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ABSTRACT
Purpose: Epithelial cell adhesion molecule (Ep-CAM) is

a tumor-associated antigen overexpressed in many solid tu-
mors but shows limited expression in normal epithelial tis-
sues. To exploit this favorable expression pattern for tar-
geted cancer therapy, an Ep-CAM-specific recombinant
immunotoxin was developed and its antitumor activity in-
vestigated.

Experimental Design: The immunotoxin 4D5MOCB-
ETA was developed by genetically fusing a truncated
form of Pseudomonas aeruginosa exotoxin A (ETA)
(ETA252–608KDEL) to the highly stable humanized single-
chain antibody fragment (scFv) 4D5MOCB. Cytotoxicity of
4D5MOCB-ETA was measured in cell growth and leucine
incorporation assays in vitro. Tumor localization and anti-
tumor activity were assessed in athymic mice bearing estab-
lished human tumor xenografts.

Results: Fusion of the toxin moiety to the scFv did
neither affect its thermal stability nor its antigen-binding
affinity. In vitro, 4D5MOCB-ETA potently and specifically
inhibited protein synthesis and reduced the viability of Ep-
CAM-positive carcinoma cells of diverse histological origins
with IC50s ranging from 0.005 to 0.2 pM. Upon systemic

administration in mice, 4D5MOCB-ETA showed similar or-
gan distribution as the scFv 4D5MOCB and preferentially
localized to Ep-CAM-positive tumor xenografts with a tu-
mor:blood ratio of 5.4. The potent antitumor activity of
4D5MOCB-ETA was demonstrated by its ability to strongly
inhibit the growth and induce regression of relatively large
tumor xenografts derived from lung, colon, or squamous cell
carcinomas.

Conclusions: We describe for the first time the devel-
opment of a fully recombinant Ep-CAM-specific immuno-
toxin and demonstrate its potent activity against solid tu-
mors of various histological origins. 4D5MOCB-ETA is
currently being evaluated in a Phase I study in patients with
refractory squamous cell carcinoma of the head and neck.

INTRODUCTION
Despite favorable initial responses, most advanced solid

tumors develop resistance to standard treatments and relapse as
incurable metastatic diseases (1). Because increasing the dose of
conventional anticancer agents results in unacceptable side ef-
fects, the design of novel therapies based on the use of tumor-
selective targeting ligands and effector domains using different
mechanisms of action is of great importance. Antibodies target-
ing tumor-associated antigens and equipped with intrinsic cyto-
toxic or immunostimulatory effector functions have shown
promising antitumor activity in preclinical and clinical studies
(2–4).

Ep-CAM4 is a 40-kDa transmembrane protein overex-
pressed in many solid tumors, including carcinomas of the lung,
breast, ovary, colorectum, and squamous cell carcinoma of the
head and neck (5). The limited expression of Ep-CAM in normal
epithelial tissues (5, 6) makes this antigen an attractive target for
cellular and antibody-based immunotherapy (7–9). Recently, a
transgenic mouse model mimicking the Ep-CAM expression
pattern in humans additionally validated the suitability of this
target for immunotherapy by showing no localization of the
monoclonal antibody MOC31 in Ep-CAM-positive normal tis-
sues (10).

The role of Ep-CAM in carcinogenesis and malignant
progression is still unclear, but there is increasing evidence that
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it modulates cell-cell interactions (11) and that its expression
correlates with the rate of cell proliferation (12). In addition, a
promoting role of Ep-CAM in tissue invasion and metastasis has
been suggested (13), and a strong correlation between Ep-CAM
expression and tumor progression has been found in patients
with squamous cell carcinoma of the head and neck.5 Ep-CAM-
specific antibodies have been used in imaging studies to detect
primary tumors and localize distant metastases in patients with
small cell lung cancer (14) and non-small cell lung cancer (15).
Moreover, they have been shown to trigger antitumor immune
responses (16) and to deliver cytotoxic effector molecules to
tumors in preclinical models (17, 18) and in patients (19).

An immunotoxin is a chimeric protein in which a toxin
moiety is chemically or genetically linked to a monoclonal or
recombinant antibody. Antibodies with specificities for various
tumor-associated antigens have been investigated as carriers of
toxins, and the majority of those that target solid tumors have
used the effector function of truncated ETA, which lacks the
cell-binding domain I (aa 1–252; Ref. 20). ETA irreversibly
inhibits protein synthesis by ADP-ribosylation of elongation
factor 2 and therefore has to gain access to its intracellular target
in the cytoplasm (20, 21). Thus, the most promising antigens for
immunotoxin therapy are those that are efficiently internalized
into tumor cells upon antibody binding by receptor-mediated
endocytosis (22–25).

Several immunotoxins, either as chemically linked first
generation or recombinant second generation formats, have been
tested in animal models and in patients with advanced solid
tumors (20, 26). Although early clinical data using immunotoxin
therapy for refractory tumors are promising, the induction of
neutralizing antibodies and dose-limiting side effects associated
with vascular leak syndrome or liver toxicity still remain obsta-
cles to effective therapy (27–29). To overcome these limitations,
more promising tumor-associated antigens have to be validated
as targets for new immunotoxin generations that are equipped
with rationally engineered effector functions (2, 30, 31).

In a previous study, we reported the ability of the chemi-
cally conjugated immunotoxin MOC31-ETA to eradicate small
tumor xenografts in mice as well as its failure to delay the
growth of larger tumors (18). We concluded that because of its
relatively large size (Mr of approximately 200,000), the immu-
notoxin was unable to homogeneously distribute within the
tumor mass and thus could only affect an insufficiently small
proportion of clonogenic tumor cells. Support for this hypoth-
esis is provided by others who reported an inverse correlation
between immunotoxin size and efficacy (32). The tumor target-
ing and tissue distribution properties of immunotoxins can be
substantially improved by using small scFv as targeting ligands
(22, 23, 25, 33–37). We have recently described the enhanced
tumor localization of scFv 4D5MOCB, which was derived by
grafting the hypervariable loops of monoclonal antibody
MOC31 onto the humanized framework of the anti-HER-2/neu
scFv 4D5 and by additionally changing eight critical core resi-
dues to obtain a high molecule stability (38). In this study, we
describe the development of a fully recombinant Ep-CAM-

specific single-chain immunotoxin based on 4D5MOCB and
report its favorable tumor localization and potent antitumor
activity against carcinomas of diverse histological origins in
vitro and in vivo.

