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ABSTRACT

TGF-a-PE40 is a chimeric protein composed of transforming growth
factor a (TGF-a) linked to a modified Pseudomonas toxin from which
the cell recognition domain has been deleted (PE40). TGF-a-PE40 has
been shown to have cytotoxic effects on human cancer cell lines that
express the epidermal growth factor (EGF) receptor on their surface,
and when given Â¡.p.,it prolongs the survival of nude mice bearing i.p.
tumors. Because several normal tissues, including liver, express EGF
receptors on their surfaces, it has not been clear that this agent can be
used systemically to treat EGF receptor-bearing tumors. In this study,
we have delivered TGF-a-PE40 for 7 days by continuous infusion through
a miniosmotic pump placed in the peritoneal cavity of nude immunodefi-
cient mice. Two different human cancer cell lines that express EGF
receptors on their surface were implanted s.c. One was A431, an epider-
moid carcinoma; the other was 1M -145, a prostate carcinoma. By using
this mode of continuous i.p. delivery, we were able to achieve a constant
serum level of TGF-a-PE40 that was nontoxic to the mice and yet
delayed the growth of both tumors implanted s.c. and caused partial
regression of one. We conclude that it is possible to deliver TGF-a-PE40
systemically and achieve a therapeutic serum level in mice without major
toxicity. Although side effects may be expected, this study establishes
that there is a therapeutic window for this agent in the therapy of cancers
with high numbers of EGF receptors.

INTRODUCTION

Protein toxins such as PE,2 diphtheria toxin, and ricin may

be useful in cancer therapy because they are among the most
potent cell-killing agents. These toxins have been coupled chem
ically to many different antibodies to create immunotoxins that
have been shown to kill appropriate target cells (1-3). In the

past 5 years, new cytotoxic molecules have been created by the
fusion of DNA elements encoding Pseudomonas exotoxin and
cell-targeting genes. Chimeric toxins have been made using
different cell-binding proteins such as TGF-a, interleukin 2,
interleukin 4, interleukin 6, CD4, and single chain antibodies
(4-7). These toxic proteins can be expressed in large quantities
in Escherichia coli and readily purified from these cells. When
added to cells bearing particular receptors, they have potent
cell-killing activity.

TGF-a is a polypeptide that stimulates the growth of a variety
of vertebrate cells. Its structure and biological properties are
very similar to those of EGF, and it appears to play an impor
tant role in the development and proliferation of several human
malignancies, including those of breast, lung, brain, bladder,
kidney, and prostate (8-11). A complementary DNA encoding
transforming growth factor a has been fused to a modified
Pseudomonas toxin gene (PE40) from which the cell recogni
tion domain has been deleted. The chimeric gene has been
expressed in E. coli, and the chimeric protein, TGF-a-PE40,
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has been purified to near homogeneity. TGF-cv-PE40 kills cells
expressing epidermal growth factor receptors and has little or
undetectable activity against cells with no receptors (12, 13).
Because several normal human tissues including liver also ex
press EGF receptors, the use of this toxic protein as an anti-
neoplastic agent in humans needs careful investigation. As a
first step in this process, Heimbrook et al. (12) have demon
strated that nude mice bearing i.p. tumor xenografts survive
longer than untreated control animals when TGF-a-PE40cys
was given i.p. TGF-a-PE40cys is a form of TGF-a-PE40 in
which the cysteines of PE40 have been converted to alanines.
At the doses used, liver toxicity in these animals was minimal.

In this paper we demonstrate that the continuous infusion of
TGF-a-PE40 via miniosmotic pumps placed in the peritoneal
cavity has antitumor effects in nude mice bearing s.c. tumor
xenografts. The tumors are of two different origins: one is
A431, a human epidermoid carcinoma; the other is DU-145, a
prostate carcinoma.

MATERIALS AND METHODS

Expression and Purification of TGF-a-PE40 and TGF-a-PE553d.
TGF-a-PE40 was expressed from plasmid (pVC387) and purified as
previously described (13). The preparation used in these studies was
>95% pure when analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. TGF-Â«-PE553dis a mutant form encoded by plas
mid pVC387M in which glutamic acid at position 553 of PE is deleted,
resulting in the loss of ADP ribosylation and cell-killingactivity (14).

