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Abstract Prostate cancer is the most commonly diag-
nosed form of cancer and the second leading cancer-
related death among men in the Western civilization.
Since no effective therapy exists for this tumor after
progression beyond resectable boundaries, there is an
urgent need for new treatment strategies. Prostate spe-
cific membrane antigen (PSMA) represents an excellent
target on prostate cancer cells, and therefore specific
immunotherapy may be a novel therapeutic option for
the management of this tumor. We constructed a fully
recombinant immunotoxin (A5-PE40) from a single-
chain antibody fragment (scFv) against cell-adherent
PSMA and a truncated form of Pseudomonas exotoxin
A (PEA40) lacking its natural binding domain Ia. The
scFv A5 was obtained from a mAbD elicited with native
PSMA by phage display technology and direct selection
on cells carrying the antigen. The bacterially expressed
and purified immunotoxin A5-PE40 specifically binds to
PSMA-positive prostate cancer cells and induces a 50%
reduction of viability (IC50) at a concentration of
20 pM, while PSMA-negative cells remain unaffected.
Due to its high and specific toxicity this recombinant
immunotoxin is a promising candidate for therapeutic
applications in patients with prostate cancer.
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Introduction

Cancer of the prostate is the most commonly diagnosed
malignant tumor among males in industrialized coun-
tries and represents their second leading cause of cancer
death [12]. No curative treatment currently exists for this
tumor after progression beyond resectable boundaries.
In most of these cases, cancer progresses despite initial
treatment with androgen ablation therapy [3]. Managing
advanced prostate cancer is difficult and the use of
radio- and chemotherapy remains investigational. Due
to the significant mortality and morbidity rate associated
with the progression of this disease, there is an urgent
need for new and targeted treatments.

Prostate specific membrane antigen (PSMA) is an
excellent target for prostate cancer therapy because it is
(a) primarily expressed in the prostate, (b) abundantly
expressed as protein at all stages and even upregulated in
androgen-insensitive or metastatic disease, (c) presented
at the cell surface but not released into the circulation,
and (d) associated with enzymatic or signaling activity
[8, 13]. Besides its expression in the prostate, PSMA is
also found in the neovasculature of most other solid
tumors, and therefore, may serve as target for specific
anti-angiogenetic drug delivery [2, 24].

PSMA is a type Il membrane glycoprotein of 100 kD,
with a short intracellular segment (aa 1-18), a trans-
membrane domain (aa 19-43) and an extensive extra-
cellular domain (aa 44-750) [11]. As PSMA is an
attractive target for imaging and immunotherapy great
efforts have been undertaken to develop monoclonal
antibodies (mAbs) against this antigen [16, 17, 25].
However, whereas antigen-binding mAbs could easily be
found, only very few mAbs binding to cell-adherent
PSMA were isolated [16]. The reason for this may be
that PSMA is expressed on epithelial prostate cells as a
homodimer with a specific three-dimensional structure
[4]. Therefore, prostate cancer cells can only be effi-
ciently targeted by antibodies directed against the native
cell-adherent antigen [23] and only those antibodies will
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augment internalization, which is a precondition for
delivery of intracellularly acting cytotoxic agents. To our
knowledge only first generation chemically linked im-
munotoxins with anti-PSMA mAbs were generated [6],
while no scFv against PSMA and hence also no second
generation recombinant immunotoxins against this
antigen have been published yet.

The toxin used for the construction of an immunotoxin
in our approach was Pseudomonas exotoxin A, precisely
the truncated version PE40 that lacks domain Ia, which is
the binding domain for a cell surface receptor present on
most mammalian cells [10]. PE40 is not toxic as long as it
remains in the extracellular space. However, once linked
to a scFv directed against a cell surface antigen capable of
internalizing, it becomes a potent immunotoxin.

Here we describe the first fully recombinant immu-
notoxin against prostate cancer cells, designed with PE40
and a scFv directed against cell-adherent native PSMA.
This immunotoxin is a promising candidate for further
clinical evaluation in patients with prostate cancer.

