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Purpose: Human sarcomas are rare and difficult to treat cancerous tumors typically arising from 

soft tissue or bone. Conversely, carcinomas are the most common cancer subtype in humans 

and the primary cause of mortality across all cancer patients. While conventional therapeutic 

modalities can prolong disease-free intervals and survival in some cases, treatment of refrac-

tory or recurrent solid tumors is challenging, and tumor-related mortality remains unacceptably 

high. The identification of overexpressed cell surface receptors on sarcoma and carcinoma cells 

has provided a valuable tool to develop targeted toxins as an alternative anticancer strategy. 

Recent investigation of recombinant protein-linked toxins that specifically target these cancer 

receptors has led to the development of highly specific, cytotoxic, and deimmunized drugs that 

can kill cancer cells.

Methods: This study investigated a recombinant protein called epidermal growth factor 

bispecific angiotoxin (eBAT), which is designed to target the epidermal growth factor receptor 

(EGFR) on cancer cells and the urokinase plasminogen activator receptor (uPAR) on cancer cells 

and associated tumor vasculature. Both receptors are expressed by a variety of human sarcomas 

and carcinomas. Flow cytometry techniques were used to determine binding affinity of eBAT 

to cancer cells, and proliferation assays were performed to calculate tumor killing ability based 

on half-maximal inhibitory concentrations.

Results: eBAT demonstrated cytotoxicity against a variety of sarcoma and carcinoma cells 

that overexpress EGFR and uPAR in vitro and showed greater cell killing ability and binding 

affinity to cancer cells compared with its monospecific counterparts.

Conclusion: The results of our study are promising, and further studies will be necessary to 

confirm the applicability of eBAT as a supplementary therapy for a variety of sarcomas, carci-

nomas, and possibly other refractory malignancies that express EGFR and uPAR.

Keywords: sarcoma, carcinoma, eBAT, EGFR, uPAR

Plain language summary
New therapies are urgently needed to treat drug-resistant sarcomas. To target sarcomas in a novel 

manner, we used an anticancer drug called epidermal growth factor bispecific angiotoxin (eBAT), 

which has been genetically engineered by combining two naturally occurring human ligands 

with deimmunized bacterial Pseudomonas exotoxin. The ligands were epidermal growth factor 

(EGF) that binds EGF receptors (EGFR) that is overexpressed on sarcomas and a urokinase 

fragment that binds urokinase receptor on tumor neovasculature. Thus, the drug simultaneously 

binds sarcoma cells and vascular cells in the tumor microenvironment and kills them. In these 
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studies, flow cytometry was used to prove that bispecific eBAT was 

more potent in binding and killing sarcoma cells than either of its 

monospecific counterparts targeting only EGFR or only urokinase 

receptor. In addition to killing sarcoma cells, including rhabdo-

myosarcoma and osteosarcoma, eBAT was also effective in killing 

ovarian carcinoma cells indicating great promise for this reagent as 

a new therapeutic measure for treating solid tumors.

Introduction
Human sarcomas are rare, aggressive, heterogeneous tumors 

of mesenchymal origin that are typically categorized as 

either soft tissue or bone malignancies.1 Rhabdomyosar-

coma, a soft tissue sarcoma of skeletal muscle progenitor 

cells, and osteosarcoma, a bone sarcoma, are the two most 

prevalent childhood sarcomas affecting >500 children 

under the age of 14 every year in the United States.2 As 

of 2017, there are 15,650 anticipated diagnoses of soft 

tissue and bone sarcomas in the United States and 6,540 

estimated deaths from the disease in adults and children.2 

Conventional therapies for patients with sarcoma, including 

surgical intervention and chemotherapy, currently result 

in an overall 5-year survival rate of approximately 50%, 

but disease metastasis and tumor relapse due to treatment 

resistance remain the primary causes of patient mortality.3 

Significant progress in treatment development has been 

stunted by the relatively small number of patients and the 

broad range of sarcoma subtypes.

In comparison, carcinomas are prevalent epithelial 

tumors. For example, ovarian carcinoma, which comprises 

just one subtype of ovarian cancer, is posed to affect 22,440 

new patients in 2017 alone.2 Yet a staggering 14,080 of these 

patients are still expected to die from the disease and only 

45% of the patients will survive 5 years after their diagnosis.2 

Despite the bigger patient population, treatment advances 

for carcinoma face the same obstacles in terms of off-target 

toxicity and tumor recurrence.

