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Overview 

 

Targeted toxins (TTs) are a class of therapeutic molecules directed against human 

cancer. By directing TTs toward cancer specific targets using tumor reactive ligands, they 

can be designed to be selective against numerous cancer types. Because TTs are designed 

to specifically destroy cancerous cells without damaging healthy cells, their potential 

outweighs most of the non-specific therapies such as chemotherapy and radiotherapy 

currently used in cancer patients. Recently, the potential of TTs has grown in the field of 

cancer research through continuous improvement using genetic engineering. Thorough 

preclinical studies of TTs are important for the characterization of TT biology, 

identification of possible solutions to TT drawbacks, and the development of novel TTs. 

Studies have led to several clinical trials, some of which have displayed promising results 

and confirmed the potential of TTs in cancer therapy. 

To date, most TTs attack cancer using a single targeting molecule. Two novel 

drugs, DTEGFATF and EGFATFKDEL that are the subject of this thesis, are unique in 

that they are bispecific ligand-directed toxins (BLTs), and are designed to simultaneously 

target both solid tumors and their associated neovasculature. DTEGFATF is a diphtheria 

toxin (DT) containing BLT, while EGFATFKDEL is a pseudomonas exotoxin (PE) 

containing BLT. Both BLTs target two receptors, epidermal growth factor receptor 

(EGFR) and urokinase plasminogen activator receptor (uPAR), which are commonly 

overexpressed on the cell surface of several different cancers. uPAR-targeting was used 

because it is overexpressed not only on solid tumors, but also on the neovasculature. We 

observed that the two BLTs possessed similar in vitro biological properties and activities 

because DT and PE have identical mechanisms of action. Additionally, by modifying 

certain amino acids on the PE molecule in EGFATFKDEL, we were able to produce a 

novel third agent, EGFATFKDEL 7mut, which possesses significantly reduced 

immunogenicity while maintaining activity. The efficacy of a TT is dependent on the 

ability to give multiple courses of treatment, and the production of neutralizing antibodies 

against TTs has historically been a major limitation in TT clinical trials. By modifying 
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PE and targeting dual markers, we were able to produce a novel TT with impressive anti-

tumor activity against glioblastoma in vitro and in vivo. 
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Literature Review 

 

1. Glioblastoma Multiforme 

Gliomas are cancers that originate from glial cells in the brain or central nervous 

system. Astrocytomas are a subset of gliomas in which malignant cells resemble 

astrocytes. Glioblastoma multiforme (GBM), the most common and malignant of all 

primary intracranial (IC) malignancies, is defined by the World Health Organization as a 

grade IV astrocytoma
1,2

. Over a third of all primary brain tumors are gliomas, and one 

half of these are GBM
1
. Most GBM cases occur in older individuals and are primary (de 

novo) in nature, while secondary glioblastomas (generally arising from low-grade 

astrocytomas) account for fewer GBM cases and usually occur in younger individuals
3
. 

After diagnosis, generally via CT scanning or MRI, the current treatment standard 

begins with aggressive surgical resection
1
. Previously, radiotherapy alone was the 

standard treatment, but a recent randomized clinical trial using radiotherapy with 

concomitant and adjuvant treatment with the chemotherapeutic agent, temozolomide, 

suggests that this combined treatment is superior to radiotherapy alone
4,5

. Still, the 

median survival time using concomitant chemotherapy increased only modestly by 2.6 

months
4
. Thus, despite advancements in both radiotherapy and chemotherapy, the 

prognosis for GBM patients remains poor. Sadly, the cost of treatment versus 

improvement in quality-adjusted life-years is the highest in the U.S
6
. Consequently, 

several alternative treatment strategies are currently being explored. Biological agents, 

such as targeted toxins are attractive for GBM treatment because glioblastoma rarely 

metastasizes outside of the cranium. As a result, TTs may be applicable to GBM through 

direct administration to tumors via convection enhanced delivery (CED), a method that 

utilizes catheters and pumps to deliver drugs directly to the tumor site
7-9

. 