Materials and methods
Cell lines

The human prostate carcinoma cell line LNCaP.FGC was
used as PSMA-positive target. As PSMA-negative con-
trols the prostate cancer cell lines DU 145 and PC-3 and
the non-prostatic lines HeLa, MCF7, HCT15, MB453,
K562, SW20 and Jurkat were used. For PSMA transfec-
tion, the transient packaging cell line BOSC 23 was taken.
These lines and the hybridoma 7E11-C5.3 (IgGl-k,
PSMA) were purchased from the American Type Culture
Collection (Rockville, MD, USA). The hybridoma 3/A12
(IgG1) was obtained in our group from a Balb/c-mouse
immunized with LNCaP lysate containing native PSMA
(unpublished data). All cells were cultured in RPMI 1640
medium supplemented with penicillin (100 U/ml), strep-
tomycin (100 mg/l) and 10% fetal bovine serum at 37°C in
a humidified atmosphere of 5% CO..

Preparation of purified PSMA

For preparing purified PSMA, about 10® LNCaP cells
were washed with PBS and then lysed in PBS containing
1% NP-40 for 20 min at room temperature. After cen-
trifugation at 10,000 g the supernatant was put on an
immunoaffinity column loaded with mAb from the
hybridoma 7E11-C5.3. After washing with lysis buffer
PSMA was eluted with 100 mM glycine buffer (pH 2.5)
containing 1% Triton X-100 and dialyzed with PBS.

Transfection of full-length PSMA into BOSC 23 cells

Full-length PSM A was cloned in two fragments (fragment
1 from 262 bp to the unique EcoRI at 1,573 bp and

fragment 2 from 1,574 to 2,512 bp) into the vector pCR3.1
(Invitrogen, Karlsruhe, Germany). Transient transfection
of the full-length PSM A was done with Superfect (Qiagen,
Hilden, Germany) according to the manufacturer’s pro-
tocol. After 48 h incubation the transient transfected cells
were used for flow cytometric testing.

Preparation of a scFv phage display ViV library

From cells of the hybridoma 3/A12 (IgG1, anti-PSMA)
mRNA was isolated with silicagel-based membranes
(Rneasy, Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. From the cDNA the V re-
gion genes were amplified by PCR. For each chain 25
separate reactions were carried out by combining 25
different constant region forward primers with one cor-
responding reverse primer [20]. The amplified products
for the light chains and the heavy chains were ligated into
the phagemid pSEX (a gift from Professor M. Little,
DKFZ, Heidelberg) in two cloning steps using Ncol/
HindlIlII for the heavy chain DNA and MIul/Notl for the
light chain DNA according to published methods [7].

Selection of phage particles

Panning of the phage display library was performed
alternatively on PSMA-expressing LNCaP cells and on
purified PSMA. For this purpose a repertoire of trans-
formed bacteria was rescued with helper phage
M13KO7 as described [19]. About 10'" recombinant
phages were incubated in 2% non-fat milk/PBS with 10°
LNCaP cells for 1 h at room temperature on a shaker or
added to eight wells of a Maxi-Sorb microtiter plate
(Nunc, Wiesbaden, Germany) which were coated with
100 pl/well of a PSMA-solution (12 pg/ml in PBS) for
2 h. After ten washing rounds with 2% non-fat milk/
PBS and five rounds with PBS the bound phages were
eluted with 50 mM HCI for 10 min. Eluted material was
immediately neutralized by adding 1 M Tris—-HCI (pH
7.5) and remaining cell debris was spun down. Phage
containing supernatant was mixed with 2 ml 2xYT-
medium and used to transfect 5 ml logarithmically
growing E. coli TG1 cells for 30 min at 37°C before
plating them on 2xYT-AG-agar-medium.

After six panning rounds, individual colonies were
isolated, phage particles were rescued with helper phage
M13KO7 and tested for binding to purified PSMA and
LNCaP cells.