Protein Synthesis Inhibition Assay. Inhibition of protein synthesis
was used to measure the activity of TGF-n-PE40 on different cell lines.
The protein was diluted with 0.2% human serum albumin in phosphate-
buffered saline prior to addition to cells. Cells were seeded at 1 x IO5/
ml in 24-well or 96-well plates 24 h prior to the addition of TGF-a-
PE40 and then incubated at 37Â°Cfor 24 h and assayed for [3H]leucine

incorporation (New England Nuclear, Boston, MA; specific activity,
140.8 Ci/nmol) (15). Mean values of triplicates were expressed as a
percentage of controls that did not receiveTGF-a-PE40.

Cell Lines and Animals. Five- to 6-week-oldfemale nu/nu mice (20-
22 g) were obtained from the Frederick Cancer Center Animal Facili
ties. Animals were housed in filter-top cages in a laminar flow hood.

Osmotic Pumps. Miniosmotic pumps (Model 2007, delivering 0.5
u\/h for 7 days) were obtained from Alza Corporation and used as
recommended by the manufacturer. Pumps were filled with a solution
containing TGF-Â«-PE40at different concentrations in sterile phos
phate-buffered saline containing 0.2% human serum albumin in sterile
phosphate buffer or phosphate-buffered saline alone.

Surgical Procedure. Animals were anesthetized with a diluted solu
tion of sodium pentobarbital injected i.p. (50 mg/kg). The skin was
cleaned with 70% alcohol (v/v), and a midline incision less than 1 cm
long was made in the lower abdomen. The peritoneal cavity wasopened
carefully, and a filled pump was inserted. The musculoperitoneal layer
was closed with 4-0 silk sutures, and the skin was closed with two
wound clips. The procedure was performed in a laminar flow hood
under stringent sterile conditions.

Stability of TGF-a-PE40 at 37Â°C.TGF-Â«-PE40was analyzed for
stability at 37Â°Cprior to the initiation of its use in animal experiments.
A solution containing TGF-Â«-PE40at 100 ug/m\ and 0.2% human
serum albumin was kept at 37Â°Cfor 7 days. A small aliquot was taken

daily and analyzed for its cytotoxic activity on A431 cells.
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LDso for TGF-a-PE40 in Nude Mice. Osmotic pumps containing
escalating doses of TGF-Â«-PE40 calculated to deliver 40, 60, 100, and
180 Â¿jg/kg/daywere placed i.p. as described in groups of two mice. The
number of dead animals was determined on days 2. 4. 8. and 10.

Serum Levels of TGF-a-PE40 in Mice. Groups of six mice were given
a single dose of TGF-U-PE40 (2 /jg) i.v. into the tail or i.p. Blood was
drawn at 2, 5, 10, and 20 min and 1. 4, and 8 h postinjection. Blood
was taken no more than three times from any one mouse. Osmotic
pumps containing TGF-Â«-PE40 calculated to deliver 60 Â¿ig/kg/dayfor
7 days were placed into eight mice as described. Blood was drawn 12 h
after the pump placement and then daily for 8 days after the pump
implantations. The level of TGF-Â«-PE40 was assayed by incubating
serum with A431 cells and measuring its effects on protein synthesis.
A standard protein synthesis inhibition curve was made with TGF-Â«-
PE40 diluted in control mouse serum.

Antitumor Activity of TGF-a-PE40 in Nude Mice Bearing Human
Epidcrmoid Carcinomas. A4.M cells (3 x IO6)were injected s.c. on day
0 into female nude mice, and tumors about 5x5 mm in size reproduc-
ibly developed in all mice by day 5. Osmotic pumps were placed i.p. 1,
4, or 7 days after tumor implantation. Each treatment group consisted
of four to six animals. Tumors were measured with a caliper every 4
days, and the volume of the tumor was calculated using the formula

Total volume in mm1 = Length x (width)2 x 0.4

Antitumor Activity of TGF-a-PE40 in Nude Mice Bearing a Prostate
Carcinoma. DU-145 cells (2 x IO6)were injected s.c. on day 0 into male

nude mice. Tumors about 4x4 mm in size developed in all mice by
day 7. Osmotic pumps were placed either 1 or 7 days after tumor
implantation. Tumor measurements were performed as described
above.