MATERIALS AND METHODS
Tumor Cell Lines. The colorectal carcinoma cell lines

HT29 (HTB-38), COLO320 (CL-220), the breast adenocarci-
noma cell line MCF7 (HTB-22), and the non-Hodgkin’s lym-
phoma cell line RL (CRL-2261) were obtained from the Amer-
ican Type Culture Collection (Manassas, VA). The squamous
cell carcinoma cell line of the tongue CAL27 was kindly pro-
vided by Dr. Samuel D. Bernal (UCLA School of Medicine, Los
Angeles, CA). The small cell lung carcinoma cell line SW2 was
raised in our laboratory. Except for CAL27, which was main-
tained in DMEM (Life Technologies, Inc., Grand Island, NY),
cell lines were grown in RPMI 1640 (Life Technologies, Inc.).
Both media were supplemented with 10% fetal bovine serum
(Hyclone, Europe Ltd.), 2 mM L-glutamine, 50 IU/ml penicillin,
and 50 �g/ml streptomycin. Cell cultures were maintained at
37°C in a humidified atmosphere containing 5% CO2.

Construction of the 4D5MOCB-ETA Expression Vec-
tor. The sequence encoding a truncated form of ETA
(ETA252–608) was amplified by PCR from plasmid pSW200
(25) and cloned as an 1164-bp EcoRI-HindIII fragment down-
stream of the Ep-CAM-binding 4D5MOCB scFv sequence pres-
ent in the pIG6-based (39) 4D5MOCB scFv expression vector
(38). The primers (Tox1, CTCGGAATTCGGTGGCGCGCCG-
GAGTTCCCGAAA CCGTCCACCCCGCCGGGTTCTTCTG-
GTTTA; Tox2, GTCAAGCTTCTACAGTTCGTCTTTATGGT-
GATGGTGGTGATGCG GCGGTTTCCCGGGCTG) introduced
an EcoRI restriction site between scFv and toxin and a COOH-
terminal hexahistidine tag followed by the ER retention signal with
the sequence KDEL, a stop codon and a HindIII restriction site. To
improve purity and yield during immobilized ion-metal affinity
chromatography, a second hexahistidine tag was added at the NH2

terminus between the periplasmic signal sequence and the
4D5MOCB coding region. To this end, two pairs of oligonucleo-
tides (XbaI, 5�-CTAGATAACGAGGGCAAAAAATGAAAAA-
GACAGCTATCGCGATTGCAGTGGCACTGGCTGGTTTCG-
CTACCGT and XbaI, 3�-GCCACTGCAATCGCGATAGCTGT-
CTTTTTCATTTTTTGCCCTCGTTAT; and EcoRV, 5�-AGCG-
CAGGCCGACCACCATCATCACCATCACGAT and EcoRV
3�-ATCGTGATGGTGATGATGGTGGTCGGCCTGCGCTAC-
GGTAGCGAAACCAGCCAGT) were heated to 80°C, allowed to
anneal by gradually cooling to room temperature, and then ligated
between the XbaI and EcoRV sites of pIG6-4D5MOCB-ETA-
H6KDEL. The sequence was experimentally confirmed.

Expression and Purification of 4D5MOCB-ETA. For
periplasmic expression of 4D5MOCB-ETA, the vector pIG6
was used, which places the gene under lac promoter control in
SB536, an Escherichia coli strain devoid of the periplasmic
proteases HhoA and HhoB (40). Five ml of 2YT medium
containing ampicillin (100 �g/ml) were inoculated with a single
bacterial colony containing the 4D5MOCB-ETA expression
plasmid and grown overnight at 25°C. The bacteria were diluted
in 1 liter of 2YT medium supplemented with 0.5% glucose and
ampicillin (100 �g/ml) to reach an A550 nm between 0.1 and 0.25 D. Tschudi, unpublished observation.
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and transferred to 3-liter baffled shake flasks. The culture was
further grown at 25°C to an A550 nm of 0.5, and immunotoxin
production was induced for 4 h by adding IPTG (Sigma) to a
final concentration of 1 mM. The harvested pellet derived from
a bacterial culture with a final A550 nm of 6 was stored at �80°C.
For purification, the pellet obtained from a 1-liter culture was
resuspended in 25 ml of lysis buffer, containing 50 mM Tris-HCl
(pH 7.5), 300 mM NaCl, 2 mM MgSO4, and supplemented with
EDTA-free protease inhibitor mixture (Roche Diagnostics,
Mannheim, Germany) and DNase I. The bacterial suspension
was lysed by two cycles in a French Press (SLS Instruments,
Urbana, IL), centrifuged at 48,000 � g in a SS-34 rotor for 30
min at 4°C and subsequently filter-sterilized (0.22 �m). The
immunotoxin present in the cleared supernatant was purified by
chromatography using a BioCad-System (Applied Biosystems,
Foster City, CA) with a Ni2�-IDA column and a POROS
HQ/M-anion-exchange column coupled in-line as described pre-
viously (41). Before the lysate was loaded, the Ni2�-IDA col-
umn was equilibrated with 20 mM Tris (pH 7.5), 300 mM NaCl.
After loading, the column was washed three times with different
salt solutions, all buffered with 20 mM Tris (pH 7.5) in the order
300, 510, and 90 mM NaCl. Subsequently, the column was
washed with 20 mM Tris (pH 7.5), 10 mM imidazole, and 90 mM