From positive clones, the V region genes were
transferred into the bacterial expression vector
pHOG21, which contains the sequences for c-myc- and
His-tag for detection and purification of the protein [14].

Construction of the scFv-PE40 fusion protein

The sequence encoding PE40 (252-613 bp) was ampli-
fied by PCR from the plasmid pSW200 (a gift from



Professor W. Wels, Frankfurt, Germany). The DNA
was then ligated into the vector pHOG?21 in a C-termi-
nal position to the scFv using the restriction site Xbal.
All cloning steps were performed according to standard
methods in E. coli XL1-blue and the products were
confirmed by sequencing.

Expression and purification of scFv and fusion protein

E. coli XL1-blue (Stratagene, La Jolla, CA, USA) cells
transformed with pHOG21 plasmids were grown
overnight in 2xYT-AG-medium, then diluted 1:20 and
grown as 600 ml cultures at 37°C. When cultures
reached OD 0.8, bacteria were pelleted by centrifuga-
tion at 1,500 g for 10 min and resuspended in the same
volume of fresh 2xYT-medium containing 50 pg/ml
ampicillin, 0.4 M sucrose and 1 mM IPTG. Then the
bacteria were incubated at room temperature for 18—
20 h. Cells were harvested by centrifugation at 5,000 g
for 10 min and 4°C. To isolate soluble periplasmic
proteins, the pelleted bacteria were resuspended in
30 ml of ice-cold 50 mM Tris—HCI, 20% sucrose,
1 mM EDTA (pH 8.0). After incubation for 1 h on ice,
the spheroblasts were centrifuged at 20,000 g for
30 min at 4°C yielding soluble periplasmic extract in
the supernatant, which was dialysed against 50 mM
Tris-HCI, 1 M NaCl, (pH 7.0).

Purification was achieved by immobilized metal
affinity chromatography (IMAC). This was performed
using a 1 ml column of chelating Sepharose (Amersham
Biosciences) charged with Cu®* and equilibrated with a
buffer containing 50 mM Tris-HCl and 1 M NaCl
(pH 7.0). The periplasmatic extract was loaded on the
column, washed with twenty column volumes of equili-
bration buffer containing 30 mM imidazole and then
eluted with the same buffer containing 250 mM imid-
azole. Eluted material was dialyzed against PBS.
Determination of the protein content was performed
with the Micro BCA Protein Reagent Kit (Pierce Bio-
technology, Rockford, IL, USA) according to the
manufacturer’s instructions.

Flow cytometry

Target cells were freshly harvested from tissue culture
flasks and a single cell suspension was prepared in PBS
with 3% FCS and 0.1% NaNj5. Approximately 10° cells
were incubated with 50 pl of either rescued phagemids,
scFv or fusion protein for 1 h on ice. After three rounds
of washing with PBS secondary antibody was added
(anti-M13 mAb, Amersham Biosciences, Freiburg,
Germany or anti-cc-myc mAb, Roche Diagnostics,
Mannheim, Germany) at 10 pg/ml and incubated for
40 min on ice. After three washings with PBS the cells
were incubated with 25 pl of goat anti-mouse Ig-RPE
(Becton Dickinson, Mountain View, CA, USA) for
40 min on ice. The cells were then washed repeatedly
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and resuspended in 200 pl of PBS containing 1 pg/ml
propidium iodide, 3% FCS and 0.1% NaNj3. The rela-
tive fluorescence of stained cells was measured using a
FACScan® flow cytometer and the CellQuest® software
(Becton Dickinson). Mean fluorescence intensity values
(MFI) were considered after subtraction of the back-
ground staining with PE-labeled goat anti-mouse Ig
alone.

