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Pancreatic cancer is one of the most aggressive malignancies and 
the fourth leading cause of cancer deaths in the United States with 
the lowest 5-year survival rate of approximately 3% (1). Pancreatic 
cancer patients have limited therapeutic options with curative  
surgery, which is only possible for a very small number of physi-
cally fit patients with local disease (2). Therefore, new treatment 
modalities for pancreatic cancer are urgently needed.

Cancer immunotherapy with antibodies and immunotoxins has 
attracted increased attention following the advancement in tech-
nologies for the development of therapeutic antibodies. The 
epithelial cell adhesion molecule (EpCAM), also known as cluster 
of differentiation 326 (CD326), is one of the best-studied target 
antigens on human tumors (3,4). It represents a type I membrane 
glycoprotein of 314 amino acids with an apparent molecular 

weight of 40 kDa (5). EpCAM is overexpressed in the majority of 
adenocarcinomas, including pancreatic adenocarcinoma, cholan-
giocarcinoma, node-positive breast cancer, epithelial ovarian 
cancer, and squamous cell head and neck cancer (6,7). An increased 
EpCAM expression is a poor prognostic marker in breast and 
gallbladder carcinomas (8–11). Importantly, EpCAM is expressed 
by tumor-initiating cells, also known as cancer stem cells in 
pancreatic and colorectal adenocarcinomas, and in breast carci-
nomas (12–14).

Several anti-EpCAM therapeutic antibodies have been devel-
oped (edrecolomab, ING-1, 3622W94, adecatumumab) and used 
in anticancer studies with promising results [reviewed in (15,16)]. 
The proposed mechanisms of their antitumor effects involve  
antibody-dependent cellular cytotoxicity and complement-mediated 
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	Background	 Human epithelial cell adhesion molecule (EpCAM) is overexpressed in many cancers. Anti-EpCAM antibodies 
have shown promise in preclinical studies, but showed no tumor regression in a recent phase II clinical trial. 
Therefore, we generated a novel anti-EpCAM antibody–drug conjugate and assessed whether it showed 
enhanced antitumor effects.

	 Methods	 Chemical cross-linking was conducted to covalently conjugate a-amanitin, a toxin known to inhibit DNA 
transcription, with chiHEA125, a chimerized anti-EpCAM monoclonal antibody, to generate the antibody–drug 
conjugate a-amanitin-glutarate-chiHEA125 (chiHEA125-Ama). Antiproliferative activity of chiHEA125-Ama was 
tested in human pancreatic (BxPc-3 and Capan-1), colorectal (Colo205), breast (MCF-7), and bile duct (OZ)  
cancer cell lines in vitro using [3H]-thymidine incorporation assay. Antitumor activity of chiHEA125-Ama was 
assessed in vivo in immunocompromised mice bearing subcutaneous human BxPc-3 pancreatic carcinoma 
xenograft tumors (n = 66 mice). Cell proliferation and apoptosis were evaluated in xenograft tumors by immu-
nohistochemistry. All statistical tests were two-sided.

	 Results	 In all cell lines, chiHEA125-Ama reduced cell proliferation (mean half maximal inhibitory concentration [IC50] = 
2.5 × 10210 to 5.4 × 10212 M). A single dose of chiHEA125-Ama inhibited BxPc-3 xenograft tumor growth 
(chiHEA125 [control, n = 4 mice] vs chiHEA125-Ama [n = 6 mice], dose of 15 mg/kg with respect to IgG and  
50 µg/kg with respect to a-amanitin, mean relative increase in tumor volume on day 16 = 884% vs 279%, 
difference = 963%, 95% CI = 582% to 1344%, P = .019). Two higher doses of chiHEA125-Ama (100 µg/kg with 
respect to a-amanitin), administered 1 week apart (n = 10 mice per group), led to complete tumor regression in 
nine of 10 (90%) mice compared with chiHEA125, during the observation period of 16 days; increased apoptosis 
and reduced cell proliferation were observed in mice treated with chiHEA125-Ama.

	Conclusion	 This preclinical study suggests that anti-EpCAM antibody conjugates with a-amanitin have the potential to be 
highly effective therapeutic agents for pancreatic carcinomas and various EpCAM-expressing malignancies.
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cytotoxicity (17,18). The most prominent example is adecatu-
mumab (MT201), a fully human anti-EpCAM antibody, which 
was well tolerated by patients with hormone-refractory prostate 
cancer (19) and in patients with rising prostate-specific antigen 
(PSA) levels after the radical prostatectomy (20). Despite initial 
concerns regarding pancreatic toxicity of anti-EpCAM antibody, 
the most recent phase II clinical trial in metastatic breast cancer 
patients has confirmed the overall safety of monotherapy with 
adecatumumab and showed some therapeutic activity in the clinic;  
however, no objective tumor regression could be observed (21). 
Therefore, it seems reasonable to probe the enhancement of the 
antitumor effects of EpCAM-directed antibody therapy via gener-
ation of an antibody–drug conjugate (ADC). This notion is further 
supported by the findings that ADCs have greater antitumor  
activity than the antibody alone, as shown in colorectal tumors  
for SWA11-ZZ-PE38 ADC containing a Pseudomonas aeruginosa 
exotoxin derivative PE38 and directed against CD24 antigen (22), 
in colon and renal adenocarcinomas for maytansinoid DM1-
conjugated anti-EpCAM monoclonal antibody (mAb) B38.1 ADC 
(23), in mouse xenograft models of anaplastic large cell lymphoma 
or Hodgkin’s disease for monomethyl auristatin E–conjugated 
anti-CD30 mAb cAC10 (24,25) and for several other ADCs, which 
are currently in clinical development [reviewed in (26)].

In this study, we developed a novel therapeutic ADC a-amanitin-
glutarate-chiHEA125 (chiHEA125-Ama) by conjugating a mush-
room toxin, a-amanitin, to an EpCAM-specific chimerized mAb 
chiHEA125 developed in our laboratory. a-amanitin is the main 

component of the amatoxins, which are cyclic octapeptides pro-
duced by basidiomycetes mushrooms, particularly of the genus 
Amanita, but also by some species of the genus Galerina and Lepiota 
[reviewed in (27–29)]. Amatoxins are the products of a ribosomal 
synthesis followed by posttranslational modifications such as  
cyclization and hydroxylation of the side chains of the eight amino 
acids (30) and bind to RNA-polymerase II of eukaryotic cells with 
the highest affinity (dissociation constant [KD] of approximately 
1029 M) found for mammalian enzymes (31,32). In mammalian 
cells, inhibition of DNA transcription by amatoxins leads to apo-
ptosis (33). We investigated antitumor activity of the chiHEA125-
Ama against multiple cancer cell lines in vitro. The therapeutic 
potential of the chiHEA125-Ama was assessed in a human pancreatic 
carcinoma mouse xenograft model, and treatment-related toxicity 
was evaluated in mice.

Materials and Methods
Cell Lines and Reagents
Human pancreatic cell lines BxPc-3 and Capan-1, human colo-
rectal cell line Colo205, human breast cancer cell line MCF-7, and 
human bile duct cancer cell line OZ were obtained from the 
American Type Culture Collection (Manassas, VA). The cell lines 
were authenticated by the German Resource Centre for Biological 
Material (Braunschweig, Germany) and throughout the culture  
by assessment of typical morphology by the investigators. 
Mycoplasma-negative cultures were ensured by weekly tests. Cells 
were cultured in RPMI-1640 medium (Sigma-Aldrich, 
Deisenhofen, Germany) supplemented with 10% heat-inactivated 
fetal calf serum (FCS) (Biochrom, Berlin, Germany), 2 mM 
L-glutamine (Invitrogen, Karlsruhe, Germany), and 1 mM sodium 
pyruvate (Invitrogen) (complete medium). All cells were maintained 
in a humidified atmosphere at 37°C and 5% CO2.

Synthesis of Chimeric Antibody chiHEA125
Several years ago, our group established a hybridoma cell line  
secreting the anti-EpCAM mouse mAb HEA125 (34,35). Using 
homologous recombination technique, this hybridoma line was 
reconstructed to produce a mouse–human chimerized version of 
the antibody consisting of the mouse variable domains joined with 
human kappa constant light chain and human IgG1 constant heavy 
chain. The resulting antibody chiHEA125 binds to EpCAM-
expressing cells with high affinity (KD of approximately 2.2 × 1029 M) 
and high specificity (S. Lüttgau , U. Kutay, A. Poustka, G. Moldenhauer, 
F. Breitling, unpublished data, and Supplementary Figure 1, available 
online). ChiHEA125 was purified by affinity chromatography using a 
protein A-Sepharose CL-4B column (GE Healthcare, München, 
Germany). Antibody concentration was measured with a NanoDrop 
ND-2000c spectrophotometer (Peqlab Biotechnologie, Erlangen, 
Germany). The control antibody omalizumab (trade name Xolair), 
which is a human IgG1 antibody directed against human IgE immuno-
globulin, was purchased from Novartis (Basel, Switzerland).

Synthesis of chiHEA125-Ama and a-Amanitin-Glutarate-
Omalizumab (Omalizumab-Ama)
a-amanitin was attached to immunoglobulin molecules by the 
glutarate linkage intended to release free a-amanitin inside the 

CONTEXTS AND CAVEATS

Prior knowledge
The epithelial cell adhesion molecule (EpCAM) is expressed in 
many human tumors. Despite the promising antitumor activities of 
anti-EpCAM antibodies, no breast tumor regression was observed 
in a recent phase II trial.