NaCl before the bound immunotoxin was eluted with the same
solution containing 200 mM imidazole (pH 7.5). The eluate was
directly loaded onto the POROS HQ/M-anion-exchange col-
umn, and the bound immunotoxin was eluted with a salt gradient
of 90–1000 mM NaCl, buffered with 20 mM Tris (pH 7.5). The
fractions containing 4D5MOCB-ETA were collected and con-
centrated using a 10-kDa cutoff filter by centrifugation at
2000 � g and 4°C (Ultrafree-MC low protein binding; Milli-
pore). The quality of purified 4D5MOCB-ETA was analyzed by
a 10% SDS-polyacrylamide gel and Western blotting using a
horseradish peroxidase-conjugated antitetrahistidine antibody
(Qiagen, Hilden, Germany) diluted 1:5000 according to the
manufacturer’s recommendations.

Analytical Gel Filtration and Determination of Ther-
mal Stability. Ten �g of purified 4D5MOCB-ETA were di-
luted in 50 �l of PBS (pH 7.4) containing 0.005% Tween 20 and
subsequently incubated at 37°C. Samples were analyzed at
different time points (after 0, 2, 4, 8, 10, and 20 h) by gel
filtration using the Smart system (Pharmacia, Uppsala, Sweden)
with a Superose-12 PC3.2/30 column. The column was cali-
brated in the same buffer with three protein standards: alcohol
dehydrogenase (Mr 150,000); BSA (Mr 66,000); and carbonic
anhydrase (Mr 29,000). The same analytical setting was used to
assess the thermal stability of the 99mTc-labeled immunotoxin
after a 20-h incubation at 37°C in human serum. The amount of
immunotoxin monomers was determined by �-scintillation
counting of the eluted fractions.

Radiolabeling and Determination of Antigen-binding
Affinity. 4D5MOCB-ETA was radioactively labeled by stable
site-specific coordination of 99mTc-tricarbonyl trihydrate to the
hexahistidine tags present in the protein sequence (42). This
spontaneous reaction was induced by mixing 30 �l of immu-
notoxin solution (1 mg/ml) with one-third volume of 1 M 2-(N-
morpholino)ethanesulfonic acid (pH 6.8) and one-third volume
of freshly synthesized 99mTc-tricarbonyl compound. The mix-
ture was incubated for 1 h at 37°C, and the reaction was stopped

by desalting over a Biospin-6 column (Bio-Rad, Hercules, CA)
equilibrated with PBS containing 0.005% Tween 20, according
to the manufacturer’s recommendation. The percentage of im-
munoreactive immunotoxin was assessed as described by
Lindmo et al. (43). The binding affinity of the 99mTc-labeled
immunotoxin was determined on SW2 cells in a RIA, essentially
as described for the scFv 4D5MOCB (38).

Cell Growth Assay. Inhibition of cell growth upon treat-
ment with 4D5MOCB-ETA was determined in standard MTT
assays based on the reduction of tetrazolium salt to formazan by
the enzymes from viable cells (44). Briefly, 5000 tumor cells
were seeded in 96-well ELISA microplates in a total volume of
50 �l of culture medium/well. Immunotoxin concentrations
ranging from 0.0001 to 100 pM were added in a total volume of
100 �l/well, and cells were incubated for 72 h under standard
cell culture conditions. Ten �l of a 10 mg/ml MTT (Fluka)
solution were added to each well, and the plates were incubated
for an additional 90 min at 37°C. Cell lysis and formazan
solubilization were achieved by addition of 100 �l of lysis
buffer containing 20% SDS in 50% dimethylformamide [(pH
4.7) adjusted with a solution consisting of 80% acetate, 20%
1 M HCl], and the released formazan crystals were allowed to
dissolve overnight at 37°C. Absorption was quantified at
590 nm using a SPECTRAmax 340 microplate reader (Molec-
ular Devices, Sunnyvale, CA).

To demonstrate that the cytotoxicity of 4D5MOCB-ETA
was attributable to inhibition of protein synthesis in cells,
[3H]leucine incorporation assays were performed as described
previously (18). Briefly, 2 � 104 cells/well in leucine-free cell
culture medium were seeded into 96-well plates and incubated
with increasing concentrations of 4D5MOCB-ETA diluted in
leucine-free medium to a final volume of 200 �l. Cells incu-
bated in leucine-free medium without immunotoxin were used
as control. Upon a 24-h incubation at 37°C under standard cell
culture conditions, cells were pulsed with 10 �l of medium
containing 1 �Ci of [4,5-3H]leucine (specific radioactivity 5
TBq/mmol)/well for 6 h and harvested onto glass fiber filters
using a Harvester 96 (Tomtec, Hamden, CT). The radioactivity
incorporated into cells was quantified in a Trilux1450 liquid
scintillation MicroBeta counter (Perkin-Elmer Life Sciences,
Wellesley, MA) and expressed as percentages relative to un-
treated controls.