RESULTS

Many human tumor cell lines have already been shown to
express large numbers of EGF receptors and to be killed by
TGF-Ã•V-PE40(4, 12, 13). In the current study, we tested TGF-
Â«-PE40 on many other cancer cell lines of different origins
including prostate, stomach, pancreas, kidney, and several oth
ers (Table 1). Their sensitivity was compared with that of A431
cells which were previously shown to be very sensitive to TGF-
(V-PE40. The data of Table 1 show that the epidermoid carci
noma A431, gastric cancer (HTB-103, CRL 1793), pancreatic
cancer (HTB-80), and prostate cancer (DU-145, PC-3, LnCAP)
cell lines are highly sensitive to TGF-Â«-PE40, with ID50sof less
than 1 ng/ml. Several kidney, breast, and colon lines were also
quite sensitive to TGF-a-PE40, with IDjoS ranging from 0.9 to
20 ng/ml. Fig. 1 shows a typical protein synthesis inhibition
assay on DU-145 cells where an ID5(>of 0.3 ng/ml was observed.
It also showed that excess EGF blocked this effect, demonstrat
ing the specificity of the chimeric toxin. TGF-Â«-PE553d has
no protein synthesis inhibition activity when added to cells.

Because A431 epidermoid carcinoma cells and DU-145 pros
tate carcinoma cells were very sensitive to the action of TGF-
0-PE40 and both cell lines formed tumors in nude mice, we
selected these for further study.

TGF-Ã–-PE40 Stability Assay. Miniosmotic pumps have been
used to administer a wide variety of biological agents success
fully (16, 17). In order for a drug to be delivered by this route,
the agent must be stable at 37Â°Cfor periods of up to 7-8 days.
To determine if TGF-a-PE40 was stable at 37Â°C,a solution

containing TGF-(v-PE40 and 0.2% human serum albumin was
kept at 37Â°Cfor 7 days. A small aliquot was taken daily and

tested for its biological activity using a protein synthesis inhi
bition assay on A431 cells. TGF-n-PE40 was found to retain
100% of its activity for more than 7 days at 37Â°C.When samples

Table 1 Inhibition of protein synthesis by TGF-a-PE40 in human cancer
cell lines

CancertypeEpidermoid

vulvaEpidermal

cervixGastricPancreaticProstaleKidneyCell

lineA43IKBHTB-103CRL-

1739HTB-8Ãœ

HTB-79DU-145

PC3LnCapHTB-46

HTB-47ID,â€ž

(ng/ml)0.050.30.1

0.20.5

0.10.3

0.4
0.821

Colon HT-29 0.9
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Fig. 1. Inhibition of protein synthesis in DU-145 cells by TGF-Â«-PE40.
Chimeric toxin was added to cells in the presence (â€¢)and absence (O) of excess
EGF (2 /ig/ml) for 20 h at 37Â°C.['H]Leucine incorporation was measured.
Control TGF-cÂ«-PE553d(D) has no protein inhibition activity.

were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblotting with an antibody to PE,
no degradation products could be detected (data not shown).
Thus, TGF-Ã–-PE40 could be safely placed in an osmotic pump
in the peritoneal cavity of mice.

Toxicity and 50% Lethal Dosage of TGF-a-PE40. Preliminary
experiments have shown that one-half of the animals died when
given daily i.v. injections (75 Mg/kg) of TGF-Â«-PE40. Further
more, in the surviving animals no therapeutic effect was evident.
Death in these animals was apparently due to toxicity of TGF-
Â«-PE40 to the liver because a chimeric toxin, anti-Tac(Fv)-
PE40, which does not bind to the liver, could be safely given at
doses of up to 500 Mg/kg (18). To determine how much TGF-
(1-PE40 could be given to mice by continuous infusion without
toxicity, TGF-Â«-PE40 was delivered by i.p. osmotic pump over
7 days at dose levels of 40, 60, 100, and 180 Mg/kg/day. Dose
levels of 40 and 60 /Â¿g/kg/daywere well tolerated. At the dose
level of 100 ^g/kg/day, one animal was found dead at the end
of 8 days of infusion. A higher dose was even more toxic (Table
2).

At the end of 10 days, two animals at the dose level of 60
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Table 2 50% lethal dose for TGF-,<-PE40 delivered i.p. by osmotic pump

Dose (ng/kg/
day for 7

days)40

60
100
180Animal

survivalDay

20/2

0/2
0/21/2Day

40/2

0/2
0/22/2Day

80/2

0/2
1/2Day

100/2

0/2
1/2
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Fig. 2. Serum levels of TGF-Â«-PE40 were determined at various times after a
single dose given i.v. or i.p. (inset).
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Fig. 3. Serum levels of TGF-n-PE40 were determined at 12 h and then daily
for 8 days after placement of the osmotic pump in the peritoneal cavity. The
pumps delivered 65 ng/kg/day for 7 days. The level of TGF-U-PE40 was assayed
by incubating serum wUh A431 cells and measuring its effect on protein synthesis.
A standard curve was made with TGF-Â«-PE40 diluted in control mouse serum.