Study design
A novel anti-EpCAM antibody-a-amanitin drug conjugate 
(chiHEA125-Ama) was generated to assess enhanced antitumor 
activity compared with the unconjugated antibody (chiHEA125). 
Antiproliferative activity was tested in vitro using human cancer 
cell lines, and antitumor activity was evaluated in vivo using a 
mouse xenograft model bearing subcutaneous human pancreatic 
tumors.

Contribution
ChiHEA125-Ama showed a strong antiproliferative activity in vitro 
and a strong inhibition of xenograft pancreatic tumor growth in 
vivo.

Implication
This antibody–drug conjugate has the potential to be an effective 
therapeutic agent for pancreatic cancer and various EpCAM-
expressing malignancies.

Limitations
Dose-limiting toxicity in human patients cannot be ruled out. 
Results of this preclinical study conducted in mice may not be 
translatable to humans.
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tumor cell when in contact with esterases or proteases. Modification 
of the dihydroxylated isoleucin of a-amanitin with glutaric anhy-
dride retains a-amanitin RNA-polymerase II inhibitory activity 
(data not shown). a-amanitin (3.0 mg [3.3 µmol]) (Sigma-Aldrich), 
dried in vacuo over P4O10, was dissolved in 0.25 mL of dry pyridine 
(Sigma-Aldrich) and was allowed to react with 0.9 mg (79 µmol) 
glutaric anhydride (Sigma-Aldrich) in 0.1 mL pyridine at room 
temperature in the dark for 24 hours. The peptide was precipitated 
by addition of 7 mL of dry diethylether (Sigma-Aldrich) and 
centrifuged at 2000g at 4°C for 15 minutes using Heraeus 
Instruments Megafuge 1.0R (Thermo Fisher Scientific, Waltham, 
MA). The solid precipitate was washed a second time with dieth-
ylether and centrifuged as mentioned above. a-amanitin-glutarate 
(3.4 mg [3.3 µmol]) was dissolved in 0.05 mL of dry dimethylfor-
mamide (DMF) (Sigma-Aldrich) and 2.4 mg (seven equivalents of 
a-amanitin glutarate) of N-hydroxysuccinimide (Sigma-Aldrich) 
dissolved in 0.01 mL of DMF was added to it. After addition of  
1.2 mg of dicyclohexylcarbodiimide (Sigma-Aldrich) in 0.01 mL of 
DMF, the reaction was allowed to proceed for 16 hours at room 
temperature. The solution was separated from the formed crystals, 
and the peptide was precipitated by adding 4 mL of dry diethyle-
ther. After centrifugation at 2000g at 4°C for 15 minutes, the pellet 
was washed with 4 mL of diethylether and centrifuged again. The 
solid precipitate was dissolved in 0.1 mL of DMF and added to  
10 mg of chiHEA125 or omalizumab mAb in 5 mL of phosphate-
buffered saline (PBS) and was allowed to react under slow rotation 
at 5°C in the dark. After 16 hours, the solution was applied to a 
Sephadex G25 column (120 × 1.5 cm) (GE Healthcare) equili-
brated with Dulbecco’s PBS pH 7.4 (Invitrogen), and the protein 
fraction was collected. a-amanitin:IgG ratio in the newly synthe-
sized ADC chiHEA125-Ama or omalizumab-Ama was determined 
spectrophotometrically (Specord 210 Plus; Analytik Jena, Jena, 
Germany) from the absorption difference at 310 nm of the protein 
solution against a blank control containing the same concentration 
of the nonconjugated antibody using the molar extinction coeffi-
cient for amatoxins of 13 500 M21 cm21 and calculation according 
to the Beer–Lambert law. The ratio a-amanitin:IgG molecule 
varied from 4:1 to 8:1. Biochemical characteristics of chiHEA125-
Ama were evaluated by high performance liquid chromatography 
(HPLC) using a PlatinBlue HPLC system (Knauer, Berlin, 
Germany) with a TSKgel SuperSW3000 size-exclusion chroma-
tography column (30 cm × 4.6 mm) (Tosoh Bioscience, Tokyo, 
Japan) and a running buffer (0.2 M potassium phosphate, 0.2 M 
potassium chloride, 15% 2-propanol, pH 6.8) at 0.35 mL/min. In 
addition, chiHEA125 and chiHEA125-Ama were analyzed by re-
ducing sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) and Coomassie staining according to common  
procedures. Immunoblot analysis of 30 ng chiHEA125 and 
chiHEA125-Ama was done by standard techniques. a-amanitin 
was detected with an antiserum obtained by immunization of  
rabbits with a fetuin-b-amanitin conjugate (36).

Binding Competition Assay and Flow Cytometry
Binding of ADC chiHEA125-Ama vs nonconjugated chiHEA125 
antibody to Colo205 cells was analyzed in a binding competition 
assay by flow cytometry. Colo205 cells were washed twice in  
fluorescence-activated cell sorting (FACS) buffer (Dulbecco’s PBS 

pH 7.4 [Invitrogen] with 1% heat-inactivated FCS [Biochrom] and 
0.1% sodium azide [Merck, Darmstadt, Germany]), and 50 µL of 
cell suspension (2 × 107 cells per mL) was added to each well of a 
96-well U-bottom microtiter plate (Techno Plastic Products, 
Trasadingen, Switzerland), and fluorescein (FITC)-labeled 
chiHEA125 antibody (50 µL per well) was added. Serial dilutions 
of chiHEA125-Ama or chiHEA125 ranging from 400 µg/mL to  
10 ng/mL of IgG at final dilution (corresponding to a range of  
2.7 × 1026 to 6.7 × 10211 M IgG, and with respect to a-amanitin 
content in chiHEA125-Ama, it ranged from 1.1 × 1025 M [10.1 µg/mL] 
to 2.4 × 10212 M [1.8 pg/mL]) were added in triplicates in a volume 
of 50 µL per well and incubated for 1 hour on ice. Subsequently, 
the plate was centrifuged at 600g at 4°C using a Minifuge GL 
centrifuge (Heraeus-Christ, Osterode, Germany) for 2 minutes, 
and the supernatant was removed from the wells. The cells were 
resuspended in 150 µL of FACS buffer and centrifuged again as 
above. After washing twice with the FACS buffer, the cells were 
added to 100 µL per well of propidium iodide solution (Merck)  
(1 µg/mL in FACS buffer) allowing discrimination of dead cells. 
The analysis was performed on a FACScan cytometer (Becton and 
Dickinson, Heidelberg, Germany), and mean fluorescence inten-
sity was quantified using CellQuest software. Two independent 
experiments in triplicates were performed.

Flow Cytometry Analysis of EpCAM Expression in Cancer 
Cell Lines
EpCAM expression of various tumor cell lines was determined by 
indirect flow cytometry. For this, BxPc-3, Capan-1, Colo205, 
MCF-7, and OZ cells (1 × 106) were first incubated for 1 hour with 
100 µL of chiHEA125 mAb diluted 1:50 in the FACS buffer kept 
on ice followed by 1 hour incubation with FITC-labeled F(ab’)2 
goat anti-human IgG (H + L) secondary antibody (Jackson 
ImmunoResearch, West Grove, PA) diluted 1:100 in the FACS 
buffer. The analysis was performed on a FACScan cytometer 
(Becton and Dickinson) using CellQuest software. Five independent 
experiments were performed.

Analysis of Cell Proliferation In Vitro by [3H]-Thymidine 
Incorporation Assay
Inhibition of proliferation of BxPc-3, Capan-1, Colo205, MCF-7, 
and OZ cells by chiHEA125-Ama was determined by incorpora-
tion of [3H]-thymidine. Serial dilutions of chiHEA125-Ama, 
omalizumab-Ama, and free a-amanitin in the complete medium 
(ranging from 2 × 1025 M [18.4 µg/mL] to 6 × 10213 M [551 fg/mL] 
with respect to a-amanitin content and corresponding to 5 × 1026 
M [750 µg/mL] to 1.5 × 10213 M [22.5 pg/mL] IgG) were prepared 
in a volume of 100 µL in triplicates in a 96-well flat-bottom tissue 
culture microtiter plate (Techno Plastic Products). To each well, 
50 µL cells (5 × 104 per mL) were added. Plates were incubated in 
a humidified atmosphere at 37°C and 5% CO2 for 96 hours. 
Twenty hours before the end of the assay, 1 µCi of [3H]-thymidine 
was added to each well. Subsequently, the plates were processed 
with the Tomtec cell harvester (Tomtec, Hamden, CT), and  
incorporated radioactivity was determined by liquid scintillation 
counting using a Wallac Betaplate Liquid Scintillation Counter 
(PerkinElmer Life and Analytical Sciences, Zaventem, Belgium). Data 
are presented as the percentage of [3H]-thymidine incorporating 
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cells incubated with different doses of chiHEA125-Ama, omalizumab-
Ama, and free a-amanitin for 96 hours. The mean half maximal 
inhibitory concentration (IC50) for chiHEA125-Ama, omalizumab-
Ama, and free a-amanitin was estimated from six independent 
experiments with MCF-7 cells, four independent experiments with 
Capan-1, three independent experiments with BxPc-3 and OZ 
cells, and one independent experiment with Colo205 cells, all 
performed in triplicate.