Flow Cytometry. Cell surface expression of Ep-CAM
was quantified by flow cytometry using the mouse IgG2a KS1/4
(BD PharMingen, San Diego, CA). As secondary antibody, a
FITC-conjugated goat antimouse F(ab�)2 IgG (H�L; Zymed
Laboratories, San Francisco, CA) was used. All staining steps
were performed in a staining buffer consisting of PBS supple-
mented with 1% (w/v) BSA and 0.04% (w/v) sodium azide.
Cells (5 � 105) were harvested, washed twice with ice-cold
staining buffer, and incubated on ice for 45 min in a total
volume of 100 �l of staining buffer containing 1 �g of the first
antibody. Cells were washed and additionally incubated with
400 ng of FITC-labeled antibody in a final volume of 100 �l.
After 30 min on ice, cells were washed and resuspended in 300
�l of staining buffer for analysis. Fluorescence intensity was
measured at 430 nm using a FACScalibur flow cytometer (Bec-
ton Dickinson, Mountain View, CA) and quantified using the
CellQuestPro software (Becton Dickinson, San Jose, CA).
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Mice. Six-to-8-week-old female CD-1 (ICR nu/nu) mice
(Charles River Laboratories, Sulzfeld, Germany) were used.
They were kept under specific pathogen-free conditions accord-
ing to the guidelines of the Veterinary Office of the Kanton
Zurich. Tumors were raised at the lateral flank by s.c. injection
of 107 cells and randomized to constitute groups with an average
tumor size of 160 mm3. Ten-week-old female C57BL/6 mice
(Janvier, Saint Isle, France) were used to determine immuno-
toxin-caused toxicity in immunocompetent animals, which are
more sensitive to the ETA-mediated T-cell stimulation that
results in the production of TNF by Kupffer cells and perforin
by cytotoxic T cells.

Biodistribution Study of 4D5MOCB-ETA. To investi-
gate the distribution of 4D5MOCB-ETA in mice, 6 �g of
99mTc-labeled 4D5MOCB-ETA (specific radioactivity of 98.9
TBq/mmol) were diluted in a total volume of 150 �l of PBS and
were injected i.v. into mice bearing established SW2 and
Colo320 tumor xenografts at the contralateral flanks. Mice were
sacrificed at different time points (10 min, 30 min, 1 h, 4 h, 16 h,
24 h, and 48 h) after treatment, and organs were removed to
measure the accumulated radioactivity using a gamma counter.
The amount of radioactivity/gram organ was given as percent-
age of the total injected dose, which was arbitrarily set to 100%.

In Vivo Toxicity of 4D5MOCB-ETA. Toxicity of the
immunotoxin was determined in C57BL/6 mice by measuring
ALT/AST activity in plasma upon repeated injections of esca-
lating doses of 4D5MOCB-ETA given every other day for three
cycles (5- and 10-�g dose) or for two cycles (20-�g dose).
Whole blood samples were taken to assess the degree of my-
elosuppression based on alterations of cellular components. In
addition, tissue specimens from the livers and spleens of immu-
notoxin-treated mice were analyzed for histopathological
changes upon hematoxylin and eosin staining.

Antitumor Activity of 4D5MOCB-ETA. Mice bearing
tumor xenografts derived from the Ep-CAM-positive cell lines
CAL27, HT29, and SW2 and the Ep-CAM-negative cell line
COLO320 were treated i.v. every second day with either 5 �g
of 4D5MOCB-ETA for a total of nine applications (total dose
45 �g) or with 10 �g every second day for a total of three
applications (total dose 30 �g) in a volume of 100 �l of PBS.
Tumor xenografts from untreated mice were used as control.
Tumor size was calculated by measurement of the shortest and
longest perpendicular diameter using digital calipers according
to the formula: (short diameter)2 � (long diameter) � 0.5.

RESULTS
Construction and Purification of 4D5MOCB-ETA.

We have recently reported the development and promising
tumor-targeting properties of the Ep-CAM-specific scFv
4D5MOCB (38). In this study, this scFv antibody was fused to
a truncated ETA (ETA252–608) by a 20 amino acid long peptide
linker (Fig. 1A). The COOH-terminal original ER retention
sequence REDLK of wild-type ETA (aa 609–613) was replaced
by the mammalian counterpart KDEL, which increases the
cytotoxic potency of the toxin in tumor cells (45). Furthermore,
we added a second hexahistidine sequence at the NH2 terminus
of 4D5MOCB to increase the efficiency of purification by
Ni2�-IDA affinity chromatography (Fig. 1A). The final con-

struct encoded a protein of 648 amino acids with a theoretical
isoelectric point of 5.9. Fig. 1B shows a computer model of the
mature 4D5MOCB-ETA immunotoxin molecule.

During IPTG induction, �90% of the total immunotoxin
detected by Western blot was found in the periplasmic soluble
fraction of E. coli and was released upon cell fractionation. The
final product yield was 0.5 mg of a 95% pure immunotoxin
preparation/liter bacterial culture in standard shake flasks. The
product migrated at the expected size of 	70 kDa on SDS-
PAGE (Fig. 1C), and the theoretical Mr of 69,737 was verified
by mass spectrometry. The absence of proteolytic degradation
was confirmed by Western blot analysis (Fig. 1D).

Immunoreactivity and Stability of 4D5MOCB-ETA.
Thermal stability and resistance to protease degradation of an
immunotoxin is of paramount importance for its tumor targeting
properties and thus for therapeutic efficacy. To investigate the
stability of 4D5MOCB-ETA, the fusion protein was incubated
in PBS for different time periods at 37°C, and the rate of
degradation was analyzed by gel filtration essentially as de-
scribed previously (38). As shown in Fig. 2, upon a 4-h incu-
bation at 37°C, 91% of the immunotoxin molecules still eluted
as monomers at the retention volume of 1.4 ml, corresponding to
a Mr of 	66,000. The amount of 4D5MOCB-ETA only slowly
decreased with time, and 	47% of the initial protein still eluted
in monomeric form after 20 h at 37°C. Similar results were
obtained upon incubation of 99mTc-labeled 4D5MOCB-ETA in
human serum, additionally corroborating the suitability of the
immunotoxin for in vivo application.

To assess the effect of the additional NH2-terminal hexa-
histidine tag on the antigen-binding affinity, we determined the
amount of immunoreactive immunotoxin in a binding assay as
described previously (43). Upon a 1-h incubation at 37°C, the
99mTc-tricarbonyl quantitatively bound to the histidine tags of
the immunotoxin. As determined in cell-binding assays, 80–
90% of the immunotoxin retained its binding activity for Ep-
CAM after the labeling procedure. The KD of the immunotoxin
to Ep-CAM expressed on SW2 cells was determined to be 4 nM,
which was essentially the same as observed for the scFv
4D5MOCB assessed in a similar test system (38). The low level
of immunotoxin degradation could be completely prevented by
the addition of protease inhibitors even after a 48-h incubation
at 37°C in PBS (data not shown). Thus, the immunotoxin
4D5MOCB-ETA retained all of the favorable biophysical prop-
erties of the parental scFv.