 

2. Angiogenesis 

One of the critical requirements for tumor growth is angiogenesis – the growth of 

new blood vessels from pre-existing vessels. Without an adequate nutrient and oxygen 

supply, tumors can only grow to limited size. Additionally, angiogenesis is believed to 
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play roles in tumor invasiveness and metastasis
10

. Angiogenesis is a complex process. A 

variety of different factors, ranging from metabolic stress to genetic mutation, can signal 

for or against angiogenesis. The balance of these factors is crucial in deciding if 

angiogenesis will occur
11

. Moreover, endothelial cells, stromal cells, and factors from the 

extracellular matrix are all involved in the process itself. The number of variables 

involved in angiogenesis has made it challenging to study
11

. However, research in anti-

angiogenics is still conducted because the inhibition of angiogenesis should effectively 

reduce tumor growth and metastasis. To a great extent, observing angiogenesis has been 

hampered by the limitations of PET, CT, and MRI imaging techniques. Recently, 

intravital microscopy, which offers the ability to observe subcellular details in living 

tissue, has allowed improved visualization of tumor neovasculature
10

. The neovasculature 

differs from normal blood vessels both structurally and functionally. The blood vessels 

supplying tumors contract abnormally, are highly disorganized, and highly 

permeable
10,11

. Therapeutically, these features restrict the targeting and modulation of 

tumor neovasculature. However, because adhesion molecules and other cell surface 

markers are overexpressed on neovasculature, therapies targeting these markers have 

been popular and successful
11

. Today, the most widely used marker is vascular 

endothelial growth factor (VEGF), but several other strategies exist. The most successful 

anti-angiogenic, bevacizumab (Avastin) – a monoclonal antibody targeting VEGF – has 

been FDA approved for treatment in combination with chemotherapy of non small-cell 

lung cancer, breast cancer, and colorectal cancer
12

. In addition, numerous anti-angiogenic 

drugs are currently in clinical trials
11

. 

 

3. Targeted Toxins 

Targeted toxins, also referred to as immunotoxins, cytotoxins, or fusion proteins 

are a broad class of biologicals which deliver a naturally derived toxin to a specific tissue. 

TTs are usually composed of a bacteria- or plant-derived toxin which is linked to some 

type of targeting ligand(s). While in research, TTs have only recently become popular, 

their basic concept is derived from the work of Paul Ehlrich during the early 20
th

 

century
13

. However, it took over half a century for Ehlrich’s concepts to reach fruition 
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when antibodies were introduced as a viable option to guide toxins toward their targets
14

. 

Recognition of this targeting strategy has increased in the past decades, and while still in 

its infancy, the development of TTs continues to progress. 

About 35 years after their introduction as targeting molecules, antibodies remain 

the most popular choice when selecting a targeting ligand for TTs. Yet, several other 

strategies exist. The most common of these alternatives include using growth factors, 

natural ligands of human receptors, and cytokines of the immune system. Use of these 

newer methods has allowed for a broader spectrum of targets and arguably more effective 

targeting. 

The toxin portion of TTs has remained relatively consistent. Toxin selection is 

generally straightforward because most toxins simply kill cells and the method by which 

a toxin initiates cell death is usually unimportant. However, there are some differences, 

perhaps the most important of which is potency, which are generally taken into account. 

Toxins are usually derived from plants (ricin or gelonin) or bacteria (Pseudomonas 

exotoxin or diphtheria toxin). All of these toxins kill cells by inhibiting protein 

production – either by disrupting ribosome formation or by hampering translation
14

. 

The development of TTs continues to move forward and their popularity has 

recently increased. Today, while only a few TTs have been approved for clinical use, 

several clinical trials have been or are being conducted
14

. 