Interestingly, both sarcoma and carcinoma cells have been 

found to overexpress receptors like the epidermal growth 

factor receptor (EGFR) and the urokinase plasminogen acti-

vator receptor (uPAR) on the cell surface at concentrations 

hundreds, if not thousands, of times greater than normal 

cells.5,6 The Broad-Novartis Cancer Cell Line Encyclopedia 

(CCLE), a genomic database of cancers and cancer cell lines, 

was used to determine that rhabdomyosarcomas, osteosarco-

mas, and adenocarcinomas were optimal targets due to their 

abundant expression of EGFR and uPAR.7 Our group has 

taken advantage of this characteristic by designing modified 

biological toxins that specifically target and kill the cancerous 

cells expressing these receptors.8

Currently, ligand-directed toxins are composed of recom-

binant cancer-reactive molecules that have been linked to 

modified bacterial toxins, such as Diphtheria Toxin (DT) or 

Pseudomonas exotoxin A (PE), which inhibit protein syn-

thesis.9 We have found a way to splice two cancer-reactive 

cytokines along with a modified bacterial toxin into a single 

reagent, thereby creating a bispecific ligand-directed toxin 

(BLT) that can target two different overexpressed receptors 

on a single cell.8 Bispecificity was associated with improved 

specificity and cytotoxicity when a BLT was compared with its 

monospecific counterparts, targeting a single distinct receptor.8

Epidermal growth factor bispecific angiotoxin (eBAT) 

is a novel BLT that targets receptors like EGFR and uPAR 

and is composed of the EGF ligand and the amino terminal 

fragment (ATF) ligand combined with a modified truncated 

Pseudomonas exotoxin A (KDEL). The drug binds to EGFR 

or uPAR on the cell surface and induces endocytosis of the 

KDEL toxin which improperly modifies eukaryotic elonga-

tion factor 2 (EEF2). The modified EEF2 stops functioning 

and inhibits the production of new proteins, thus resulting 

in the death of the cell via apoptosis.10

EGFR is a commonly overexpressed receptor tyrosine 

kinase protein that plays a large role in the growth and divi-

sion of cells and is located on the surface of a variety of 

solid tumors.11 uPAR, which is expressed on the sarcoma 

neovasculature and endothelial cells, is a glycoprotein on 

the cell membrane and an especially attractive target for 

anticancer therapeutics due its active role in the proliferation 

and metastasis of tumor cells.12 The expression of uPAR on 

the tumor neovasculature will presumably allow eBAT to 

destroy the blood supply that is critical to the survival of the 

tumor. The goal of our study was to quantitatively compare 

the specificity and cytotoxicity of bispecific eBAT to mono-

specific EGFKDEL and ATFKDEL by evaluating their tumor 

binding and tumor killing abilities in vitro, in the presence 

of EGFR- and uPAR-expressing cells.

Materials and methods
eBAT production
eBAT was synthesized by genetic recombination of com-

petent Escherichia coli bacteria.13 The genes for EGF, ATF, 

and modified Pseudomonas exotoxin were linked onto a 

pET28c plasmid vector and then transfected into E. coli 

bacteria. The bacteria were then exposed to antibiotics that 

killed any bacterium that had not undergone transformation. 
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Inclusion  bodies, or aggregates of bacterial proteins, were 

extracted from the bacteria. Our target protein was then 

isolated, refolded, dialyzed, purified, and analyzed via gel 

electrophoresis as shown in Figure 1. Monospecific EGFK-

DEL and ATFKDEL and negative control CD3CD3KDEL 

were synthesized using similar methods.