In Vivo Human Pancreatic Carcinoma in Mouse Xenograft 
Model
Female nonobese diabetic/severe combined immunodeficiency  
mice, 3- to 4-weeks old were purchased from Charles River 
Laboratories (L’Arbresle, France) and were housed at the animal 
facility of the German Cancer Research Center. BxPc-3 cells  
(5 × 106 cells in 100 µL PBS) were transplanted subcutaneously 
into the right flank of mice (n = 66 mice). Treatment was initiated 
10 days later when the BxPc-3 tumors reached a volume of  
30–80 mm3. Experiments were performed with tumors of different 
volumes. In the first antibody dose escalation experiment, mice 
bearing BxPc-3 tumors were randomized to four groups and 
received a single dose of the following: 1) control unconjugated 
chiHEA125 mAb at a dose of 15 mg/kg of body weight (n = 4 
mice); 2) chiHEA125-Ama at a dose of 50 µg/kg with respect to 
a-amanitin (corresponding to 2.0 mg IgG/kg) (n = 6 mice) (low 
dose); 3) chiHEA125-Ama, 150 µg/kg with respect to a-amanitin 
(corresponding to 6.0 mg IgG/kg) (n = 6 mice) (high dose); and 4) 
chiHEA125-Ama, 300 µg/kg with respect to a-amanitin (corre-
sponding to 12.0 mg IgG/kg) (n = 6 mice) (the highest dose). The 
doses of chiHEA125-Ama were determined based on the median 
lethal dose (LD50) value of free a-amanitin in mice (LD50 of free 
a-amanitin in nude mice is approximately 500 µg/kg after intraper-
itoneal injection) (29) (J. Anderl, unpublished data). The antibody 
was administered as a single intraperitoneal injection (day 1). 
Tumor growth was monitored for 16 days after the initiation of the 
treatment. Tumor size was measured externally with a caliper every 
third day. Tumor volume was calculated according to the formula: 
V = 4p × a × b × c/3, where a, b, and c are semidiameters in three 
dimensions. Data are presented as a relative tumor volume increase 
from the first day of antibody administration. Mice were killed 
by cervical dislocation at day 25 after tumor cell implantation. 
Tumors were dissected, weighed, embedded in the Tissue-Tek 
compound (Sakura Finetek GmbH, Staufen, Germany), snap frozen, 
and stored at 280°C for further analysis.

In the second antibody dose titration experiment, mice bearing 
10-day-old BxPc-3 tumors were randomized to five groups and 
received two intraperitoneal doses (1 week apart) of the following: 
1) control unconjugated chiHEA125 mAb at a dose of 5 mg/kg of 
body weight (n = 9 mice); 2) chiHEA125-Ama at a dose of 10 µg/kg 
with respect to a-amanitin (corresponding to 0.4 mg IgG/kg) (n = 
8 mice); 3) chiHEA125-Ama, 20 µg/kg with respect to a-amanitin 
(corresponding to 0.8 mg IgG/kg) (n = 7 mice); 4) chiHEA125-
Ama, 50 µg/kg with respect to a-amanitin (corresponding to 
2.0 mg IgG/kg) (n = 10 mice); and 5) chiHEA125-Ama, 100 µg/kg 
with respect to a-amanitin (corresponding to 4.0 mg IgG/kg) (n = 
10 mice). Tumor growth was monitored for 16, 40, and 83 days 
after the initiation of the treatment. The minimal number of mice 

per group was estimated based on an assumption that the relevant 
difference is about 20% (using a = 0.05 and b < 0.2). Mice were 
killed by cervical dislocation at day 16, 40, or 83 after initiation of 
the treatment.

Mouse experiments were carried out at the animal facility of  
the German Cancer Research Center following an approval  
by the Baden-Württemberg animal oversight committee 
(Regierungspräsidium Karlsruhe, Germany). The number of mice 
was minimized to comply with guidelines from the Ethical 
Committee and European Union legislation on animal 
experiments.

Measurement of Blood Liver Enzymes
Levels of alanine aminotransferase/glutamic-pyruvic transaminase 
(ALAT/GPT), aspartate aminotransferase/glutamic-oxaloacetic trans
aminase (ASAT/GOT), gamma-glutamyltransferase (Gamma-GT), 
alkaline phosphatase (ALP) in the blood of mice treated with 
chiHEA125-Ama or chiHEA125 (n = 3–5 mice per group) were 
determined at the Clinical Chemistry Department of the 
University of Heidelberg. Blood was obtained by heart punc-
ture of anesthetized mice (S-ketamine [25 mg/mL Ketanest-S; 
Pfizer Inc, New York, NY] and xylazine [2% Rompun; Bayer 
HealthCare, Leverkusen, Germany] in 0.9% NaCl [B. Braun AG, 
Melsungen, Germany] mixed in 1:4:5 ratio; 250 µL per mouse) 
at the endpoint of the treatment experiment at day 16 before 
killing of the mouse.

Morphological Analysis
Immunohistochemistry for Cell Proliferation, Angiogenesis, 
and Apoptosis.  Immunohistochemistry was performed on 6-µm 
frozen BxPc-3 xenograft tumor tissue sections using the standard 
avidin–biotin technique with a Vectastain avidin:biotinylated 
enzyme complex (ABC) Elite kit (Vector Laboratories, Burlingame, 
CA) or a ZytoChem Plus horseradish peroxidase (HRP) polymer 
system kit (Zytomed Systems, Berlin, Germany). Briefly, tissue 
samples were fixed in acetone (Merck) or 4% paraformaldehyde 
(Merck) followed by incubation with 20% normal goat or rabbit 
serum in PBS to block unspecific binding of antibodies. After  
incubation with primary mAb and washing with PBS three times, 
tissue samples were incubated with biotinylated secondary anti-
body or with a HRP mouse/rabbit polymer system. Diaminobenzidin 
(DAB) (Invitrogen) or 3-amino-9-ethylcarbazole (AEC) (Zytomed 
Systems) were used as chromogens. The following primary anti-
bodies were used: rat anti-mouse CD31 mAb (1:100 dilution) (BD 
Pharmingen, Heidelberg, Germany) for detection of endothelial 
cells, mouse anti-human Ki-67 antibody (1:100 dilution) (Dako, 
Glostrup, Denmark) as a marker of tumor cell proliferation, home-
made mouse anti-human EpCAM (HEA125, IgG1) mAb (1:100 
dilution), home-made mouse anti-human CD24 (SWA11, IgG2A) 
mAb (1:200 dilution), rabbit polyclonal anti-human CD44 antibody 
(1:50 dilution) (Abcam, Cambridge, UK), and rabbit polyclonal 
anti-human CD133 antibody (1:50 dilution) (Abcam) as cancer 
stem cell markers. Biotinylated goat anti-mouse IgG, biotinylated 
goat anti-rabbit, and biotinylated rabbit anti-rat IgG (1:200  
dilution) (Vector Laboratories) were used as secondary antibodies. 
For double immunofluorescence staining, goat anti-mouse IgG 
conjugated to Alexa 488 or goat anti-rabbit Alexa 594 IgG (1:400 
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dilution) (Invitrogen) were used as secondary antibodies. Omission 
of primary antibody was used as a negative control. Apoptosis was 
detected by staining for active caspase 3 with rabbit anti-human 
polyclonal antibody (1:100 dilution) (R&D Systems, Abingdon, 
UK). Tissue stainings were examined at ×400 and ×100 magnifica-
tion with a Leica DMRB microscope (Leica Microsystems, Wetzlar, 
Germany). Images were captured with a SPOT Flex digital color 
camera (Diagnostic Instruments Inc, Sterling Heights, MI) and 
analyzed with SPOT Advanced version 4.6 software. Ki-67-positive 
and active caspase 3–positive cells were counted under ×400 magnifi-
cation in 10 random fields of vision (0.089 mm2) per slide (n = 3–4 
mice per group, unless otherwise specified). Data in each treat-
ment group are presented as the mean percentage of Ki-67-positive 
or active caspase 3–positive cells per total tumor cellular mass 
counted in the same fields of vision. CD31-positive blood vessels 
were counted under ×100 magnification in 10 random fields of vi-
sion (1.46 mm2) per slide (n = 3–4 mice per group, unless otherwise 
specified). Data in each treatment group are presented as the mean 
number of CD31-positive blood vessels per mm2 of tumor tissue. 
The number of CD31-positive blood vessels, proliferating and 
apoptotic tumor cells was counted by an investigator who was 
blinded to the type of treatment received by the mice.

Terminal Deoxynucleotidyl Transferase dUTP Nick End 
Labeling (TUNEL) Assay.  To quantify the number of apoptotic 
cells in 6-µm cryosections of BxPc-3 xenograft tumors treated with 
chiHEA125-Ama or control unconjugated chiHEA125 mAb, we 
performed a TUNEL assay with TACS TdT in situ apoptosis 
detection kit (R&D Systems) according to the manufacturer’s rec-
ommendations and modified by signal enhancement using a 
Vectastain ABC Elite kit (Vector Laboratories) and color develop-
ment using a DAB kit (Invitrogen). TUNEL-positive cells were 
counted under ×400 magnification in 10 random fields of vision 
(0.089 mm2) per slide (n = 3–4 mice per group, unless otherwise 
specified). Data in each treatment group are presented as the mean 
percentage of TUNEL-positive cells per total tumor cellular mass 
counted in the same fields of vision. The number of apoptotic 
tumor cells was counted by an investigator who was blinded to the 
type of treatment received by the mice.

