h at 37Â°Cwith various concentrations of scFv(FRPS)-

ETA, and the relative number of viable cells was determined
with an enzymatic assay (Fig. IB). The ID50 for HTB77 and
SKBR3 cells was found to be, respectively, 175 and 32 ng/ml
(Fig. IB; Table 1). These values agree well with those obtained
in the protein synthesis assay. The effect of the toxin upon
cellular viability reflects its effect upon protein synthesis.

Half-Life of scFv(FRP5)-ETA in the Circulation of Mice.
Prior to testing the in vivo effects of scFv(FRP5)-ETA, its turn
over in the serum of mice was examined. A single dose of 4.25
Mgof scFv(FRP5)-ETA was injected into the tail vein of two
mice, and blood was collected after 1,10, 30, and 45 min. The
amount of scFv(FRP5)-ETA in the serum was determined by an
ELISA assay. The serum half-life was found to be approxi
mately 30 min (Fig. 8).

scFv(FRP5)-ETA Suppresses Tumor Cell Growth. The in
vivo antitumor activity of the scFv(FRP5)-ETA was tested on
HTB77 ovarian carcinoma xenografts in nude mice. Twenty-
five mg of HTB77 tumor tissue were implanted s.c. into 3
groups of 5 mice on day 0. Miniosmotic pumps which delivered
1 or 6 ^g/mouse/day of scFv(FRP5)-ETA were implanted s.c.
into two of the groups on day 10. In the control group, the
pumps contained PBS. The pumps delivered a constant amount
of material for approximately 7 days. In the two groups that
received the recombinant scFv(FRP5)-ETA there was minimal
tumor growth up to day 32, 15 days after the pumps had emp
tied. After this, tumors grew in the animals which had received
the lower dose of scFv(FRP5)-ETA. By day 43, when the ex
periment was terminated, the tumors in this group were ap
proximately one-half the size of those in the control group (Fig.
9). In contrast, tumor growth was inhibited by 96% in animals
which received 6 Mg/day of scFv(FRP5)-ETA. In 3 of 5 animals
of this group tumor growth was completely inhibited (Fig. 9).

DISCUSSION

Approximately one-third of newly diagnosed cancers in
women are breast and ovarian (8). A recent metaanalysis of the
value of adjuvant chemo- or hormonal therapy in breast cancer
treatment has shown that these treatments are beneficial for
patients (38). Studies on genetic alterations found in cancer
cells have shown that certain protooncogenes and their protein

products are consistently altered in breast and ovarian tumors
(1, 2). Based on the information about the physical and bio
chemical properties of these molecules, it now becomes possible
to design specific agents which might be combined with stan
dard chemo- and hormonal adjuvant therapies and increase the
chances of successful treatment of cancer patients. The c-erbB-2
gene is amplified, and the receptor is overexpressed in up to
30% of breast and ovarian tumors (2-8). Patients whose tumors
display elevated erbB-2 levels appear to have a worse prognosis
(11-15). The high level of receptor expression, its extracellular
accessibility, and its implication in the malignancy of the cancer
make it an excellent target for specific cytotoxic reagents. The
experiments in this paper describe the results obtained with a
recombinant single-chain antibody-toxin protein targeted to the
erbB-2 receptor. The scFv(FRP5)-ETA consists of the anti
body-binding domain of an erbB-2-specific MAb linked to a
modified P. aeruginosa ETA. A similar approach has recently
been described (39). We have shown that the scFv(FRP5)-ETA
protein specifically binds to cells expressing the human erbB-2
receptor and, at low doses, is able to inhibit the in vivo growth
of tumor cells which have high levels of the erbB-2 receptor.

0.0 1.0 10 100 1000
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Fig. 7. A, inhibition of protein synthesis in human tumor cells by scFv(FRPS)-

ETA. HTB77 human ovarian carcinoma cells and SKBR3, MDA-MB453, and
MDA-MB231 human breast cancer cells were incubated with the indicated con
centrations of scFv(FRP5)-ETA for 16 h. The treated cells were labeled with
[3H]leucine, and the rate of protein synthesis was determined and compared to the
rate in control untreated cells. Each point was determined in triplicate. B, inhi
bition of the growth of human tumor cell lines by scFv(FRP5)-ETA. HTB77 and
SKBR3 tumor cells were incubated with the indicated concentrations of scFv-
(FRPS)-ETA for 40 h. The relative number of viable cells was determined with an
enzymatic assay described in "Materials and Methods" and is indicated as the

absorption at 570 nm. Each point was determined in triplicate. C, immunoblot of
human tumor cell extracts. Thirty Mg of protein extract from MDA-MB453,
MDA-MB231, HTB77. and SKBR3 human tumor cells were separated by 7.5%
SDS-PAGE and blotted onto PVDF membranes, and the erbB-2 protein was
detected using 21N antiserum followed by 125I-protein A. The position of the M,
185,000 erbB-2 protein is indicated.
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Fig. 8. Serum half-life of scFv(FRP5)-ETA. Approximately 4.25 Mgof scFv-
(FRPS)-ETA were injected i.v. into Balb/c mice, and blood samples were taken at
the indicated time points. After clotting on ice the serum concentrations of scFv-
(FRPS)-ETA were determined by ELISA.
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Fig. 9. Effect of scFv(FRP5)-ETA on the in vivo growth of HTB77 human
ovarian tumor xenografts in athymic mice. Approximately 25 mg of HTB77
tumor tissue were implanted s.c. in each mouse (5 mice/group). Ten days later the
mice were treated by continous infusion of 1 Mg(O) or 6 Mg(O) of scFv(FRPS)-
ETA per day for 7 days. The control group received PBS (â€¢).The tumor size was
measured at the indicated times, tumor volumes were calculated, and the data
were statistically analyzed.