Ep-CAM Expression on Tumor Cell Lines. Ep-CAM
is overexpressed in many solid tumors of diverse histological
origins (5). As shown in Table 1, the highest level of Ep-CAM
was expressed on HT29 cells (MFI 696.1), followed by MCF7
(MFI 419.5), CAL27 (MFI 415.3), and SW2 cells (MFI 372.4).
The cell lines RL and COLO320 cells did not express Ep-CAM
and were used as antigen-negative controls.

Cytotoxicity of 4D5MOCB-ETA against Tumor Cells in
Vitro. To determine the ability of 4D5MOCB-ETA to specif-
ically inhibit the growth of Ep-CAM-positive tumor cells, MTT
assays were performed. The immunotoxin was specifically cy-
totoxic against Ep-CAM-positive cell lines and did not affect the
growth of the Ep-CAM-negative cells RL and COLO320 in the
broad range of concentrations tested (Fig. 3). SW2, CAL27, and
MCF7 cells were found to be equally sensitive to the cytotoxic
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effect of 4D5MOCB-ETA, and their proliferation was inhibited
with an IC50 of only 0.005 pM. Despite the highest level of
Ep-CAM expression (Table 1), HT29 cells were found to be the
least sensitive (IC50 of 0.2 pM). In the range of concentrations
tested, the cytotoxicity of the immunotoxin was completely
blocked by an excess of scFv 4D5MOCB (data not shown).

As determined in [3H]leucine incorporation assays (data
not shown), treatment of SW2 cells with 4D5MOCB-ETA in-
hibited protein synthesis with an IC50 of 0.01 pM, and this effect
showed the same dose-response relationship as measured in the
cell viability assays described above. Protein synthesis was not
inhibited in the antigen-negative control cell line RL.

Fig. 1 The recombinant 4D5MOCB-ETA immunotoxin. A, schematic representation of the scFv-toxin fusion protein precursor, which includes the
ompA signal sequence for periplasmic expression. The scFv antibody fragment 4D5MOCB is fused to the ETA (ETA252–608) by the linker shown.
The protein is flanked by two hexahistidine tags, the COOH-terminal of which precedes the ER retention signal KDEL. B, three-dimensional model
of the mature 4D5MOCB-ETA. The structure of the scFv (VL in red, VH in orange), of ETA252–608 (domain II in light blue, domain Ib in green, and
domain III in violet) and of the linking peptide (green) are shown. Both hexahistidine tags are indicated in yellow. C, total extract of SB536 bacterial
culture samples before (�) and after (�) IPTG induction and 10 �g of 4D5MOCB-ETA immunotoxin purified by Ni2�-IDA and anion exchange
affinity chromatography columns coupled in series was analyzed on 10% SDS-PAGE under reducing conditions. D, the immunotoxin proteins present
in the same samples were visualized on a Western blot using a horseradish peroxidase-conjugated antitetrahistidine antibody. Markers are shown in
Lane M: myosin (Mr 208,000); �-galactosidase (Mr 119,000); BSA (Mr 94,000); ovalbumin (Mr 51,100); carbonic anhydrase (Mr 35,400); and
soyabean trypsin inhibitor (Mr 28,800).
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Tumor Localization of 4D5MOCB-ETA in Mice. To
spare normal tissues from cytotoxic damage and use the full
cytotoxic potential of 4D5MOCB-ETA demonstrated in vitro
for targeted cancer therapy, the selective and preferential local-
ization of the immunotoxin to Ep-CAM-positive tumors is a
prerequisite. We assessed the tumor localization properties of
4D5MOCB-ETA in a biodistribution experiment in mice bear-
ing established Ep-CAM-positive SW2 and Ep-CAM-negative
COLO320 xenografts at the contralateral flanks. As shown in
Table 2, the maximum dose of radiolabeled 4D5MOCB-ETA
detected in SW2 tumors was 2.93% ID/g after 4 h, which then
gradually decreased to 1.95%ID/g after 24 h. After 48 h, radio-
activity was still 1.13%ID/g tumor tissue. In COLO320 control
tumors 4D5MOCB-ETA localized with a maximum dose of
1.65%ID/g after 30 min, which then rapidly declined to
1.06%ID/g after 4 h and showed only background levels after
48 h. As expected from its larger size, 4D5MOCB-ETA showed
a slower blood clearance than the parental scFv 4D5MOCB
(data shown in Table 2 for comparison). After 24 h, the total
dose of 4D5MOCB-ETA in the blood was 0.42% ID/g, which

was 1.5-fold more than measured for the scFv (0.28%ID/g).
Moreover, localization of the immunotoxin in SW2 tumors was
also delayed compared with the scFv, and the distribution of
4D5MOCB-ETA revealed a tumor:blood ratio of 5.38 after
48 h, which was comparable with the ratio obtained with the
scFv after 24 h.

At each time point, 4D5MOCB-ETA preferentially accu-
mulated in Ep-CAM-positive SW2 tumors compared with
COLO320 control tumor with a SW2:COLO320 ratio varying
between 1.28 and 2.95. This indicates that 4D5MOCB-ETA was
retained in Ep-CAM-positive tumors by specific antibody-
antigen interactions and cellular uptake and suggests that its

Fig. 2 Thermal stability of 4D5MOCB-ETA.
The stability of 4D5MOCB-ETA was assessed
by size exclusion chromatography. The immu-
notoxin was incubated at a concentration of 200
�g/ml at 37°C in PBS, and samples were ana-
lyzed by gel filtration at different time points
for comparison. The chromatograms before (0
h) and after 2, 4, 8, 10, and 20 h incubation
were recorded at 280 nm. The monomers eluted
at 	1.4 ml as verified by calibration with the
molecular weight standards alcohol dehydro-
genase (A, Mr 150,000), BSA (B, Mr 66,000),
and carbonic anhydrase (C, Mr 29,000), which
eluted at 1.31, 1.38, and 1.54 ml, respectively
(retention volumes shown by arrows).