Statistical Analysis
Data were analyzed using Predictive Analytics Software (PASW) 
Statistics 18, version 18.0.2 (SPSS Inc, Chicago, IL). In vitro and 
in vivo data are presented as mean values with 95% confidence 
intervals (CIs). A two-sided Student’s t test was used to evaluate 
the difference between two groups. If multiple comparisons were  
performed, a Bonferroni–Holms correction was applied. P values 
less than .05 were considered statistically significant.

Results
Effect of a-Amanitin Conjugation on Binding of chiHEA125 
to EpCAM
ChiHEA125-Ama was produced by covalent conjugation of 
a-amanitin from Amanita phalloides mushrooms to the lysine residues 
of the chiHEA125 mAb using glutaric anhydride and dicyclo-
hexyl carbodiimide cross-linking chemistry (Figure 1, A). An 

a-amanitin:antibody ratio of 4:1 to 8:1 was determined by spectro-
photometric analysis of increased ultraviolett absorbance at 310 nm  
of the chiHEA125-Ama compared with the nonconjugated  
chiHEA125 mAb (Supplementary Figure 2, A, available online). 
Size-exclusion chromatography revealed low amounts (<3%) of 
aggregated or cross-linked IgG protein after a-amanitin conjuga-
tion (Supplementary Figure 2, B, available online). According to 
the immunoblot analysis using a polyclonal anti-amanitin antise-
rum, a-amanitin was conjugated equally to the heavy and light 
chains of chiHEA125 mAb (Supplementary Figure 2, C and D, 
available online). We further analyzed whether the a-amanitin 
payload affected chiHEA125-Ama binding to the target antigen 
EpCAM. Competition of binding to target Colo205 cancer cells 
with increasing amounts of chiHEA125-Ama or unmodified 
chiHEA125 antibody revealed a comparable binding strength as 

A

B

Figure 1.  Structure and binding of a-amanitin-conjugated chiHEA125 
monoclonal antibody to epithelial cell adhesion molecule (EpCAM). The 
antibody–drug conjugate chiHEA125-Ama was generated by a chemical 
cross-linking of a toxin a-amanitin with chiHEA125, a chimerized anti-
EpCAM monoclonal antibody using glutarate as a linker. Binding of 
chiHEA125-Ama vs nonconjugated chiHEA125 antibody to EpCAM-
expressing Colo205 colon cancer cells was analyzed in a binding com-
petition assay by flow cytometry. A) Structure of chiHEA125-Ama and 
a-amanitin conjugation site for chiHEA125 immunoglobulin G (IgG). B) 
Binding of a-amanitin-conjugated chiHEA125 IgG (chiHEA125-Ama) 
and parental nonconjugated chiHEA125 IgG to the target antigen 
EpCAM using Colo205 cells. Cells (2 × 107 cells per mL) were incubated 
with serial dilutions of chiHEA125-Ama or chiHEA125 ranging from 400 
µg/mL to 10 ng/mL of IgG at final dilution and analyzed by flow cytometry. 
Mean fluorescence intensity was quantified using CellQuest software. 
Results are representatives of two independent experiments performed 
in triplicate. Ama = a-amanitin.
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evidenced by the flow cytometry analysis of mean fluorescence 
intensity at all concentrations of the competitor (Figure 1, B). 
Therefore, conjugation of 4–8 a-amanitin molecules per chiHEA125 
antibody did not substantially alter the affinity of chiHEA125 to 
EpCAM antigen.

Effect of chiHEA125-Ama on Proliferation of Multiple 
Carcinoma Cell Lines In Vitro
Expression of EpCAM in all tested cancer cell lines was deter-
mined by indirect flow cytometry (Supplementary Figure 3, avail-
able online). Using a [3H]-thymidine incorporation assay, we found 
that chiHEA125-Ama strongly inhibited proliferation of EpCAM-
expressing Colo205 cancer cells at picomolar concentrations com-
pared with control a-amanitin-conjugated anti-human IgE mAb 
(omalizumab-Ama) or an unconjugated a-amanitin (Figure 2, A 
and Table 1). Similar antiproliferative effects of chiHEA125-Ama 
were observed in other EpCAM-expressing cancer cell lines 
(Figure 2, B–E; Table 1; and Supplementary Figure 3, available 
online). Proliferation of human OZ bile duct carcinoma cell line, 
Capan-1, and BxPc-3 pancreatic cancer cell lines as well as MCF-7 
breast cancer cell line was strongly inhibited by concentrations of 
chiHEA125-Ama up to 104-fold lower than the control omalizumab-
Ama or a-amanitin alone (chiHEA125-Ama vs free a-amanitin: 
OZ cells, mean IC50 = 8.7 × 10211 M [95% CI = 25.5 × 10211 
to 2.3 × 10210 M] vs 5.1 × 10207 M [95% CI = 7.2 × 10208 to 9.6 × 
10207 M]; Capan-1 cells, mean IC50 = 2.1 × 10211 M [95% CI = 2.7 × 
10212 to 3.9 × 10211 M] vs 1.9 × 10207 M [95% CI = 7.8 × 10208 to 
3.1 × 10207 M]; BxPc-3 cells, mean IC50 = 2.5 × 10210 M [95% CI = 
3.4 × 10211 to 4.6 × 10210 M] vs 2.5 × 10208 M [95% CI = 23.01 × 
10209 to 5.4 × 10208 M]; MCF-7 cells, mean IC50 = 5.4 × 10212 
M [95% CI = 21.5 × 10212 to 1.2 × 10211 M] vs 5.8 × 10208 M [95% 
CI = 3.6 × 10208 to 8.09 × 10208 M]) (Figure 2, and Table 1). The 
unconjugated chiHEA125 mAb had no effect on proliferation of 
cancer cell lines (data not shown).

Effect of Single Injection of chiHEA125-Ama on Growth of 
Human Pancreatic Carcinoma in a Mouse Xenograft 
Model
Next, we investigated the in vivo antitumor activity of chiHEA125-
Ama in an experimental human BxPc-3 pancreatic cancer model, 
induced by injecting BxPc-3 cancer cells subcutaneously into the 
right flank of female nonobese diabetic/severe combined immune 
deficiency mice. This cell line was chosen because this well estab-
lished in vivo model resembles the growth of human pancreatic 
cancer containing beside the carcinoma cells abundant tumor 
stroma (37). In a dose escalation experiment, chiHEA125-Ama was 
administered to BxPc-3 pancreatic xenograft tumor–bearing mice 
as a single intraperitoneal injection. Mice bearing 10-day-old  
xenografts received chiHEA125-Ama at the dose of 50, 150, or  
300 µg with respect to a-amanitin per kg of mouse body weight 
(corresponding to 2.0, 6.0, or 12.0 mg IgG/kg) (n = 6 mice per 
group). Control mice received unconjugated chiHEA125 mAb at a 
dose of 15 mg/kg of body weight (n = 4 mice). The chiHEA125-Ama 
at the dose of 50 µg/kg showed strong inhibition of tumor growth 
(n = 6 mice) (Figure 3, A). All tumors responded to the chi-
HEA125-Ama treatment, and tumor volume regressed dramati-
cally starting from day 7 after the chiHEA125-Ama administration. 
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Figure 2. Effect of chiHEA125-Ama on proliferation of multiple carci-
noma cell lines in vitro. Effect of chiHEA125-Ama on cancer cells pro-
liferation was analyzed by a standard [3H]-thymidine incorporation 
assay. ChiHEA125-Ama, control a-amanitin-conjugated anti-human IgE 
monoclonal antibody (omalizumab-Ama) and unconjugated a-amani-
tin were added to cultured carcinoma cells at the indicated doses and 
the percentage of [3H]-thymidine incorporating cells was evaluated 
after 96 hours of incubation. The logarithmic x-axis shows the concen-
trations of chiHEA125-Ama, omalizumab-Ama, and free a-amanitin in 
a scale. A) Human colorectal cancer cell line Colo205. B) Human bile 
duct cancer cell line OZ. C) Human pancreatic cell line Capan-1. D) 
Human pancreatic cell line BxPc-3. E) Human breast cancer cell line 
MCF-7. Results are representatives of six independent experiments 
with MCF-7 cells, four independent experiments with Capan-1, three 
independent experiments with BxPc-3 and OZ cells, and one inde-
pendent experiment with Colo205 cells, all performed in triplicate. 
Ama = a-amanitin.
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In contrast, the control mice (n = 4), which received unconjugated 
chiHEA125 mAb (15 mg/kg), showed an increase in tumor volume 
by approximately 880% after 16 days of antibody injection  
(chiHEA125 vs chiHEA125-Ama, mean relative increase in tumor 
volume on day 16 = 884% vs 279%, difference = 963%, 95% 
CI = 582% to 1344%, P = .019) (Figure 3, A and B, and Supplementary 
Figure 4, A, available online). In 3 (50%) of 6 mice, complete 
tumor regression was observed 16 days after the administration of 
chiHEA125-Ama.