The recombinant scFv(FRP5)-ETA, produced in bacteria,
was found to have an 8-fold reduced affinity for the erbB-2
receptor when it was compared with the original MAb. In other
experiments we have examined the characteristics of the scFv-
(FRP5) and scFv(FRP5)-PhoA recombinant proteins. These
proteins also display an approximately 8-fold reduced affinity
for the erbB-2 receptor (23). A reduced affinity for the antigen
has been described for other scFv proteins (20, 22, 40-42). It is
possible that the reduced affinity is due to the peptide linker
connecting the two variable domains or to the order of these
domains in the protein. The affinity of the recombinant scFv-
(FRPS)-ETA is still very high and allows specific binding to
erbB-2-expressing cells.

The effects of scFv(FRP5)-ETA on cellular protein synthesis
and viability were examined in a number of cell lines. The ID50
for protein synthesis inhibition ranged from 1.6 ng/ml for the
HC11 R2#ll cells to 195 ng/ml for the HTB77 cells. The
differences in susceptibility are not strictly proportional to the
amount of erbB-2 protein present in the cells. The HTB77 and
SKBR3 cells have the highest level of erbB-2 protein but were

the least sensitive to the scFv(FRP5)-ETA. Despite the fact that
the cells have approximately the same amount of erbB-2, there
was a 6.7-fold difference in the sensitivity of the HTB77 and
SKBR3 cells toward the scFv(FRP5)-ETA. There are a few

possible explanations for these results. Since the toxin must be
internalized to inhibit protein synthesis, the turnover of the
receptor may play an important role in the process. We have
measured the half-life of erbB-2 receptor in HC11 cells express
ing the normal and the activated human alÃ­elesand have found
that the activated erbB-2 receptor turns over twice as fast as its
normal counterpart.4 This has also been observed in fibroblasts

expressing both types of receptor and most likely reflects the
high activity of the kinase in the activated receptor (43). This
may explain why the R2#ll cells containing the activated
erbB-2 alÃ­eleare slightly more sensitive to the scFv(FRP5)-ETA

than Rl#ll cells, despite the fact that they contain approxi
mately 8-fold less erbB-2 receptor.

The HTB77, SKBR3, and MDA-MB453 cells are differen
tially sensitive to the scFv(FRP5)-ETA despite the fact that the
half-life of the erbB-2 receptor in these cell lines is approxi
mately the same.4 It has been reported that tumor cells with
very high levels of the erbB-2 receptor shed the extracellular
domain of the protein into the medium (44, 45). Therefore, in
these cells the receptor turnover as well as the presence of
competing free extracellular domain might influence the sensi
tivity of the cells to the scFv(FRP5)-ETA. It is interesting to
note that MDA-MB231 cells were not inhibited by the scFv-
(FRPS)-ETA. It has been reported that conditioned medium
from MDA-MB231 cells contains an erbB-2 ligand (46, 47);
therefore, it is possible that the erbB-2 receptor is occupied by
a ligand in these cells. Alternatively, the low level of receptor
present on the MDA-MB231 cells may not allow sufficient
amounts of the scFv(FRP5)-ETA to be internalized into the
cells.

scFv(FRP5)-ETA was tested for its antitumor activity in
nude mice transplanted with HTB77 tumor cells. Administra
tion of 6 Mg/mouse/day was sufficient to inhibit tumor growth
completely in 3 of 5 animals. A 6-fold lower dose inhibited
tumor growth for 15 days, but eventually tumors grew in all of
the animals. We have determined that administration of the
scFv(FRP5)-ETA by continuous infusion is the optimal method
of delivery. We found that a dose of 5 Mginjected once a day had
no effect upon tumor cell growth.5 This suggests that constant

serum levels of the recombinant toxin are more efficient than
short-term high doses.

Recombinant scFv-ETA proteins have been used successfully
to kill cells with specific cell surface antigens. An anti-TacFv-
ETA protein, directed to the T-cell interleukin 2 receptor, was
shown to kill peripheral blood cells from patients with adult
T-cell leukemia (48). A recombinant B3Fv-ETA protein which
is directed against a carbohydrate antigen found on the surface
of many carcinomas has been shown to kill human tumor xe
nografts in nude mice (49).

Recombinant proteins such as the scFv(FRP5)-ETA which
we have described in this paper may be useful in the adjuvant
treatment of breast or ovarian cancer, but possible obstacles
must be considered. One factor which may hinder treatment
with scFv-toxin proteins is the development of antibodies
against the scFv-toxin. The scFv will most likely be less immu-
nogenic than an intact antibody (see Ref. 22 for a discussion).

4 N. E. Hynes, unpublished observations.
5 W. Wels, unpublished observations.
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To circumvent the antigenicity of the scFv domain, it is possible
to tranfer the antigen-binding sites in the variable regions from
a mouse to a human backbone (50). This process should lower
the immunogenicity of a scFv protein but may not completely
inhibit it (see, e.g., Ref. 51). In addition, the toxin portion of the
recombinant protein will provoke an immune response. Thus,
adjuvant treatment with a protein such as scFv(FRP5)-ETA
will be most effective if high doses can be given for short periods
of time.

Another potential problem is the fact that the erbB-2 protein
is not a tumor-specific antigen, since other normal human cells
also display this receptor. The results from immunohistochem-
ical studies indicate that embryonic tissues contain the highest
levels of erbB-2. In the adult, expression is limited to epithelial
cells in the digestive tract, reproductive tract, breast, kidney,
and skin (52-54). Since the level of erbB-2 protein in these
normal tissues is considerably lower than the level observed in
some tumors, there is hope that a therapy based upon differen
tial expression of the erbB-2 protein may be successful.
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