Cell cultures
Five cancer cell lines, originally derived from patients and 

obtained from American Type Culture Collection (ATCC, 

Rockville, MD, USA), were cultured to emulate human 

sarcoma, carcinoma, and lymphoma growth. Human rhabdo-

myosarcoma cells (RD) originated in muscle spindle tissue 

and expressed EGFR and uPAR.14,15 Human osteosarcoma 

cells (Saos2) originated in a primary bone sarcoma and 

expressed EGFR and uPAR.16,17 Human ovarian adenocarci-

noma (SKOV3) originated in ovarian tissue and expressed 

EGFR and uPAR.18,19 Raji and Daudi were human B-cell 

lymphomas that negatively expressed EGFR and uPAR.8 

All these cell lines were maintained as adherent cultures at 

37°C in 5% CO
2
 atmosphere. Cells were dissociated twice 

a week into single-cell suspensions using 2 mL of Trypsin 

EDTA to detach adherent cells from culturing surfaces. 

Cells were allowed to reattach under the same conditions for 

maintenance or plated as single cells for experiments. Raji 

and Daudi human B-cell lymphoma cells were maintained as 

nonadherent cultures at 37°C in 5% CO
2
 atmosphere.

Flow cytometry protocol
We studied the binding ability of eBAT, EGFKDEL, and 

ATFKDEL when exposed to an EGFR- and uPAR-expressing 

cell line. CD3CD3KDEL was used as an irrelevant negative 

control toxin that only targets the cluster of differentiation 

3 (CD3), a marker that is almost exclusively overexpressed 

on T cells.20

To determine the binding ability of our experimental 

reagents to EGFR and uPAR, we performed a flow cytom-

etry technique known as fluorescence-activated cell sorting 

(FACS) using Saos2 osteosarcoma cells. eBAT, EGFKDEL, 

ATFKDEL, and CD3CD3KDEL were labeled with fluores-

cein isothiocyanate (FITC) and were serially diluted from 

concentrations of 1,000 nM at 500, 100, 50, and 10 nM 

increments. The FITC-labeled reagents were then incubated 

with 5×105 Saos2 cells in 500 µL of PBS and 2% fetal 

bovine serum (FBS) on ice for 1 hour to allow binding. After 

incubation, the cells were washed three times and analyzed 

using FACS Calibur and CellQuest software (BD Biosci-

ences, San Jose, CA, USA). The percent of positive control 

cells was determined by gating control cells which were not 

incubated with FITC-labeled targeted toxin. The equilibrium 

binding constant (K
d
) value was calculated to comparatively 

measure the concentration of reagents needed to achieve 

half-maximal binding. The FACS Calibur at the University 

of Minnesota’s Flow Cytometry Core Facility was used for 

all flow experiments.

Proliferation assay protocol
Proliferation assays were conducted to quantify the cell kill-

ing ability of eBAT in the presence of its target receptors. 

Saos2 osteosarcoma, RD rhabdomyosarcoma, SKOV3 ovar-

ian carcinoma, and Raji lymphoma cell lines with distinct 

expression levels of EGFR and uPAR were used to determine 

the half-maximal inhibitory concentrations (IC
50

), or the con-

centration of the reagent at which 50% of the cell population 

was killed, for each of the four reagents.14–20

Figure 1 Construction and production of eBAT.
Notes: in order to construct eBAT, an ncoi/Xhoi gene fragment was cloned 
encoding the genes for the EGF and ATF ligands and the modified KDEL toxin 
(A). The eBAT gene was inserted into the protein expression vector peT28c and 
then transfected into E. coli bacteria. The bacteria were then exposed to antibiotics 
that killed any bacterium that had not undergone transformation. inclusion bodies, 
or aggregates of bacterial proteins, were extracted from the bacteria. Our target 
protein, eBAT, was then isolated, refolded, dialyzed, and purified. The monospecific 
counterparts EGFKDEL and ATFKDEL and the negative control CD3CD3KDEL 
were synthesized using similar methods. Gel electrophoresis was used to confirm 
the size of the reagents (B).
Abbreviations: ATF, amino terminal fragment; eBAT, epidermal growth factor 
bispecific angiotoxin; EGF, epidermal growth factor.
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RD and SKOV3 cells were cultured in DMEM medium 