SDS-PAGE and Western blot analysis

SDS-PAGE and Western blots were performed by
standard procedures according to the manufacturer’s
instructions (Invitrogen, Karlsruhe, Germany). Purified
PSMA was subjected to SDS-PAGE and transferred to
polyvinylidene difluoride membranes. The blots were
blocked overnight in PBS containing 5% non-fat milk
and incubated with scFv or scFv-PE40 at concentrations
of 10 pg/ml for 1 h. Then the blots were washed five
times with PBS-Tween (0.5%), incubated with a perox-
idase-coupled anti-c-myc antibody (Roche Diagnostics,
Mannheim, Germany) for 1 h, and then developed by
using 3,3’-diaminobenzidine as substrate.

Measurement of cytotoxicity of the immunotoxin

The metabolism of the red tetrazolium salt WST to a
water soluble formazan dye was determined according
to the manufacturer’s instructions (Roche Diagnostics,
Mannheim, Germany). Target cells were seeded at
1.5x10* cells/well of a 96-well plate and grown for 24 h
until a confluent cell layer was formed. Dilutions of the
recombinant immunotoxin in aliquots of 50 pl/well
were added and the plates were incubated for 6, 12, 24
or 48 h at 37°C and 5% CO,. After these time points
the cultures were pulsed with 15 pl/well WST reagent
and incubated for 90 min at 37°C and 5% CO,. Then
the spectrophotometrical absorbances of the samples
were measured at 450 nm (reference 690 nm). The im-
munotoxin concentration required to achieve a 50%
reduction in cell viability relative to that of untreated
control cells (50% inhibitory concentration = IC50)
was calculated.

Results
Generation of the scFv A5 against cell-adherent PSMA

For the generation of a scFv binding to cell-adherent
PSMA a VyxVp library was constructed from the
hybridoma 3/A12 which had been obtained from a Balb/
¢ mouse immunized with native PSMA (unpublished
data). After panning of the phage display library alter-
natively on PSMA-expressing LNCaP cells and purified
PSMA one specific positive clone, called A5 was ob-
tained.
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Construction and expression of the A5-PE40
immunotoxin

For construction of the recombinant immunotoxin, the
coding sequence of PE40 from 252 to 613 bp was
transferred from the vector pSW200 into the vector
pHOG?21 at the C-terminus of the scFv (Fig. 1). The
fusion protein of about 70 kD size was purified by
IMAC and about 100 pg of purified protein were rou-
tinely gained from 1 1 of bacterial culture. The protein
apparently retained its native folding after periplasmatic
expression in bacteria, because it was not necessary to
denature and renature it to obtain efficient binding and
toxicity.

Comparison of the binding characteristics of the scFv
A5 and the immunotoxin AS5-PE40

The binding properties were determined by treating
LNCaP cells with increasing concentrations of the scFv
A5 and the immunotoxin A5-PE40 followed by a
mouse-anti-c-myc antibody and goat anti-mouse Ig-
RPE in the next step. From the resulting charts obtained
by flow cytometry the A5 concentration reaching 50%
saturation of PSMA sites could be estimated at 38 nM.
At saturating concentrations (=120 nM) MFI values of
about 30 were measured (Fig. 2b). For A5-PE40 the
concentration reaching 50% saturation of PSMA sites
was determined at 40 nM. At saturating concentrations
AS5-PEA40 reacted with viable LNCaP cells reaching MFI
values of approximately 20 (Fig. 2d).

To evaluate the specificity of A5, PSMA-negative
target cells (DU 145, PC-3, HeLa, MCF7, HCT15,
MBA453, K562, SW20 and Jurkat) were also analyzed,
and in fact, A5 and A5-PE40 failed to bind to these cells
(Fig. 2a, c shows this for DU 145 cells).

Binding of A5 and AS5-PE40 to PSMA-transfected
BOSC 23 cells showed concentration-dependent satura-
tion curves (Fig. 3a, b). The MFI values were lower
compared to LNCaP cells, indicating less antigen sites
on the transfectants.