Serum Level of TGF-0-PE40 Delivered by Osmotic Pump. To
determine the serum level of TGF-Â«-PE40 achieved by contin
uous infusion, miniosmotic pumps were placed i.p. in mice to
deliver TGF-Â«-PE40 at 65 /ig/kg/day for 7 days. Blood was
drawn 12 h after the pump placement and then daily for 8 days.
As shown in Fig. 3, 12 h after pump placement, TGF-Â«-PE40
was detected in the serum at 3.4 ng/ml. Serum levels remained
stable for 5 days at 7 to 9 ng/ml and then gradually decreased
to undetectable levels on day 8.

Antitumor Activity of TGF-a-PE40 in Nude Mice Bearing
A431 Tumor. TGF-Â«-PE40 was first tested for its ability to
inhibit the growth of A431 cells as s.c. xenografts in nude mice.
On day 0, 3 x IO6 A431 cells were injected s.c. Miniosmotic

pumps were placed on days 1, 4, or 7 to deliver 65 Â¿ig/kg/day
of TGF-Â«-PE40. In the control groups, the pumps contained
phosphate-buffered saline or TGF-Â«-PE553d, and the tumor
grew rapidly, reaching 1.5 x 2.0 cm by days 18-20 when the
animals were sacrificed. In the group that received TGF-a-
PE40 from days 1 to 7, there was minimal tumor growth until
day 10. The tumor grew slowly thereafter, and the animals were
sacrificed on day 28. In this group, the animals tolerated the
therapy well, with no signs of toxicity (Fig. 4).

In another experiment, osmotic pumps were placed on day 4
when small tumors, approximately 50 mm3, were evident. This

treatment resulted in a decrease in the size of the tumors in all
the animals (Fig. 5, inset), and tumor growth was delayed until
day 12-16 (Fig. 5). Thus, TGF-Â«-PE40 not only delayed the
growth of cells planted 1 day before its administration but also
caused regression of rapidly growing tumors.

Antitumor Activity of TGF-a-PE40 Bearing DU-145 Tumor.
The incidence of prostate carcinoma is rapidly rising and may
soon be the most common cancer in American men. Cell line
data indicate that DU-145 cells are very sensitive to TGF-cv-
PE40 (Table 1). To assess the activity of TGF-Â«-PE40 in this
tumor, 4-6-week-old mice received s.c. injections of 2 x IO6
DU-145 cells on day 0. Tumors about 4x4 mm developed in
all mice by day 7. Osmotic pumps were placed either 1 or 7
days after tumor implantation to deliver TGF-Â«-PE40 at 65
Mg/kg/day for 7 days. Results are shown in Fig. 6. Under both
sets of conditions, TGF-a-PE40 arrested or retarded the growth

of the prostate carcinoma cells. Not until day 20 did tumor
growth resume.

3.0

Mg/kg/day were sacrificed, and a necropsy was performed.
HistolÃ³gica! section of major organs (liver, kidney, lung, heart,
and pancreas) showed no evidence of toxicity. Necropsy of
animals at the dose level of 100 iig/kg/day revealed early
hepatocyte injury. Death was most likely caused by liver failure.

Serum Level of TGF-a-PE40 by i.v. and i.p. Injection. To
determine the serum level of TGF-a-PE40 achieved after a
single dose injection, 2 Â¿igof the chimeric toxin were injected
by tail vein or i.p., and blood was collected at 2, 5, 10, and 20
min and 1,4, and 8 h postinjection. Two min after i.v. injection,
380 ng/ml of the chimeric toxin were detected in the blood,
and none could be detected after l h (Fig. 2). After i.p. injection,
a peak serum level was reached at 10 min (43 ng/ml), and no
chimeric toxin was detected after 2 h (Fig. 2, inset). The rapid
clearance of TGF-Â«-PE40 is most likely due to its binding to
liver, as well as to other tissues which express EGF receptors.
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Fig. 4. Effect of TGF-H-PE40 on the growth of A431 tumors in nude mice.

Animals received injections of 3 x 10*cells on day 0. Osmotic pumps were placed
i.p. on day 1 to deliver TGF-a-PE40 65 fjg/kg/day for 7 days (â€¢).The control
groups received phosphate-buffered saline (D) or TGF-Â«-PE40553d (â€¢).Bars,
SD.
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28

Fig. 5. Effect of TGF-<r-PE40 on (he growth of A43I tumors in nude mice.
Animals received injections of 3 x 10*cells on day 0. Osmotic pumps Â»ereplaced
i.p. on day 4 to deliver TGF-n-PE40 at 65 pg/kg/day for 7 days (â€¢).Control
groups received phosphate-buffered saline (O) or TGF-Â«-PE553d (â€¢).Bars. SD.
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Fig. 6. Effect of TGF-n-PE40on the growth of Dl'-145 tumors in nude mice.