BxPc-3 tumors that were visually detectable after chiHEA125-
Ama treatment on day 16 were then analyzed by immunohisto-
chemistry for cell proliferation (n = 3–4 mice per group) and 
apoptosis (n = 3–4 mice per group). The chiHEA125-Ama treat-
ment (50 µg/kg) reduced tumor cell proliferation, which was  
evident from a decreased percentage of Ki-67-positive cells com-
pared with tumors from chiHEA125-treated mice (chiHEA125 vs 
chiHEA125-Ama, mean percentage of Ki-67-positive cells = 56% 
vs 40%, difference = 16%, 95% CI = 10% to 22%, P = .0014) 
(Figure 3, C and Supplementary Figure 4, B, available online). In 
addition, compared with the controls, the percentage of active caspase 
3–positive apoptotic cells slightly increased in BxPc-3 tumors treated 
with chiHEA125-Ama, but the increase was not statistically signifi-
cant (chiHEA125 vs chiHEA125-Ama, mean percentage of active 
caspase 3–positive cells = 1.97% vs 3%, difference = 21.03%, 95% 
CI = 23% to 0.95%, P = .24) (Figure 3, D and Supplementary 
Figure 4, B, available online). The percentage of TUNEL-positive 
apoptotic cells was also not statistically significant (chiHEA125 vs 
chiHEA125-Ama: mean = 1.4% vs 1.6%, difference = 20.2%, 95% 
CI = 21.2% to 0.9%, P = .74) (Figure 3, E).

BxPc-3 tumor–bearing mice well tolerated the treatment with 
chiHEA125-Ama at the dose of 50 µg/kg. Their body weight was 
stable throughout the experiment (data not shown). The analysis of 
blood liver enzymes (ALAT/GPT, ASAT/GOT, Gamma-GT, 
ALP) did not reveal any substantial difference between the mice that 
received chiHEA125-Ama and the control mice treated with an 
unconjugated chiHEA125 mAb (data not shown). In contrast,  
2 (30%) of 6 and 3 (50%) of 6 mice treated with chiHEA125-Ama 
at high doses of 150 or 300 µg/kg, respectively, exhibited signs of 
pronounced liver toxicity evidenced by severe loss of body weight 
and gross liver morphology. Therefore, mice treated with these 
high doses of chiHEA125-Ama were excluded from further analysis.

Effect of Two Doses of chiHEA125-Ama on Growth of 
Human Pancreatic Carcinoma in Mouse Xenograft Model
For dose titration of chiHEA125-Ama, BxPc-3 tumor–bearing 
mice were treated with two injections of chiHEA125-Ama, admin-
istered 1 week apart, at doses of 10, 20, 50, and 100 µg/kg with 
respect to a-amanitin (corresponding to 0.4, 0.8, 2.0, and 4.0 mg 
IgG/kg) (n = 8, 7, 10, and 10 mice per group, respectively). Tumor 
growth was monitored for the following 16 days. BxPc-3 tumor-
bearing mice well tolerated the treatment with all doses of  
chiHEA125-Ama. At the endpoint of the treatment, tumors were 
no longer detectable in six (60%) of 10 and nine (90%) of 10 of 
mice treated with chiHEA125-Ama at a dose of 50 and 100 µg/kg, 
respectively (Figure 4, A and Supplementary Figure 5, A, available 
online). Two injections of chiHEA125-Ama at doses of 10 or  
20 µg/kg showed non-statistically significant inhibition of BxPc-3 
tumor growth compared with the control mice treated with  
unconjugated chiHEA125 IgG (5 mg/kg) (n = 9 mice) (relative 
tumor volume increase on day 16, chiHEA125 vs chiHEA125-Ama 
10 µg/kg, mean = 738% vs 663%, difference = 75%, 95%  
CI = 2230% to 381%, P = .98; chiHEA125 vs chiHEA125-Ama 
20 µg/kg, mean = 738% vs 454%, difference = 284%, 95%  
CI = 226% to 595%, P = .81), whereas higher doses showed sta-
tistically significant inhibition of tumor growth (chiHEA125 vs 
chiHEA125-Ama 50 µg/kg, mean = 738% vs 245%, difference = 
783%, 95% CI = 550% to 1015%, P < .001; chiHEA125 vs chi-
HEA125-Ama 100 µg/kg, mean = 738% vs 289%, difference = 
827%, 95% CI = 602 to 1051%, P < .001) (Figure 4, A, and 
Supplementary Figure 5, A). All P values were corrected for 
multiple comparisons using a Bonferroni–Holms correction.

BxPc-3 tumors that were visually detectable after chiHEA125-
Ama treatment on day 16 were then analyzed by immunohisto-
chemistry for tumor cell proliferation and apoptosis. In all groups, 
chiHEA125-Ama treatment reduced tumor cell proliferation in a  
dose-dependent manner (percentage of Ki-67-positive cells:  
chiHEA125 vs chiHEA125-Ama 10 µg/kg, mean = 49% vs 41%, 
difference = 8%, 95% CI = 0.22% to 16.57%, P = .045; chiHEA125 
vs chiHEA125-Ama 20 µg/kg, mean = 49% vs 38%, difference = 11%, 
95% CI = 4% to 19%, P = .006; chiHEA125 vs chiHEA125-Ama 
50 µg/kg, mean = 49% vs 33%, difference = 16%, 95% CI = 7% to 
25%, P = .005; chiHEA125 vs chiHEA125-Ama 100 µg/kg, mean = 
49% vs 23%, difference = 26%, 95% CIs and P value could not be 

Table 1. Effect of chiHEA125-Ama and free a-amanitin on cell proliferation*

Cancer type, cell line

IC50, mean (95% CI) Ratio, 
amanitin:ADC†chiHEA125-Ama a-Amanitin

Colorectal, Colo205 2 × 10212 M‡ 2 × 10207 M‡ 100 000
Bile duct, OZ 8.7 × 10211 M (25.5 × 10211 to 2.3 × 10210 M) 5.1 × 10207 M (7.2 × 10208 to 9.6 × 10207 M) 5862
Pancreatic, Capan-1 2.1 × 10211 M (2.7 × 10212 to 3.9 × 10211 M) 1.9 × 10207 M (7.8 × 10208 to 3.1 × 10207 M) 9048
Pancreatic, BxPc-3 2.5 × 10210 M (3.4 × 10211 to 4.6 × 10210 M) 2.5 × 10208 M (23.01 × 10209 to 5.4 × 10208 M) 100
Breast, MCF-7 5.4 × 10212 M (21.5 × 10212 to 1.2 × 10211 M) 5.8 × 10208 M (3.6 × 10208 to 8.09 × 10208 M) 10 741

*	 Cells were treated with chiHEA125-Ama or free a-amanitin at concentrations ranging from 2 × 1025 M (18.4 µg/mL) to 6 × 10213 M (551 fg/mL) with respect to 
a-amanitin content (corresponding to 5 × 1026 M [750 µg/mL] to 1.5 × 10213 M [22.5 pg/mL] IgG), and half maximal inhibitory concentrations (IC50) were 
estimated to determine the antiproliferative activity. Data are presented from six independent experiments with MCF-7 cells, four independent experiments  
with Capan-1, three independent experiments with BxPc-3 and OZ cells, and one independent experiment with Colo205 cells. ADC = an antibody–drug conjugate; 
CI = confidence interval.

†	 The ratio signifies a magnitude of free a-amanitin doses required to reach equal IC50 concentrations with chiHEA125-Ama.

‡	 No 95% CIs were obtained from one independent experiment.
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obtained from one detectable tumor) (Figure 4, B). Increased 
apoptosis was also observed in tumors (percentage of active caspase 
3–positive cells, chiHEA125 vs chiHEA125-Ama 10 µg/kg, mean = 
1.2% vs 2.5%, difference = 21.3%, 95% CI = 21.8% to 20.7%, 
P < .001; chiHEA125 vs chiHEA125-Ama 20 µg/kg, mean = 1.2% 
vs 2.5%, difference = 21.3%, 95% CI = 22.4% to 20.09%, P = 
.036; chiHEA125 vs chiHEA125-Ama 50 µg/kg, mean = 1.2% vs 
5.3%, difference = 24.1%, 95% CI = 28.1% to 0.09%, P = .047; 
chiHEA125 vs chiHEA125-Ama 100 µg/kg, mean = 1.2% vs 
15.6%, difference = 14.4%, no 95% CIs and P value could be 
obtained from one detectable tumor) (Figure 4, C). Apoptosis was 
most pronounced in tumors treated with chiHEA125-Ama at a 
dose of 100 µg/kg, where, in addition to the areas with the average 
distribution of apoptotic cells within the tumor (Figure 4, D), 
multiple areas with almost 50%–70% of active caspase 3–positive 
tumor cells were observed (Figure 4, E).

We further monitored relapse of tumor growth in mice without 
palpable tumors at day 16 during 40 days of observation after the 
initiation of treatment (n = 5 mice per group). In the group treated 
with 50-µg/kg chiHEA125-Ama (n = 5 mice), the earliest relapse 
of tumor growth was observed 21–24 days after the last  
chiHEA125-Ama injection (Figure 5, A, and Supplementary 
Figure 5, B, available online) and found in four (80%) of five mice 
at day 40. Much more effective in preventing BxPc-3 tumor 
relapse was treatment with the higher dose of chiHEA125-Ama 
(100 µg/kg) (n = 5 mice). Here, recurrence of tumor growth was 
detectable as early as day 28 after the last chiHEA125-Ama injec-
tion and was evident in only two (40%) of five mice (Figure 5, B 
and Supplementary Figure 5, C, available online). Excitingly, 40% 
of the mice in this group showed complete tumor eradication. 
These mice (two of five) did not develop recurrent tumors even 
after 83 days following the initiation of the treatment.