Table 1 Ep-CAM expression on tumor cell lines of diverse origins

Tumor cell line Tissue of origin

MFIa

Staining Controlb

SW2 lung 372.4 
 4.0 3.4 
 0.5
HT29 colon 696.1 
 11.4 5.4 
 0.4
CAL27 tongue 415.3 
 4.8 5.6 
 0.3
MCF7 breast 419.5 
 1.1 4.5 
 0.6
RL B lymphoblast 4.2 
 0.2 4.0 
 0.2
COLO320 colon 5.5 
 0.1 5.1 
 0.1
a The values are expressed as mean fluorescence intensities

(MFI 
 SD) of three independent fluorescence-activated cell sorting
analyses of tumor cell lines stained with the Ep-CAM-specific antibody
KS1/4.

b Unspecific staining was assessed by incubation of cells with the
FITC-conjugated secondary antibody alone.

Fig. 3 Inhibition of tumor cell growth upon treatment with
4D5MOCB-ETA. Four Ep-CAM-positive tumor cell lines were incu-
bated for 72 h with 4D5MOCB-ETA at concentrations ranging from
0.0001 to 100 pM. Cell growth was measured in MTT assays as de-
scribed in “Material and Methods.” Data represent mean values of at
least six independent determinations each carried out in quadruplicates
(overall SD �5%).
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marginal accumulation in COLO320 control tumors may be
attributable to the increase in vascular permeability often found
in tumors. Analysis of normal tissues revealed that 4D5MOCB-
ETA localized also in the kidney, spleen, liver, and, to a lower
extent, in the bone tissue of the femur.

Toxicity of 4D5MOCB-ETA in Mice. The unexpected
high localization of radioactivity in liver, spleen, and bone
raised the issue of potential toxicity to these tissues under
immunotoxin therapy. To assess the toxicity of escalating doses
of 4D5MOCB-ETA, C57BL/6 mice were used as immunocom-
petent hosts, which, in contrast to athymic mice, are more
sensitive to wild-type ETA-mediated liver damage (46, 47).
Interestingly, the determination of ALT/AST levels in the
plasma of C57BL/6 mice 24 h after treatment with three cycles
of either 5 or 10 �g of immunotoxin given every other day did
not reveal immunotoxin-mediated impairment of liver function
(Fig. 4). Elevated transaminase activity was only observed upon
administration of two 20-�g doses of immunotoxin, which
equaled the activity measured in control mice upon administra-
tion of a toxic dose of wild-type ETA (46). In line with these
results, only few sites with necrotic hepatocytes were found and
only upon treatment with the highest immunotoxin dose. At all
doses tested, analysis of the spleen and the cellular components
of whole blood samples did not show any signs of histopatho-
logical changes or myelosuppression, respectively (data not
shown). Thus, the accumulation of radioactivity in liver, spleen,
and bone does not reflect the amount of cell-bound or internal-
ized immunotoxin in these tissues.

Antitumor Activity of 4D5MOCB-ETA. An essential
requirement for the clinical use of anticancer agents is a signif-
icant antitumor activity demonstrated in animal models of hu-
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Fig. 4 Impairment of liver function upon treatment with 4D5MOCB-
ETA. C57BL/6 mice were treated every other day with escalating doses
of 4D5MOCB-ETA. Two groups received 5-�g (250 �g�kg�1) or 10-�g
(500 �g�kg�1) doses for three cycles, whereas another group was treated
twice with 20 �g (1000 �g�kg�1). Twenty-four h after the last chal-
lenge, the activities of plasma transaminases were determined and
compared with mice treated with PBS (0 �g�kg�1). The transaminase
activities of mice treated with a single lethal dose of wild-type ETA (85
�g�kg�1), as described by Schümann et al. (47), are also shown. Data
are expressed as the mean 
 SD (n � 3).
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man tumor xenografts. To investigate whether the potent in vitro
cytotoxicity and the favorable tumor localization properties of
4D5MOCB-ETA translate into antitumor activity, mice bearing
established SW2, HT29, or CAL27 tumor xenografts were
treated by i.v. injection of the immunotoxin with two different
dose schedules: (a) 45-�g total, with 5 �g given every second
day for 3 weeks; and (b) 30-�g total, with 10 �g given every
second day for 1 week. Mice bearing Ep-CAM-negative
COLO320 tumor xenografts were used as controls. All treat-
ment doses were well tolerated, and mice did not show any signs
of toxicity such as weight loss or impaired liver function
(Fig. 4).

As depicted in Fig. 5, a significant inhibition of the growth
of all Ep-CAM-positive tumors was achieved by treating mice
with either the 5- or the 10-�g dose schedule. Treatment of mice
bearing SW2 xenografts resulted in a shrinkage of the tumor
volume to maximal 20% of the initial size and a slight resump-
tion of growth to a final 2.6-fold size increase at the end of the
monitored period. A similar effect was achieved upon treatment
of CAL27 tumors, which were reduced to maximal 60% of the
initial volume. Fifty days after start of treatment, the median
tumor volume did not exceed 1.4-fold the initial size. Two of 7
mice treated with the 5-�g dose showed complete tumor regres-
sion and remained tumor free. Neither CAL27 nor SW2 tumors
showed a significant difference in their tumor response to the
two treatment schedules.