Binding of A5 and A5-PE40 to purified PSMA was
tested by Western blotting. For this purpose purified
PSMA was subjected to SDS-PAGE under reducing
conditions and blotted. After development of the blot
which was successively incubated with A5 or A5-PE40

and peroxidase labeled anti-c-myc mAb, a band at
100 kD was shown, corresponding to the monomeric
PSMA (Fig. 4).

Cytotoxicity of the immunotoxin A5-PE40 in vitro

To determine the ability of A5-PE40 to specifically in-
hibit the growth of PSMA-positive tumor cells, WST
tests were performed. The immunotoxin was added to
the cultures in a single dose, and cultures were analyzed
for viability at different times (6, 12, 24 and 48 h) after
addition. The immunotoxin promoted death of LNCaP
cells in a time-dependent manner; highest cytotoxic ef-
fects could be observed after 48 h incubation (Fig. 5). At
this time 1C50 values of about 20 pM were determined.
Additionally, cytotoxicity of A5-PE40 was tested on the
PSMA-negative cell lines DU 145, PC-3, MCF7 and
HCT 15. These cell lines only had a minimal unspecific
cytotoxic background at the highest concentration of
25,000 pM (Fig. 6).

The cytotoxic effect of A5-PE40 against LNCaP cells
could be abrogated by an excess (300 nM) of purified
parental 3/A12 antibody as shown in Fig. 7.

Discussion

By virtue of its abundant and restricted surface expres-
sion on epithelial prostate cells, PSMA constitutes an
attractive target for active and passive immunotherapies
against prostate cancer. In this paper, we report a fully
recombinant immunotoxin that is derived from the scFv
A5 against native cell-adherent PSMA. The major
findings emerging from the present study are (a) the
immunotoxin shows potent and specific toxicity against
PSMA-positive prostate cancer cells and (b) since PE40
is active as intracellular toxin, it can be deduced that the
monovalent binding scFv A5 is capable of inducing
internalization of PSMA.

Although recombinant antibody fragments and also
immunotoxins against a variety of malignant cells have
been reported [18], no scFv against cell-adherent PSMA
and hence also no functional recombinant immunotoxin
has been published yet. It has been shown by Schiilke
et al. [23] that PSMA is expressed on the cell surface as a
homodimer with a specific three-dimensional confor-
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Fig. 1 Construction scheme for the recombinant immunotoxin AS5-
PE40. Hiss, hexa-histidine-tag; c-myc, c-myc-tag, Vy and Vi,
variable regions of the light and heavy chains of the scFv AS5; pel B,

leader sequence for periplasmatic protein expression; PE40,
truncated ETA fragment consisting of domains II, Ib and III (aa
253-613) but lacking the receptor binding domain Ia



Fig. 2 Binding of A5 and A
A5-PE40 to PSMA-negative
DU 145 cells (a, ¢) and
PSMA-positive LNCaP cells
(b, d). Cells were stained
with A5 or A5-PE40,
mouse-anti-c-myc mAb, and
goat anti-mouse Ig-RPE.
Histograms represent
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mation. These authors found a strong difference in the
humoral immunity elicited by denatured monomeric and
native dimeric forms of PSMA in as far as only the
dimer efficiently elicited antibodies that recognized
PSMA-expressing tumor cells.

According to these findings, we developed a mAb and
successively a scFv from a mouse immunized with a
lysate of LNCaP cells containing native dimeric PSMA.
Additionally, the phage repertoire was selected on viable
LNCaP cells expressing native PSMA.

Whereas the unconjugated scFv A5 was not cyto-
toxic, it acquired potent cytotoxic effects, when linked to
the truncated form of Pseudomonas exotoxin A. The
immunotoxin A5-PE40 was effective in the picomolar
range, thus ranking among other recombinant PE40
immunotoxins [5, 15, 22]. The very low cytotoxic back-
ground on non-PSMA-expressing cells can be traced
back to residual bacterial proteins or other toxic agents
in the immunotoxin-preparation, because the same
background could be observed in equally high concen-
trations with the scFv A5 alone. The cytotoxic potency
of AS5-PE40 against PSMA-expressing cells is remark-
able and greater than the binding would predict. Other
recombinant immunotoxins with scFv and Pseudomonas
exotoxin A mostly showed higher binding levels on their
target cells, however, IC50 values were comparable with
ours [15, 22]. The reason for this could be a very high
internalization rate via PSMA. It also indicates, that
cross-linking of the target antigen does not seem to be
necessary for the immunotoxin to be internalized.