The microscopic analysis of the recurrent tumors on day 40 
revealed that the percentage of apoptotic cells was still high and 
the percentage of Ki-67-positive tumor cells was similar to that at 
day 16 (percentage of active caspase 3–positive cells at day 40 in 
chiHEA125-Ama 50 µg/kg: mean = 4%, 95% CI = 2.99% to 
5.01%; percentage of Ki-67-positive cells at day 40 in chiHEA125-
Ama 50 µg/kg: mean = 33%, 95% CI = 24% to 42%) (Figure 5, C 
and D compared with Figure 4, B and C). The recurrent tumors 
were EpCAM positive at day 40 (data not shown) as well as at day 
83 (Supplementary Figure 5, D, available online) after the initia-
tion of chiHEA125-Ama treatment. To exclude a possibility that 
chiHEA125-Ama treatment would select for aggressive cancer 
cells with cancer stem cell characteristics, we analyzed recurrent 
tumors for cancer stem cell marker expressions. An expression of 
CD133 molecule, a marker of cancer stem cells, could not be 
detected in recurrent tumors neither at day 40 nor at day 83 after 
treatment (data not shown). In BxPc-3 xenografts, treatment with 
chiHEA125-Ama did not change the proportion of the tumor cells 
with CD441/CD241 phenotype, which was recently attributed to 
cancer stem cells (14) (data not shown).

Effect of chiHEA125-Ama Treatment on Tumor 
Angiogenesis
Next, we investigated whether antitumor effects of chiHEA125-
Ama were because of inhibition of tumor angiogenesis. 

Figure 3. Efficiency of a single dose of chiHEA125-Ama on BxPc-3 tumor 
growth in vivo. Mice bearing 10-day-old xenograft BxPc-3 pancreatic 
carcinomas received a single intraperitoneal injection of chiHEA125-
Ama at a dose of 50 µg/kg with respect to a-amanitin (corresponding to 
2.0 mg IgG/kg) (n = 6 mice). Control mice received unconjugated chi-
HEA125 monoclonal antibody (15 mg/kg) (n = 4 mice). A) Tumor growth 
was measured every third day, and data are presented as a relative 
tumor volume increase starting from treatment initiation. Error bars 
correspond to 95% confidence intervals. * P = .04, ** P = .01, *** P = .005, 
**** P = .019; calculated using a two-sided Student’s t test. An arrow 
indicates time of chiHEA125 or chiHEA125-Ama administration. B) 
Representative BxPc-3 tumors at the endpoint of the treatment, day 16. 
Magnification = ×2.5. C) Proliferation of tumor cells in BxPc-3 tumors 
that were visually detectable after chiHEA125-Ama treatment was in-
vestigated by immunohistochemistry for Ki-67 on day 16. Ki-67-positive 
cells were counted under ×400 magnification in 10 random fields of 
vision (n = 3–4 mice per group). Data are presented as the percentage 
of Ki-67-positive cells per total tumor cellular mass. * P = .0014; calcu-
lated using a two-sided Student’s t test. Error bars correspond to upper 
95% confidence intervals. D) Analysis of apoptosis in BxPc-3 tumors 
that were visually detectable after chiHEA125-Ama treatment using 
immunohistochemical staining for active caspase 3. Error bars correspond 
to upper 95% confidence intervals. E) Analysis of apoptosis in BxPc-3 
tumors using a Terminal Deoxynucleotidyl Transferase dUTP Nick End 
Labeling (TUNEL) assay. Active caspase 3–positive and TUNEL-positive 
cells were counted under ×400 magnification in 10 random fields of 
vision (n = 3–4 mice per group). Data are presented as the percentage 
of positive cells per total tumor cellular mass. Error bars correspond to 
upper 95% confidence intervals. Ama = a-amanitin.
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Immunohistochemical staining of CD31, a marker of endothelial 
cells, did not reveal any difference in the density of CD31-positive 
blood vessels between BxPc-3 tumors treated with a single injec-
tion of chiHEA125-Ama (50 µg/kg with respect to a-amanitin) 
and the control tumors treated with an unconjugated chiHEA125 
mAb (15 mg/kg) (chiHEA125 vs chiHEA125-Ama, number of 
CD31-positive blood vessels per mm2 of tumor tissue: mean = 58 vs 
61, difference = 23, 95% CI = 215.7 to 9.89, P = .58) (Figure 6, A). 
Even two doses of chiHEA125-Ama, given a week apart, did not 
affect angiogenesis in BxPc-3 tumors at day 16 (the number of 
CD31-positive blood vessels per mm2 of tumor tissue: chiHEA125 
vs chiHEA125-Ama 10 µg/kg, mean = 50 vs 49.4, difference = 0.6, 
95% CI = 27.8 to 9.1, P = .09; chiHEA125 vs chiHEA125-Ama 20 
µg/kg, mean = 50 vs 59, difference = 29, 95% CI = 217 to 0.02, 

P = .37; chiHEA125 vs chiHEA125-Ama 50 µg/kg, mean = 50 vs 
55, difference = 25, 95% CI = 246 to 236, P = .44; chiHEA125 
vs chiHEA125-Ama 100 µg/kg, mean = 50 vs 60, difference = 210, 
95% CIs and P value could not be obtained from one detectable 
tumor) (Figure 6, B), which indicates that tumor regression was 
because of specific targeting of EpCAM-positive tumor cells by the 
chiHEA125-Ama. As BxPc-3 tumors regressed after chiHEA125-
Ama treatment, the density of CD31-positive blood vessels also 
decreased at day 40 after treatment (chiHEA125-Ama 50 µg/kg, 
the number of CD31-positive blood vessels per mm2 of tumor 
tissue at day 40: mean = 35, 95% CI = 30 to 40) (Figure 6, C). 
Recurrence of BxPc-3 tumors was associated with a slight increase 
in CD31-positive vessel density at day 83 compared with that at 
day 40 (data not shown).

Figure 4. Efficiency of two doses of chiHEA125-
Ama on BxPc-3 tumor growth in vivo. Dose  
titration experiments with two intraperitoneal 
injections of chiHEA125-Ama, administered  
1 week apart. Mice bearing 10-day-old xeno-
graft BxPc-3 tumors received intraperitoneal 
injections of chiHEA125-Ama (10, 20, 50, and 
100 µg/kg, corresponding to 0.4, 0.8, 2.0, or 4.0 
mg IgG/kg, respectively; n = 8, 7, 10, 10 mice per 
group, respectively) or control unconjugated 
chiHEA125 monoclonal antibody (5 mg/kg) (n = 
9 mice). A) Tumor growth was measured every 
third day, and data are presented as a relative 
tumor volume increase after the first antibody 
injection. Error bars correspond to upper or 
lower 95% confidence intervals. * P < .001, 
** P = .001, *** P = .019, **** P = .013 (two-sided 
Student’s t test). Arrows indicate time of chi-
HEA125 or chiHEA125-Ama (antibody) admin-
istration. B) Effects of different doses of 
chiHEA125-Ama (10 µg/kg, n = 5 mice; 20 µg/kg, 
n = 5 mice; 50 µg/kg, n = 2 mice; and 100 µg/kg, 
n = 1 mouse, corresponding to 0.4, 0.8, 2.0, or 
4.0 mg IgG/kg, respectively) and unconjugated 
chiHEA125 antibodies (5 mg/kg, n = 5 mice) on 
cell proliferation in BxPc-3 tumors that were  
visually detectable after chiHEA125-Ama treat-
ment were analyzed by immunohistochemistry 
on day 16. C) Effects of different doses of 
chiHEA125-Ama (10 µg/kg, n = 5 mice; 20 µg/kg, 
n = 5 mice; 50 µg/kg, n = 2 mice; and 100 µg/kg, 
n = 1 mouse, corresponding to 0.4, 0.8, 2.0, or 
4.0 mg IgG/kg, respectively) and unconjugated 
chiHEA125 Abs (5 mg/kg, n = 5 mice) on tumor 
cell apoptosis in BxPc-3 tumors that were visu-
ally detectable after chiHEA125-Ama treatment 
were analyzed by immunohistochemistry on 
day 16. Ki-67-positive or active caspase 3–posi-
tive cells were counted under ×400 magnifica-
tion in 10 random fields of vision. Data are 
presented as the percentage of positive cells 
per total tumor cellular mass. * P = .045, 
** P = .006 (for active caspase 3, * P < .001 and 
** P = .036) (two-sided Student’s t test). Error 
bars correspond to upper 95% confidence inter-
vals. D) Representative images of active caspase 
3 staining of BxPc-3 tumor treated with two injec-
tions of chiHEA125-Ama at a dose of 100 µg/kg 
at the endpoint of the experiment at day 16. E) 
There were areas within the tumor with almost 
50%–70% of active caspase 3–positive tumor cells 
(red). Scale bar = 50 µm. Ama = a-amanitin.
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Discussion
In this study, we show that a novel ADC consisting of a-amanitin 
conjugated to a chimerized anti-EpCAM mAb (chiHEA125-Ama) 
has a potent antitumor activity against experimental pancreatic 
carcinoma in vitro and in vivo. In vitro, chiHEA125-Ama exhib-
ited cogent antiproliferative activity against pancreatic, colorectal, 
breast, and bile duct cancer cell lines. A single dose of chiHEA125-
Ama elicited a strong inhibition of subcutaneous BxPc-3 pancre-
atic xenograft tumor growth compared with BxPc-3 tumors 
treated with control unconjugated chiHEA125 mAb. Two injec-
tions of chiHEA125-Ama at doses 50 or 100 µg/kg with respect  
to a-amanitin, administered 1 week apart, showed complete tumor 
regression in 60% and 90% of mice, respectively, compared with 
chiHEA125, during the observation period of 16 days. These two 
doses of chiHEA125-Ama effectively controlled BxPc-3 tumor 
recurrence for a period of 3–4 weeks. In addition, 40% mice 
treated with two higher doses of chiHEA125-Ama (100 µg/kg with 
respect to a-amanitin) did not develop recurrent tumors even 
after 83 days following the initiation of the treatment. Increased 
apoptosis and reduced tumor cell proliferation were observed in 
tumors treated with chiHEA125-Ama. Importantly, mice well 

tolerated the treatment doses of chiHEA125-Ama ranging from 10 
to 100 µg/kg with respect to a-amanitin.