For HT29 tumors, strong growth inhibition was achieved

with the 5-�g dose given for 3 weeks when sizes decreased to
0.7-fold of the initial volume. As already observed for CAL27
tumors, 3 of 7 mice showed complete regression of their HT29
tumors. Unexpectedly, the efficacy of the 10-�g schedule was
comparatively lower, indicating that for these tumors, a long-
term treatment is more effective. No antitumor effect of
4D5MOCB-ETA was seen in mice bearing Ep-CAM-negative
COLO320 control tumors (Fig. 5).

DISCUSSION
The lack of significant advances in the treatment of meta-

static or refractory cancers has stimulated the design of novel
approaches to targeted cancer therapy such as the use of anti-
body-based cancer therapeutics. Here, we summarize our results
obtained with a humanized scFv-based immunotoxin specific
for Ep-CAM. Because of their different mechanism of action,
and especially because of their built-in targeting function that
conventional anticancer agents do not have, immunotoxins may
add new options for the treatment of malignancies resistant to
conventional treatments (26, 28). ETA and its homologues
irreversibly block protein synthesis in cells by ADP-ribosylating
a posttranslationally modified histidine residue of elongation
factor 2, called diphthamide, which ultimately triggers apoptosis
(48). Although resistance of cells to ETA was described as a
consequence of the mutation of the crucial histidine residue or
loss of enzyme activity required for diphthamide synthesis (49,

Fig. 5 Antitumor effect of 4D5MOCB-ETA in
mice. Athymic mice bearing tumor xenografts
(160 mm3 in average) derived from the Ep-
CAM-positive cell lines HT29, SW2, and
CAL27 remained untreated (E) or were treated
by i.v. injections every second day with either
nine doses of 5 �g of 4D5MOCB-ETA each for
3 weeks (f) or with three doses of 10 �g each
(Œ). In a control experiment, mice bearing Ep-
CAM-negative COLO320 xenografts were also
treated with 4D5MOCB-ETA according to the
dose schedules mentioned above. The tumor
size is given relative to the initial median tumor
size of 160 mm3 at the start of treatment and
data represent the mean values 
 SD of the
various groups (n � 7).
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50), this is a rather uncommon event and has not been confirmed
in other cell systems. Nevertheless, the loss of the tumor antigen
used for uptake of the antibody-toxin fusion protein by the
tumor cell is another conceivable mechanism of resistance.

A number of chemical and recombinant immunotoxins that
use either plant or bacterial toxins as effector domains and that
target distinct cell surface antigens associated with tumor cells
have been shown to be potent and selective anticancer agents in
preclinical studies (28). However, only few of them proved to be
promising candidates for clinical use.

Major responses have been reported thus far only for
leukemias. In Phase I studies using an ETA-based scFv immu-
notoxin that targets IL-2 receptor  chain termed LMB-2, re-
sponses have been observed treating hematological malignan-
cies (51, 52). Moreover, two-thirds of the patients with
refractory hairy-cell leukemia involved in a Phase I study
showed complete remission after treatment with BL22, a recom-
binant ETA-based dsFv immunotoxin specific for the CD22
surface antigen (53). Both immunotoxins showed minor or
reversible toxic side effects and thus merited to be involved in
Phase I studies for which a large number of patients have been
evaluated.

Two recombinant ETA-based dsFv immunotoxins are also
currently being evaluated for the treatment of advanced solid
tumors. The immunotoxin SS1(dsFv)-PE38 is directed against
cells expressing mesothelin, a protein normally produced by
mesothelial cells and expressed also on malignant mesothelio-
mas and ovarian carcinomas (54). The immunotoxin LMB-9 has
been derived from the monoclonal antibody B3 that targets the
LewisY antigen (55), which is also widely expressed in epithe-
lial tissues, a fact that contributes to safety concerns. LMB-9
and SS1(dsFv)-PE38 are currently being tested in Phase I clin-
ical trials in patients with advanced solid tumors, and first
results are eagerly awaited. In a previous study with 38 patients
suffering from advanced carcinomas, the chemical conjugate of
monoclonal antibody B3 and ETA induced one complete and
one partial response (56). In these studies, vascular leakage
because of capillary damage was found to be dose limiting, and
subsequent preclinical investigations revealed significant bind-
ing of the B3 antibody to LewisY expressed on endothelial
cells (57).

In addition to HER-2/neu (25), Ep-CAM represents another
more promising target for antibody-based therapy of solid tu-
mors because of its abundant expression in many carcinomas
and its limited distribution in normal epithelial tissues (5).
Although, Ep-CAM expression is not exclusively restricted to
tumor cells, Riethmüller et al. (7) found that application of the
anti-Ep-CAM monoclonal antibody 17–1A in patients with re-
sected colorectal carcinoma or minimal residual disease reduced
the overall mortality by 32%, decreased the recurrence rate by
23%, and reduced the number of distant metastases (8).

In previous studies, two Ep-CAM-specific chemically con-
jugated immunotoxins have been described that both exploit the
favorable tumor targeting properties of monoclonal antibody
MOC31. One of these first generation conjugates is based on a
full-length ETA and was used as a powerful agent to purge bone
marrow from metastatic breast carcinoma cells (58). The second
one was developed by our group and consists of MOC31 chem-
ically linked to a truncated form of ETA lacking the cell-binding

domain I (18). Despite its potent cytotoxicity in vitro, the
MOC31-ETA conjugate could only significantly affect the
growth of relatively small tumor xenografts (�100 mm3) in
mice. The immunotoxin 4D5MOCB-ETA was developed by
fusing the highly stable humanized scFv 4D5MOCB (38) to a
truncated form of ETA comprising amino acids 252–608 and
the COOH-terminal eukaryotic ER retention sequence KDEL.
The 4D5MOCB-ETA is extremely potent in the femtomolar
range and potently inhibits the growth of carcinoma cells of
diverse histological origins in a highly antigen-specific manner
as demonstrated by an increase in the cytotoxic potency by more
than four orders of magnitude, compared with antigen-negative
cells. Moreover, the antigen-specific action of 4D5MOCB-ETA
was additionally corroborated in competition assays using an
excess of scFv 4D5MOCB. Similar to the findings reported
from immunotoxins targeting other tumor-associated antigens,
including HER-2/neu and EGF receptor (25, 59), the cytotoxic
activity of 4D5MOCB-ETA did not correlate with the amount of
target antigen expressed on the tumor cell surface. Thus, it is
likely that other cell type-specific parameters such as rate of
internalization, intracellular trafficking, and fate of the enzyme
domain are additional determinants of immunotoxin efficacy. In
terms of its in vitro cytotoxicity, 4D5MOCB-ETA is the most
potent Ep-CAM-specific immunotoxin that has been reported in
the literature and was 1000-fold more potent than the chemical
immunotoxin conjugate MOC31-ETA (18).