Animals received injections of 2 x 10" cells on day 0. Osmotic pumps Â»ereplaced
i.p. on day I (O) (A) or day 7 (â€¢)(B) to deliver TGF-Â«-PE40 65 ng/kg/day for 7
days. Control groups received phosphate-buffered saline (â€¢)or TGF-Â«-PE553d
(D). Bars. SD.

DISCUSSION

Many cancers contain large numbers of EGF receptors. This
group includes epidermoid and squamous cell carcinomas, gli-
oblastomas, and cancers of the kidney, ovary, bladder, breast,
and endometrium (7-10, 19). However, since EGF receptors
are also present on many normal cells, we have set out to
determine if the cancer cells bearing EGF receptors are more
sensitive to TGF-Â«-PE40 than normal cells and therefore can
be selectively killed by this agent. To do this, we used cancer
cell lines that were sensitive to TGF-Â«-PE40 in vitro and could
be grown as xenografts in nude mice. With two different types
of cancer a clear antitumor effect was demonstrated (Figs. 3-
5). Furthermore, this antitumor effect was shown to be due to

281

the toxin portion of TGF-Â«-PE40, because a mutant form of
TGF-Ã•Ã•-PE40,which had an inactivating mutation in the toxin
domain, had no antitumor effect. This shows that the antitumor
effect is due to the toxin portion of TGF-Â«-PE40 and not to an
effect of the ligand itself, which has been shown to inhibit the
growth of some cell lines with large numbers of EGF receptors
(20).

TGF-Ã•V-PE40was delivered as a continuous infusion using
miniosmotic pumps which delivered the drug for 7 days and
produced a peak blood level of 7-9 ng/ml. On days 6 and 7 the
blood level fell, probably due to Â¡nactivation of the chimeric
toxin in the pump or to a change in flow rate. We chose to
administer the drug in this continuous manner for several
reasons. One is that TGF-Â«-PE40 has a short half-life of 10-

20 min, and this method of administration produced constant
blood levels allowing the drug in the blood to equilibrate with
the extracellular fluid bathing the tumor cells. A second is that
neutralizing antibodies to Pseudomonas toxin arise around 7-

10 days after its administration to mice (21), monkeys, or
humans.1 Therefore, even though nude mice do not make

antibodies to this toxin, we wished to use a protocol that is
applicable to animals with an intact immune system. Neverthe
less, it should be possible to increase the administration period
or give repeated treatments in normal animals by using immu-
nosuppressive agents such as cyclosporin (22) or 15-deoxysper-
gualin (21). Furthermore, many patients with advanced cancer
have impaired immune systems due to prior chemotherapy and
an impaired ability to make antibodies to foreign antigens.

In several previous studies immunotoxins made with antibod
ies that react with human but not mouse tissues have been
administered to mice and shown to have antitumor effects on
ovarian and epidermoid carcinomas, a mesothelioma, and
Hodgkin's disease tumor (23-27). Because the mouse tissues

were not at risk, these experiments are of limited predictive
value for human therapy. In the current study we have used a
ligand that binds to both human and mouse EGF receptors.
However, whether the human TGF-Â«binds equally well to both
types of receptors or has some preference for one or the other
type of receptor is not yet known. Recently, it was shown that
TGF-<v-PE40 administered i.p. in repeated doses has an anti-
tumor effect against cancers growing in the peritoneal cavity
(12). In the current study, we show that continuous administra
tion of the drug into the peritoneal cavity from which it can
readily reach the bloodstream has an antitumor effect on two
different types of cancers growing s.c. The cancers were chosen
because in tissue culture they were very sensitive to TGF-a-
PE40, with ID5()s of 0.05 (A431) and 0.3 (DU145) ng/ml.
Several other tumor cell lines that are highly sensitive to TGF-
Â«-PE40in vitro, with ID5us less than 1 ng/ml, should also be
sensitive to TGF-Â«-PE40. These include cancers of the stom
ach, pancreas, and colon (Table 1) as well as a squamous cell
carcinoma (SCC-25) and breast carcinoma (BT-20) (12). Fi
nally, these results suggest that TGF-a-PE40 should be evalu
ated as a new type of anticancer agent in humans.
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