and Saos2 and Raji cells in RPMI 1640 medium at 37°C, 

5% CO
2
 for approximately 48 hours to allow the cells to 

adhere. Trypsin EDTA was used to detach the cells before 

FBS-containing media was added to the flask to inactivate 

the Trypsin EDTA. The single suspension was then counted 

using a hemocytometer and Trypan blue. Cells were then 

diluted to 10,000 cells per mL and 100 µL was pipetted into 

each well of a 96-well plate. Plated cells were then allowed to 

incubate for 24 hours. The drug-specific volume of medium 

was calculated and allocated to four 5 mL tubes; 900 µL of 

medium was placed in 32 5 mL tubes. The reagents were 

serially diluted from concentrations of 102 nM to 10–6 nM 

in 10 nM increments. The dilutions were then pipetted into 

the 96-well plate (100 µL per well) in triplicate, leaving a 

toxin-free control for each cell line. After 48 hours of incuba-

tion, RD rhabdomyosarcoma, Raji, and Daudi Human B-cell 

lymphoma cells were pulsed with radioactive [3H] thymidine 

(proliferation assay) while Saos2 osteosarcoma and SKOV3 

ovarian adenocarcinoma cells were pulsed with radioactive 

[3H] leucine (protein synthesis assay) with 1 µCi per well, 

before being incubated again for 24 hours. Both [3H] thy-

midine and [3H] leucine were used as most eukaryotic cells 

have been found to successfully incorporate at least one of 

the two radioactive nucleosides.21 The plate was placed at 

–80°C for 20 minutes in order to detach the cells and was har-

vested on glass fiber filters before being counted by standard 

scintillation techniques. Reagents that demonstrated greater 

cytotoxicity killed more target cells at lower concentrations 

and thus produced lower counts of [3H] thymidine or [3H] 

leucine. Control cells that were not exposed to reagent were 

used to provide a normalized sample of [3H] thymidine or 

[3H] leucine counts and indicate possible contamination. All 

data were reported as percentages of the untreated control 

cell counts. When applicable, IC
50

 values of the reagents 

were calculated.

statistical analysis
All statistical analyses were performed using Prism 5 (Graph-

pad Software, San Diego, CA, USA) and Microsoft Excel 

(Microsoft Corporation, Redmond, WA, USA). The equilib-

rium-binding constant (K
d
) was calculated using exponential 

regression to find the ligand concentration that bound at 50% 

affinity to compare the binding affinity of the reagents in flow 

cytometry analysis. IC
50

 values were calculated using linear 

regression and the line of best fit to determine the potency 

of the drugs in [3H] thymidine and [3H] leucine incorpora-

tion assays. Fold changes were calculated as the ratio of the 

 difference between two IC
50

 values divided by the smaller IC
50

 

value. Student’s t-test calculations were used to determine 

the significance of differences between single data points. 

P-values <0.05 were considered significant.

Results
eBAT binds to human sarcoma cells with 
high affinity
FACS was performed to determine the functional binding 

ability of eBAT, EGFKDEL, ATFKDEL, and CD3CD3K-

DEL to their respective receptors on Saos2 and RD cells as 

shown in Figure 2A and B. Fluorescently labeled toxins were 

incubated with target cells and sorted based on the distinct 

fluorescent and light-scattering properties of reagent-bound 

and reagent-unbound cells. A graph was produced based on 

the percentage of fluorescent reagent that bound to the cell 

when compared with normal, unbound cells.

FITC-labeled eBAT functionally bound to EGFR- and 

uPAR-expressing Saos2 and RD cells with high affinity 

(>99%). At the same concentration, EGFKDEL and ATFK-

DEL peaked at 81.1% and 57.2% binding in Saos2 and 74.5% 

and 67.3% binding in RD, respectively. eBAT bound to 99.7% 

of Saos2 target cells at 1,000 nM with a K
d
 value of 11.02 

nM, showing that its optimal binding to the target receptors 

was achieved at the lowest concentration among the reagents 

tested. eBAT bound to 94.1% of RD cells at 5,000 nM with 

a K
d
 value of 630 nM.

eBAT kills human sarcoma cells in vitro
A [3H] leucine incorporation assay was designed to test the 

ability of bispecific eBAT to kill human osteosarcoma cells in 

vitro. The Saos2 cells were already confirmed to overexpress 

both EGFR and uPAR on the cell surface and thus presented 

viable targets for the drug.14,15 eBAT demonstrated effec-

tive cell killing with an IC
50

 of <1.0 × 10–6 nM in Saos2 cells 

as shown in Figure 3A. As expected, the negative control, 

CD3CD3KDEL, had no activity. eBAT demonstrated sig-

nificantly greater cytotoxicity compared with EGFKDEL at 

concentrations ranging from 10–6 nM to 10–3 nM (P<0.002) 

or ATFKDEL at concentrations ranging from 10–6 nM to 

10–2 nM (P<0.02).