Because of high therapeutic efficacy and low toxicity, the site-
specific delivery of anticancer agents to tumor cells is an emerging 
new therapeutic modality. In this study, we used chiHEA125 anti-
body directed against EpCAM because this transmembrane molecule 
is overexpressed in the majority of solid tumors. Several EpCAM-
specific antibody-based molecular constructs have been developed 
and used for targeted delivery to tumor cells, for example, immuno-
liposomes (38), adenoviral vectors (39,40), enzymes (41), and cyto-
kines (42). In addition, EpCAM-specific constructs have been used to 
deliver toxic proteins to tumors. One study describes a humanized 
anti-EpCAM Fab moiety linked to a de-immunized version of bou-
ganin, VB6-845, with a potent antitumor efficacy (43). Patricia et al. 
(44) reported a potent antitumor activity of EpCAM-specific 
designed ankyrin repeat proteins (DARPins) (Ec4) as a fusion toxin 
with P aeruginosa exotoxin A (44). Intratumoral injection of scFv-
Pseudomonas exotoxin A fusion construct VB4-845 to patients with 
squamous cell carcinoma of the head and neck showed positive 
response in 87.5% of patients in a phase I study (45). However, some 
patients developed neutralizing antibody to VB4-845. Therefore,  
small-molecule anticancer agents coupled to tumor-selective anti-
bodies may have clinical advantage over immunoconstructs including 
large protein toxins. One example for such a small-molecule ADC is 
an anti-EpCAM antibody, conjugated with the maytansine analog 
DM1 to form an ADC, which after internalization and cleavage sup-
pressed microtubule dynamics in MCF-7 breast tumor cells (46). 
a-amanitin, the toxin used in this study, is of comparable size as 
DM1 but varies in its target specificity. Different from many toxins 

A B

DC

Figure 5. Long-term efficiency of two injections of chiHEA125-Ama at 
doses of 50 and 100 µg/kg of a-amanitin on BxPc-3 tumor growth in 
vivo. BxPc-3 tumor growth recurrence after two intraperitoneal injec-
tions of chiHEA125-Ama, administered 1 week apart, was monitored for 
a period of 40 days after the first chiHEA125-Ama injection. A) Mice 
bearing 10-day-old xenograft BxPc-3 tumors (n = 5 mice) received two 
intraperitoneal injections of chiHEA125-Ama at a dose of 50 µg/kg, cor-
responding to 2.0 mg IgG/kg. B) Mice bearing 10-day-old xenograft 
BxPc-3 tumors (n = 5 mice) received two intraperitoneal injections of 
chiHEA125-Ama at a dose of 100 µg/kg, corresponding to 4.0 mg IgG/
kg. Tumor growth was measured every third day. The relative tumor 
volume increase of individual tumors is shown. Arrows indicate time of 
chiHEA125-Ama administration. C) Apoptosis was analyzed by immu-
nohistochemistry at day 40 after the first chiHEA125-Ama injection 
(chiHEA125-Ama 50 µg/kg n = 5 mice, chiHEA125-Ama 100 µg/kg n = 2 
mice). D) Tumor cell proliferation was analyzed by immunohistochem-
istry at day 40 after the first chiHEA125-Ama injection (chiHEA125-Ama 
50 µg/kg n = 5 mice, chiHEA125-Ama 100 µg/kg n = 2 mice). Active  
caspase 3–positive or Ki-67-positive cells were counted under ×400 
magnification in 10 random fields of vision. Data are presented as the 
percentage of positive cells per total tumor cellular mass. Error bars 
correspond to upper 95% confidence intervals. Ama = a-amanitin.

Figure 6. Effects chiHEA125-Ama treatment on blood vessel density in 
BxPc-3 tumor xenografts. The density of blood vessels in BxPc-3 
tumors was analyzed by immunohistochemistry using cluster of differ-
entiation 31 (CD31) as a marker of endothelial cells. CD31-positive 
blood vessels were counted in 10 random fields of vision ×100 magni-
fication. Data in each treatment group are presented as the mean 
number of CD31-positive blood vessels per mm2 of tumor tissue. A) 
Effect of a single dose of chiHEA125-Ama (50 µg/kg) (n = 4 mice) and 
unconjugated chiHEA125 monoclonal antibody (mAb) (15 mg/kg) (n = 3 
mice) on angiogenesis in BxPc-3 tumors was determined at the end-
point at day 16. Error bars correspond to upper 95% confidence inter-
vals. B) Effects of two injections of different doses of chiHEA125-Ama 
(10 µg/kg, n = 5 mice; 20 µg/kg, n = 4 mice; 50 µg/kg, n = 2 mice; and 100 
µg/kg, n = 1 mouse) and unconjugated chiHEA125 mAb (5 mg/kg, n = 4 
mice), administered 1 week apart, on BxPc-3 tumor angiogenesis evaluated 
at day 16 after the first antibody injection. Error bars correspond to 
upper 95% confidence intervals. C) The density of CD31-positive blood 
vessels in BxPc-3 tumors that received chiHEA125-Ama at doses of  
50 µg/kg (n = 4 mice) or 100 µg/kg (n = 2 mice) evaluated at day 40 
after the first antibody injection. Error bars correspond to upper 95% 
confidence intervals. Ama = a-amanitin.
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used in today’s ADCs, which mainly act on the microtubule system, 
a-amanitin binds to and inhibits the eukaryotic RNA polymerase II. 
It is the most potent and specific inhibitor of the RNA polymerase II 
known so far. Therefore, since a-amanitin efficiently inhibits the 
transcription machinery in all mammalian cells at very low toxin 
concentrations, a-amanitin ADC would most likely act on both 
proliferating and quiescent tumor cells. Taken together, site-specific 
delivery of anti-cancer agents with EpCAM-specific constructs can 
evolve as a promising therapeutic strategy.

In chiHEA125-Ama, a-amanitin was attached to the immuno-
globulin by an ester linkage intended to release free a-amanitin inside 
the tumor cell when in contact with esterases or proteases. An 
a-amanitin load (the number of amanitin molecules per IgG mole-
cule) of up to eight molecules per chiHEA125 IgG molecule did not 
affect binding of chiHEA125-Ama to EpCAM-expressing tumor 
cells. Ratios higher than 8 were avoided because the affinity of such 
conjugates to tumor cells decreased. After binding to the cell surface, 
an internalization of the ADCs seems to occur based on the observa-
tions that ADCs were visualized in endosomal vesicles (47). Early 
experiments showed that amanitin conjugates of high molar mass are 
poor inhibitors of the transcription enzymes (48). Therefore, the high 
antiproliferative potency of chiHEA125-Ama found in our experi-
ments suggests that proteolytic breakdown of the IgG carrier or 
hydrolysis of the ester linkage must occur in endosomal/lysosomal 
compartments. In contrast to protease-degradable protein toxins, 
a-amanitin remains unaffected by proteases. The cyclopeptide ring 
of the amatoxins withstands all common proteolytic enzymes  
(H. Faulstich, unpublished data). This stability against proteases, 
beside the low risk of immunogenicity, is certainly another great 
advantage of a-amanitin supporting its use as the drug component 
in ADCs.

At present, clinical application of many immunotoxins is  
hampered by their dose-limiting toxicity. Free a-amanitin causes 
apoptosis and necrosis of hepatocytes, which is one of the main 
reasons of fatality in human mushroom poisoning. Liver toxicity of 
free amatoxins is based on the presence of the transporting protein 
OATP1B3, which is expressed exclusively on the sinusoidal mem-
brane of hepatocytes (49). In contrast, a-amanitin when coupled to 
proteins, including albumin, is no longer a substrate for OATP1B3, 
as shown in our laboratory using OATP1B3-transfected cell lines 
(J. Anderl, unpublished data). Instead, amanitin conjugates are 
preferentially taken up by protein-consuming cells such as macro-
phages and cells of the reticuloendothelial system (50,51). This 
effect may be envisaged as a potential cause of systemic toxicity of 
the a-amanitin-immunoglobulin conjugates. However, in vitro 
experiments with mouse macrophages showed that uptake of an 
albumin-b-amanitin conjugate will occur at concentrations of ap-
proximately 1028 M (50), a concentration by orders of magnitude 
higher than the concentrations of chiHEA125-Ama as used in this 
study. Therefore, we aimed to minimize the a-amanitin-related 
toxicity by conjugating a-amanitin to an antibody that combined 
high specificity and high affinity for the tumor-associated antigen 
EpCAM. ChiHEA125-Ama succeeded to provide a high target-
ing effect for a-amanitin at concentrations probably too low to 
induce systemic toxicity. The absence of systemic side effects of  
chiHEA125-Ama treatment even at the high doses of 50 and 100 
µg/kg, as well as the absence of critically elevated blood levels of 

liver enzymes, supports the potential of the concept presented in 
this study. Targeting of amanitin to specific cell types by conjugating 
the toxin to an IgG specific for the murine Thy 1.2 antigen was 
shown by Davis et al. (52), who achieved an enhancement of amanitin 
cytotoxicity by a factor of 500 over free amanitin but did not report 
on in vivo experiments. Interestingly, an amino derivative of phal-
loidin, a member of the second family of toxic cyclic peptides pro-
duced by A phalloides (28), when conjugated to chiHEA125, exhibited 
no cytotoxic effects to MCF-7 breast cancer cells up to concentra-
tions of 10 µM (data not shown and J. Anderl, unpublished data).