To our knowledge there are a few approaches for
targeting prostate cancer via anti-PSMA mAbs but
not scFv [1, 21]. Two publications are dealing with
chemically linked immunotoxins against PSMA: Fra-
casso et al. constructed immunotoxins by cross-linking
of three anti-PSMA mAbs (J591, PEQ226.5 and

Mean Fluorescence Intensity

PM2P079.1) to the ricin A-chain. These immunotoxins
showed effects in the nanomolar range against PSMA-
positive cells, whereas PSMA-negative cells were 62- to
277-fold less sensitive, thus ranking low with respect to
sensitivity and specificity in comparison to our re-
combinant AS5-PE40 [6]. Additionally, Huang et al.
constructed a chemically linked immunotoxin composed
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Fig. 3 Binding of A5 (a) and AS5-PE40 (b) to PSMA-negative
BOSC 23 cells (open circle) and PSMA-transfected BOSC 23 cells
(closed circle) at different concentrations. Mean fluorescence
intensity values (MFI) were considered after subtraction of the
background staining with secondary antibody alone
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Fig. 4 Western blot of AS and AS5-PE40 on PSMA: purified PSMA
was subjected to SDS-PAGE under reducing conditions and
blotted. The blot was incubated with A5 (line 1) or A5-PE40 (line
2), and peroxidase-coupled anti-c-myc mAb, and then developed
with 3,3’diamino-benzidine. Line M contains a pre-stained molec-
ular weight marker

of the anti-PSMA mAb E6 and deglycosylated ricin A-
chain. The IC50 value on LNCaP cells was 0.06 nM,
however, no data are given about the unspecific cyto-
toxicity [9]. The general problems of these conventional
immunotoxins are not only the high immunogenicity,
liver toxicity and vascular leak syndrome, but also the
difficulties in producing large quantities for clinical tri-
als. These problems might, at least in part, be overcome
by recombinant immunotoxins like our A5-PE40, which
are generally less immunogenic, show better tumor
penetrations because of their smaller size, and permit
large-scale production of pure substances. Since mouse-
derived scFv also may have a rest immunogenicity,
probably humanization of the framework could become
necessary.

150 .
§12'5
5 100
o
s 15
i I_h
22‘5
T
= , . |
6 12 24 48

time (h)

Fig. 5 Cytotoxic effects of A5-PE40 after incubation with LNCaP
cells for 6, 12, 24 and 48 h. AS5-PE40 concentrations were 49 pM
(black), 391 pM (grey) and 3,125 pM (white)
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Fig. 6 Effects of treatment of PSMA-positive LNCaP cells and
PSMA-negative lines DU 145, PC-3, MCF7 and HCT 15. Cells
were incubated for 48 h with A5-PE40 at concentrations ranging
from 6 to 25,000 pM. Cell growth was measured in WST assays as
described. The results are expressed as the percentage of untreated
cells. Data represent mean values of three independent determina-
tions each carried out in triplicates. SD are indicated by the error
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Fig. 7 Inhibition of the cytotoxic effects of AS-PE40 against
LNCaP cells by an excess of purified parental 3/A12 antibody.
Cells were incubated with AS5-PE40 at different concentrations
without (black) and with addition of 3A/12 at 300 nM (grey)

In summary, the newly constructed recombinant anti-
PSMA immunotoxin AS5-PE40 is both highly specific
and effective against PSMA-expressing prostate cancer
cells. Further evaluation will show the potential of AS5-
PE40 as a therapeutic agent for prostate cancer.
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