A prerequisite for the optimal binding of antibody-based
therapeutics to target antigens expressed on the surface of tumor
cells and for efficient tumor localization is protein stability
under physiological conditions. The extremely potent cytotox-
icity shown by 4D5MOCB-ETA may at least partly be attrib-
utable to the stability of the targeting scFv (38). The immuno-
toxin itself was obtained to �90% from the soluble fraction
after bacterial lysis, was monomeric, and could be expressed
and purified with a yield of 	0.5 mg/liter bacterial culture from
simple shake flasks. These are excellent prospects for scale-up
by high cell density fermentation (60). The high stability of the
immunotoxin was confirmed by the large proportion of mole-
cules that eluted in monomeric form after 20 h of incubation at
37°C in PBS, a result that was also obtained by incubating the
radioactive-labeled immunotoxin in serum. Addition of protease
inhibitors prolonged the stability for �48 h, indicating that
protein degradation was not a consequence of intrinsic molecule
instability but rather was a side effect occurring during purifi-
cation. The addition of ETA and a second hexahistidine tag at
the NH2-terminal end of the scFv did not interfere with the
binding properties of this ligand.

The antitumor activity of 4D5MOCB-ETA was demon-
strated by the significant growth inhibition upon systemic
administration to mice bearing established tumor xenografts
(160 mm3) from colorectal, small cell lung, or squamous cell
carcinoma of the head and neck. Both dose schedules were well
tolerated and proved to be very effective in inhibiting tumor
growth. The 3-week treatments with a total dose of 45 �g
eradicated a significant fraction of the tumors, and some mice
remained tumor-free during the whole study. In contrast, after
completion of the shorter 1 week treatment with a total dose
of 30 �g of 4D5MOCB-ETA, HT29 tumors rapidly resumed
their growth.
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The systemically administered 4D5MOCB-ETA was
cleared from the blood with slightly slower kinetics when
compared with the scFv, probably as a consequence of its
increased molecular size. The blood clearance rate inversely
correlated with the amount of radioactivity in the kidney which
was lower for the immunotoxin than for the scFv (ID/g tissue
22.79 versus 300%), while in the liver the values were higher for
the immunotoxin.

Although all doses of immunotoxin were well tolerated and
mice did not show any signs of illness such as weight loss and
the accumulation of 4D5MOCB-ETA in liver, spleen, and bone
raised the issue of potential toxicity to these tissues. The inhib-
itory effect of ETA on protein synthesis is known to induce
severe hepatotoxicity by sensitizing hepatocytes to the action of
TNF, which is released by Kupffer cells upon ETA-mediated
T-cell stimulation and induces liver cell necrosis (46, 47). To
assess the degree of liver damage upon 4D5MOCB-ETA treat-
ment, immunocompetent mice received repeated doses of 5 �g
(250 �g�kg�1) of or 10 �g (500 �g�kg�1) of immunotoxin every
other day for three cycles. In both cases, the level of ALT/AST
activity in the plasma of treated mice did not change signifi-
cantly compared to untreated controls. First signs of impaired
liver function only appeared after treatment with a 20-�g
(1 mg�kg�1) dose given twice every other day (7.5-fold increase
over control). In line with these findings, histological analysis of
liver specimens did not reveal any signs of ETA-induced path-
ological changes, except for the two 20-�g treatments, which
induced moderate hepatocyte necrosis. A recent study has
shown that ETA-induced hepatotoxicity and vascular leak syn-
drome can be circumvented and enlarge the therapeutic window
by pretreatment with anti-inflammatory agents such as indo-
methacin or soluble TNF receptor and nonsteroidal drugs, re-
spectively (27, 29). The lack of correlation between organ-
specific accumulation and toxicity of the immunotoxin strongly
suggests that the radioactivity in these highly perfused organs
simply reflects the presence of noncell bound and noninternal-
ized immunotoxin in the large blood pool and capillary network.
On the other hand, it is unclear whether in specialized phago-
cytes such as Kupffer cells of the liver, internalized proteins can
escape into the cytoplasm, e.g., to interact with the elongation
factor-2, or are rapidly directed to lysosomal degradation (61).
In addition, it remains to be determined whether hexahistidine
tags can affect the biodistribution behavior of recombinant
proteins in vivo. In the kidney, the level of radioactivity is
always higher with metal-labeled than with iodinated proteins
that are prone to dehalogenation (62). Therefore, metal-labeled
proteins probably more accurately reflect the real picture of
in vivo biodistribution (63).

In this study, we describe the development and preclinical
testing of a humanized recombinantly expressed Ep-CAM-
specific immunotoxin. Potent and selective cytotoxicity in vitro,
favorable tumor localization properties, as well as the powerful
antitumor effect of 4D5MOCB-ETA in vivo suggest its clinical
use in the treatment of Ep-CAM-positive carcinomas. A Phase
I study with 4D5MOCB-ETA in patients with refractory squa-
mous cell carcinoma of the head and neck is currently being
initiated to investigate safety, toxicity, and therapeutic potential
of our Ep-CAM-specific immunotoxin.
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