RD rhabdomyosarcoma cells, which positively express 

EGFR and uPAR, were also effectively killed by eBAT with 

an IC
50

 of 1.5× 10–5 nM, while CD3CD3KDEL had no activity 

at all tested concentrations as shown in Figure 3B.14,15 eBAT 

had a greater cytotoxicity on RD cells than both EGFKDEL, 

at concentrations from 10–4 to 10–2 nM (P<0.001), and ATFK-

DEL, at concentrations from 10–6 to 102 nM (P<0.0003). 
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Specifically, eBAT cytotoxicity was 23-fold greater than 

EGFKDEL and 36,666-fold greater than ATFKDEL.

eBAT binds to and kills human 
adenocarcinoma cells in vitro
SKOV3 ovarian adenocarcinoma cells also express EGFR and 

uPAR on the cell surface, and we hypothesized they could 

be an effective target for eBAT.18,19 FACS was performed to 

determine the functional binding ability of eBAT to the EGFR 

and uPAR receptors on SKOV3 cells as shown in Figure 4. 

FITC-labeled eBAT functionally bound to EGFR- and uPAR-

expressing SKOV3 cells with a high affinity (93.8%) at 5,000 

nM. At the same concentration, EGFKDEL and ATFKDEL 

peaked at 90.2% and 70.9% binding. eBAT had a K
d
 value of 

680 nM against SKOV3, showing that its optimal binding to 

the target receptors was achieved at a lower concentration than 

its monospecific counterparts.

eBAT demonstrated potent cell killing of SKOV3 cells 

with an IC
50

 of 5.0× 10–6 nM as shown in Figure 5. Cytotoxicity 

of eBAT was greater than EGFKDEL, at concentrations from 

10–5 to 10–4 nM (P<0.02), and ATFKDEL at concentrations 

from 10–5 to 10–1 nM (P<0.001). eBAT was 1.6-fold and 

50,000-fold more cytotoxic than EGFKDEL and ATFKDEL 

against this cell line.

eBAT demonstrates specificity for EGFR- 
and uPAr-expressing cells in vitro
The Raji and Daudi B-cell lymphoma cell lines that do not 

express EGFR and uPAR were used as negative controls 

to determine if eBAT would only specifically kill cells that 

overexpressed the target receptors.20 As predicted, eBAT, 

EGFKDEL, and ATFKDEL did not have any specific bind-

ing affinity to the cells as shown in Figure 2C and D and 

there was no effect on cell proliferation in Figure 3C and D. 

Figure 2 Binding affinity of eBAT to sarcoma (A, B) and B-cell lymphoma (C, D) cell lines.
Notes: FACS analysis was performed on the binding of fluorescently labeled eBAT to Saos2 human osteosarcoma cells and RD rhabdomyosarcoma cells. eBAT bound 
to EGFR- and uPAR-expressing Saos2 cells with very high affinity (>99%) at 500 and 1,000 nM. (A) In comparison, at 1,000 nM EGFKDEL binding peaked at 81.1% while 
ATFKDEL binding peaked at only 57.2%. eBAT showed greater binding affinity to human osteosarcoma cells than its monospecific counterparts EGFKDEL (Kd=47.58 nM) 
and ATFKDEL (Kd=57.51 nM) at any given concentration. RD cells exhibited similar binding patterns with the highest binding affinity to eBAT (>90%) at 5,000 nM followed by 
EGFKDEL and ATFKDEL. (B) The Kd value of eBAT in human rhabdomyosarcoma cells was 630 nM, indicating that it bound more effectively than EGFKDEL (Kd=2,730 nM) 
and ATFKDEL (Kd=3,500 nM). eBAT was not expected to bind to Raji and Daudi cells because the two cell lines negatively express EGFR and uPAR. eBAT, EGFKDEL, and 
ATFKDEL did not bind specifically to Raji and Daudi cells at all concentrations tested. (C, D) The graphs show the population of cancer cells relative to control cells as the 
concentration of each reagent increases. Kd values were not applicable as the reagents did not bind to >50% of the cells at any given concentration and no significant difference 
in binding was noted between the reagents.
Abbreviations: ATF, amino terminal fragment; eBAT, epidermal growth factor bispecific angiotoxin; EGFR, epidermal growth factor receptor; FACS, fluorescence-activated 
cell sorting; uPAr, urokinase plasminogen activator receptor.
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Discussion
We showed for the first time that eBAT has significantly 