We could rule out the possibility that the toxicity observed in 
mice treated with very high doses of chiHEA125-Ama (150 and 
300 µg/kg) was caused by free a-amanitin, which could be eventu-
ally released from the ADC. This is based on the data that the total 
amount of conjugated a-amanitin administered to the mouse was 
below the LD50 value of a-amanitin (LD50 of free a-amanitin in 
nude mice is approximately 500 µg/kg after intraperitoneal injec-
tion) (29) (J. Anderl, unpublished data). Assuming that all conju-
gated a-amanitin was released from chiHEA125-Ama, such toxic 
LD50 concentrations would not be achieved. Furthermore, mam-
mals excrete free amatoxins including a-amanitin (molecular 
weight = 919 Da, highly water soluble) very fast in urine. The half-
life of a-amanitin in mice was determined to be about 30 minutes, 
rendering the accumulation of toxic concentrations unlikely. This 
should also apply to free a-amanitin potentially released from 
dying tumor cells after intracellular ADC breakdown.

One of the limitations of our study is that we cannot exclude that 
there will be a dose-limiting toxicity in human patients after the 
systemic administration of chiHEA125-Ama because of binding of 
ADC to EpCAM-positive epithelial cells in normal tissues, especially 
in pancreas, similar to that observed in clinical trials with unconju-
gated anti-EpCAM mAbs [reviewed in (15,16)]. However, locore-
gional delivery of VB4-845, an anti-EpCAM scFv-Pseudomonas 
exotoxin A fusion construct, was well tolerated in phase I studies by 
patients with nonmuscle-invasive bladder cancer (53) and by patients 
with squamous cell carcinoma of the head and neck after intratu-
moral VB4-845 injections (45). Furthermore, intraperitoneal injec-
tions of anti-EpCAMxCD3 bispecific antibody were well tolerated 
by advanced ovarian carcinoma patients (54). In addition, biodistri-
bution studies of EpCAM-directed mAb in EpCAM-transgenic 
mouse B16 melanoma tumor model showed discrepancy in normal 
tissue distribution between two different humanized anti-EpCAM 
mAb MOC31-hFc and UBS54 (55). Nevertheless, experiments in an 
EpCAM-transgenic mouse tumor model of pancreatic carcinoma or 
in relevant species are needed to evaluate potential systemic toxicity 
of chiHEA125-Ama related to the targeting of EpCAM.

In conclusion, a-amanitin-conjugated chimerized anti-EpCAM 
mAb, chiHEA125-Ama, effectively eradicated experimental  
pancreatic carcinoma at low risk of systemic toxicity and could 
therefore become a novel anticancer agent for pancreatic cancer 
and for EpCAM-overexpressing carcinomas.
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Supplementary Figure 1. Comparison of murine, human kappa and chimeric HEA125 
antibodies by immunoblot analysis.

Comparison of murine (HEA125), human kappa (HEA Huκ) and chimeric (chiHEA125) anti-
bodies by immunoblot analysis was performed with anti-mouse and anti-human kappa (goat 
anti-mouse kappa-biotin [GAMκ] and goat F(ab’)2 anti-human kappa-biotin [GAHuκ]) and 
anti-mouse and anti-human IgG antibodies (goat F(ab’)2 anti-mouse IgG1-biotin [GAMIgG1] 
and goat F(ab’)2 anti-human IgG1-biotin [GAHuIgG]), respectively. Secondary antibodies 
were detected with streptavidin-alkaline phosphatase conjugate and the reaction was visua-
lized by nitro-blue tetrazolium and 5-bromo-4-chloro-3'-indolyphosphate.
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Supplementary Figure 2. Biochemical characteristics of chiHEA125-Ama.

The generated antibody-drug conjugate chiHEA125-Ama was biochemically characterized by high 
performance liquid chromatography, reducing sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE), coomassie staining and immunoblotting using an anti-amanitin antiserum. A) 
Ultraviolet spectra of non-conjugated chiHEA125 mAb (black line) and chiHEA125-Ama (red line) with 
an α-amanitin-antibody ratio of 4:1. B) Size-exclusion chromatography of chiHEA125-Ama (5 μg) with 
a TSKgel SuperSW3000 column (internal diameter 4.6 mm; length 30 cm) using 0.2 M potassium 
phosphate, 0.2 M potassium chloride, 15% 2-propanol, pH 6.8 as running buffer at 0.35 mL/min. C) 
Reducing SDS-PAGE with coomassie staining of chiHEA125 (1) and chiHEA125-Ama (2) with an 
α-amanitin-antibody ratio of 4:1. D) Immunoblotting using an anti-amanitin antiserum of chiHEA125 
(1) and chiHEA125-Ama (2) with an α-amanitin-antibody ratio of 4:1.
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Supplementary Figure 3. EpCAM expression on various carcinoma cell lines.
 
Expression of EpCAM by Colo205 colorectal, MCF-7 breast, Capan-1 and BxPc-3 pancreatic, 
and OZ bile duct cancer cell lines was determined by indirect flow cytometry. Cell lines (1 × 106 
cells) were first incubated with either chiHEA125 (red histograms) or omalizumab (grey shaded 
histograms). After washing with the FACS buffer, binding of primary antibody was visualized by 
FITC-labelled F(ab’)2 goat anti-human IgG (H+L) as a secondary antibody. Results are represen-
tatives of five independent experiments.
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Supplementary Figure 4. Effects of a single dose of chiHEA125-Ama on BxPc-3 tumor growth, 
cell proliferation and apoptosis.

Mice bearing 10 days old xenograft BxPc-3 pancreatic carcinomas received a single intraperitoneal 
injection of chiHEA125-Ama at a dose of 50 μg/kg with respect to α-amanitin (corresponding to 2.0 mg 
IgG/kg) (n = 6 mice). Control mice received unconjugated chiHEA125 mAb (15 mg/kg) (n = 4 mice). A) 
Tumor growth was measured every third day and data are presented as average absolute tumor volu-
mes starting from day 10 after the tumor cells implantation. Error bars correspond to upper or lower 
95% confidence intervals. * P = .043, ** P = .008, *** P = .003, **** P = .011 (two-sided Student t test). 
An arrow indicates time of chiHEA125 or chiHEA125-Ama (Ab) administration. B) Representative 
images of active caspase 3 and Ki-67 stainings of BxPc-3 pancreatic tumors that were treated with one 
injection of chiHEA125-Ama at a dose of 50 μg/kg or unconjugated chiHEA125 (15 mg/kg) and analy-
zed at day 16 after the antibody administration. The percentage of active caspase 3-positive cells (red) 
or Ki-67-positive cells (brown) was determined from total tumor cell mass. Scale bar = 50 μm.
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Supplementary Figure 5. Effects of two injections of chiHEA125-Ama on BxPc-3 tumor growth and EpCAM 
expression.

Dose titration experiments with two intraperitoneal injections of chiHEA125-Ama, administered one week apart. 
Mice bearing 10 days old xenograft BxPc-3 pancreatic carcinomas received intraperitoneal injection of 
chiHEA125-Ama (10, 20, 50 or 100 μg/kg with respect to α-amanitin, corresponding to 0.4, 0.8, 2.0 or 4.0 mg 
IgG/kg, respectively) (n = 8, 7, 10, 10 mice per group, respectively) or control unconjugated chiHEA125 mAb (5 
mg/kg) (n = 9 mice). A) Tumor growth was measured every third day. Data are presented as average absolute 
tumor volumes starting from day 10 after the tumor cells implantation. Arrows indicate time of chiHEA125 or 
chiHEA125-Ama (Ab) administration. Error bars correspond to upper or lower 95% confidence intervals. * P < 
.001, ** P = .004, *** P = .001, **** P = .028 (two-sided Student t test). B) Long-term effects of two injections of 
chiHEA125-Ama at a dose of 50 μg/kg of α-amanitin on BxPc-3 tumor growth. Absolute tumor volumes of individu-
al tumors are shown (n = 5 mice). Arrows indicate time of chiHEA125-Ama administration. C) Long-term effects of 
two injections of chiHEA125-Ama at a dose of 100 μg/kg of α-amanitin on BxPc-3 tumor growth. Absolute tumor 
volumes of individual tumors are shown (n = 5 mice). Arrows indicate time of chiHEA125-Ama administration. D) 
EpCAM expression in the recurrent BxPc-3 tumors. BxPc-3 tumor growth was monitored for 83 days after treat-
ment with two injections of chiHEA125-Ama at a dose of 100 μg/kg. EpCAM expression in the relapsed tumor was 
analyzed by immunohistochemistry. Scale bar = 50 μm.
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