greater binding ability and cytotoxicity against human 

sarcoma cells than its monospecific counterparts in vitro. 

Despite the relatively low level of binding of ATFKDEL-

FITC to uPAR (57.2% at 1,000 nM), the 18.6% difference 

between the peak binding ability of eBAT-FITC and that of 

EGFKDEL-FITC at 1,000 nM suggests that the inclusion 

of the ATF portion may play an important role in increas-

ing binding affinity. This is relevant because it suggests 

that, despite the lower individual binding of EGFKDEL 

and ATFKDEL, the combined targeting of both receptors 

significantly improves the affinity of eBAT to EGFR- and 

uPAR-expressing sarcoma cells, possibly increasing kill-

ing ability. This is in line with prior studies which have 

suggested that the bispecificity of eBAT may enhance 

cytotoxicity as well as the ability to kill resistant cancer 

cell outliers.22 Further investigation is needed to determine 

exactly the role of uPAR targeting in improving the binding 

ability of eBAT in vitro.

Figure 3 Cytotoxicity of eBAT against sarcoma (A, B) and B-cell lymphoma (C, D) cell lines in vitro.
Notes: Proliferation assays were performed with sarcoma cells in the presence of eBAT, EGFKDEL, ATFKDEL, and CD3CD3KDEL as the irrelevant control. The graphs 
show the population of cancer cells relative to control cells as the concentration of each reagent increases. In Saos2 osteosarcoma cells, eBAT demonstrated significantly 
increased cytotoxicity (iC50<0.000001) compared with EGFKDEL (P<0.02) and ATFKDEL (P<0.002) even at the lowest concentrations (A). in rD rhabdomyosarcoma cells, 
eBAT also demonstrated significantly greater cytotoxicity than both EGFKDEL (P<0.001) and ATFKDEL (P<0.0003) (B). raji and Daudi cells were used as negative control 
cells due to the lack of egFr and uPAr expression on the cell surface. (C, D). eBAT was expected to demonstrate minimal cytotoxicity against both raji and Daudi cells 
for this reason. eBAT, EGFKDEL, and ATFKDEL had no effect on the proliferation of Raji and Daudi cells and there was no significant difference in cytotoxicity between the 
reagents. All significance was determined using Student’s t-test and calculated alongside the sD. The error bars indicate standard deviation.
Abbreviations: ATF, amino terminal fragment; eBAT, epidermal growth factor bispecific angiotoxin; EGFR, epidermal growth factor receptor; uPAR, urokinase plasminogen 
activator receptor.
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Figure 4 Binding affinity of eBAT to SKOV3 cells.
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eBAT to SKOV3 ovarian adenocarcinoma cells. eBAT bound to EGFR- and uPAR-
expressing SKOV3 cells with 93.8% affinity at 5,000 nM. At the same concentration, 
EGFKDEL binding peaked at 90.2% while ATFKDEL binding peaked at 70.9%. eBAT 
had a Kd value of 680 nM, showing greater binding affinity to human carcinoma cells 
than its monospecific counterparts EGFKDEL (Kd=950 nM) and ATFKDEL (Kd=3,200 
nM).
Abbreviations: ATF, amino terminal fragment; eBAT, epidermal growth factor 
bispecific angiotoxin; EGFR, epidermal growth factor receptor; FACS, fluorescence-
activated cell sorting; uPAr, urokinase plasminogen activator receptor.
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on cell proliferation as a non EGFR- and uPAR-targeting 
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The descending cytotoxicity of eBAT, EGFKDEL, and 

ATFKDEL, illustrated by the proliferation assays in Figure 3, 

mirrors the binding ability of the respective reagents shown in 

Figure 2. Interestingly, negligible binding activity was seen at 

concentrations below 10 nM even though eBAT, EGFKDEL, 

and ATFKDEL all demonstrated cell killing activity in the pro-

liferation assays at concentrations as low as 10–4 nM in Figure 3. 

This may be a result of the off-target toxicity of Pseudomonas 

exotoxin or the substantially cytotoxic effect of miniscule EGFR 

and uPAR binding; however, the negligible cell death of Raji 

cells and the negligible cytotoxicity of an irrelevant control toxin 

suggest that eBAT may demonstrate greater cytotoxicity than 

what would be predicted based on its binding ability.

The prevalence of EGFR on the cell membrane and the 

angiogenic properties of uPAR render them attractive targets 

for targeted therapies. The high expression rate of EGFR on 

glioma and glioblastoma tumor cells in the brain has led to the 

development of EGF-targeting bacterial toxins, molecularly 

analogous to the monospecific counterparts of eBAT, with 

potent specific cytotoxicity.23,24 Several anticancer thera-

peutics designed to target EGFR and uPAR individually are 

available commercially.25–27 Unfortunately, EGFR inhibitors 

including cetuximab and gefitinib have been associated with 

undesirable side effects, often requiring therapy discontinua-

tion.25,26 Furthermore, though numerous angiogenic inhibitors 

such as thalidomide and bevacizumab are readily accessible, 

their effectiveness is limited by the high adaptability of 

tumors to hypoxic environments and historically poor tumor 

regression rates.27

By combining the two targeting mechanisms of EGF and 

ATF, eBAT retains the versatile cell killing ability of EGFR 

toxins while simultaneously acquiring the antiangiogenic 

properties of uPAR toxins. Increased targeting specificity 

should presumably reduce the off-target effects of stand-

alone EGFR-targeting therapeutics. Interestingly, a recent 

study of eBAT combined with standard of care surgery and 

chemotherapy for treatment of naturally occurring canine 

hemangiosarcoma, a highly aggressive, incurable sarcoma 

affecting the spleen of dogs, showed that eBAT was remark-

ably safe and potentially effective. None of the treated dogs 

experienced the adverse effects that are typically associated 

with EGFR-targeted treatments, suggesting that bispecific-

ity likely abated toxicity.28 This could also be true in human 

cancer patients, and additional studies will be needed to spe-

cifically evaluate the safety and efficacy of eBAT in humans.

We showed that carcinomas may represent a targetable 

cancer for eBAT, in addition to sarcomas. Both sarcomas 

and carcinomas require angiogenesis, the production of 

nutrient-rich vasculature for tumor proliferation, and show 

similarities in their expression pattern of surface receptors, 

namely EGFR and uPAR.14–19 Carcinomas are the most 

prevalent type of cancer and they include a wide variety of 

subtypes potentially targetable by eBAT, including the ovarian 

 adenocarcinoma we tested.2 Our results showed that eBAT 

induced specific cytotoxicity in ovarian adenocarcinoma at 

a lower concentration than its monospecific counterparts, 

especially ATFKDEL. While statistically significant, the 

difference in IC
50

 between eBAT and EGFKDEL was not as 

Figure 5 Cytotoxicity of eBAT against SKOV3 cells in vitro.
Notes: Proliferation assays were performed with SKOV3 ovarian adenocarcinoma cells in the presence of eBAT, EGFKDEL, ATFKDEL, and CD3CD3KDEL as the irrelevant 
control. The graphs show the population of cancer cells relative to control cells as the concentration of each reagent increases. Despite not being a sarcoma, SKOV3 
is demonstrative of the specific cytotoxicity of eBAT against all EGFR- and uPAR-expressing tumors. In SKOV3 cells, eBAT consistently demonstrated equal or greater 
cytotoxicity than EGFKDEL and significantly greater cytotoxicity than ATFKDEL (P<0.001). The error bars indicate standard deviation.
Abbreviations: ATF, amino terminal fragment; eBAT, epidermal growth factor bispecific angiotoxin; EGFR, epidermal growth factor receptor; uPAR, urokinase plasminogen 
activator receptor.
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pronounced as the difference between eBAT and ATFKDEL. 

This could have been due to the relatively low expression of 

uPAR compared with the expression of EGFR, which was 

the primary determinant of cytotoxicity. Nevertheless, eBAT 

effectively targeted and killed carcinoma cells. The potential 

efficacy of eBAT in the treatment of carcinomas is further 

supported by the specific cytotoxicity of the reagent against 

glioblastoma tumors in mouse xenograft models.22 Testing 

the cytotoxicity of eBAT as well as analyzing the specific 

binding ability of the reagent against different cell lines will 

continue to provide a better understanding of what cancer 

subtypes eBAT may be effective against in the clinical setting.

Before eBAT can undergo further clinical development, 

several practical application issues must be addressed. The 

nature of sarcomas in humans requires repeated and sustained 

treatment in order to penetrate solid tumors, and thus eBAT 

faces several obstacles including delivery method and immu-

nogenicity.9 To circumvent antibody response to the reagent, 

Kreitman et al designed a modified Pseudomonas exotoxin 

in which seven distinct immunogenic regions were mutated 

to avoid the development of antitoxin antibodies and reduce 

the likelihood of treatment resistance.29 This truncated toxin 

has previously been shown to induce almost no immunogenic 

change in mice after eight injections when compared with the 

unmutated parental strand which incited antibody production 

in mice after only four injections.30 eBAT has demonstrated 

similar success in overcoming antibody resistance in canines 

as well. Canine neutralizing antibody (NA) levels were mea-

sured before and after the administration of eBAT, and less 

than half of the dog population developed antibodies against 

the reagent. Even then, no significant association was found 

between the development of NAs and survival.28 Though 

there is no animal experimentation in our data, the viability of 

murine and canine models for human immunogenic responses 

to the Pseudomonas exotoxin in eBAT warrants further study.

Even though sarcomas make up <2% of diagnosed can-

cers in humans, they typically demonstrate highly aggressive 

behavior and often require extensive treatment including 

invasive surgery and chemotherapy.4,31 The results of the 

canine study are encouraging. In fact, despite the typically 

dismal prognosis of dogs diagnosed with hemangiosarcoma, 

6-month survival rates increased from approximately 40% 

in a comparison group of dogs treated with standard of care 

therapy to almost 70% in the group of dogs treated with 

eBAT at the biologically active dose. Additionally, six dogs 

lived longer than 450 days and were considered long-term 

survivors.28 Canine sarcomas are physiologically analogous 

to human sarcomas in the expression of target receptors but 

occur at a much higher frequency in dogs and therefore offer a 

larger patient population for the study of the disease.32 Further 

development of eBAT presents an opportunity to potentially 

supplement conventional therapies to hopefully overcome 

drug resistance mechanisms that lead to tumor recurrence 

and progression in dogs as well as in people.

In the future, the methodology of this study could be 

extended to additional EGFR- and uPAR-expressing cancers 

including other carcinoma and sarcoma subtypes that have been 

historically treatment resistant.2,3 Annexin V and propidium 

iodide assays may be used in the future to affirm the cytotoxic 

effect of eBAT on cancers in vitro by measuring the populations 

of apoptotic and live cells after binding. Further testing of eBAT 

will provide greater insight into the cytotoxic ability as well as 

the clinical applicability of the toxin against tumors of various 

origins that share physiological characteristics.

Conclusion
In conclusion, the results of our study suggest that eBAT 

should be further investigated as a potential therapeutic 

approach for sarcomas and carcinomas as well as possibly 

other refractory malignancies that express EGFR and uPAR. 

We showed that eBAT binds with high affinity to and effec-

tively kills osteosarcoma, rhabdomyosarcoma, and ovarian 

adenocarcinoma cells in vitro. Specifically, eBAT bound with 

the highest affinity to EGFR- and uPAR-expressing cell lines 

and achieved the greatest specific cytotoxicity at clinically 

relevant concentrations. In the future, eBAT will be a prom-

ising treatment option for patients with human sarcoma and 

carcinoma, and further study will expand upon its applicabil-

ity to a wide variety of EGFR- and uPAR-expressing tumors.
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