 

4. Bispecific Ligand-Directed Toxins 

The concept of using two targeting entities on a single TT was developed in the 

early 1990s
15-17

. A similar technique has also been used in the creation of bispecific 

monoclonal antibodies
18

. Bispecific ligand-directed toxins (BLTs) contain two unique 

targeting ligands which are linked to a bacterial toxin fragment on a single chain
19,20

. The 

use of the two different targeting molecules clearly increases targeting potential, but less 

obvious benefits have also been discovered. BLTs have been demonstrated to possess 

enhanced anti-tumor activity and superior binding, while also being less toxic
19,21-26

. 
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5. Epidermal Growth Factor & Receptor 

In 1962, the epidermal growth factor (EGF) ligand was discovered in mice by 

Stanley Cohen
27,28

. In the following years, Cohen’s laboratory discovered the human 

EGF homolog and studied various forms of the ligand. However, the group was not able 

to isolate the approximately 170 kDa epidermal growth factor receptor (EGFR) until 

1980
29,30

. In the following three decades, EGF, EGFR, and other similar receptors would 

become potent targets for the treatment of cancer and other diseases. 

Upon binding by EGF, EGFR activates pathways which lead to either cell 

differentiation or proliferation
29

. Several other ligands, including transforming growth 

factor-!, amphiregulin, heparin-binding EGF-like growth factor, vaccinia virus growth 

factor, and betacellulin have been identified which bind to EGFR
29,31

. These ligands 

contain six cysteine residues which, in combination with three disulfide bonds, form the 

structural basis required for binding to EGFR
28

. The extracellular portion of EGFR 

contains four domains, only one of which is involved in ligand binding. The intracellular 

section of EGFR contains a tyrosine kinase which autophosphorylates EGFR and 

phosphorylates several cellular substrates involved in downstream signal transduction 

pathways. Binding by the EGF ligand induces a conformational change in the receptor 

which increases kinase activity. Phosphorylation primarily activates the classic mitogen-

activated protein kinase extracellular signal-regulated kinase (MAPK/ERK) proliferation 

signaling pathway. Other targets include phospholipase C-" which can activate protein 

kinase C (PKC) and inositoltriphosphate (IP3) production. As is common in other 

receptors, the receptor-ligand complex is endocytosed and either degraded or 

recycled
29,32

. More recent research has suggested an alternative and more direct nuclear 

signaling method, at least in cancer cells and other rapidly dividing cells
33-36

. The 

presence of EGFR in the nuclei of these cells suggests a mechanism in which the receptor 

tyrosine kinase (RTK) is imported into the nucleus. Further research has made this 

mechanism more plausible by demonstrating EGFR’s ability to interact with nuclear 

transcription factors and by using examples of other RTKs which can be localized to the 

nucleus
36

. 
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While the mutation and overexpression of EGFR has been identified in several 

different malignant cancers including various lung, colorectal, breast, esophageal, 

bladder, and ovarian cancers, EGFR’s role in cancer was first discovered in 

glioblastoma
29,31,37-40

. In cancer, EGFR is believed to play a central role in tumor growth 

and development
29

. Many mutations in EGFR have been identified, but they are not 

always common in particular cancers
31

. More often, gene amplification occurs, and when 

the EGFR protein is modified, it is usually due to alternative splicing
29,31

. Even when 

mutations cause constitutive activation of the tyrosine kinase, as is the case with the 

common EGFRvIII intragenic rearrangement mutation, the overactivity of EGFR is often 

thought to be overshadowed by the overexpression of the constitutively activated 

receptor
29

. The level of EGFR overexpression has commonly been used as a predictor for 

poor clinical outcome, but its success as such a predictor has been mixed and dependent 

on the subset of carcinoma examined
41-44

. In any case, the overexpression or overactivity 

of EGFR clearly adds to the malignant phenotype in cancers. 

EGFR’s presence on a number of different cancers, and the belief that it often 

plays a central role in malignancy, has made it a popular target when designing potential 

treatments for cancer therapy. Today, three strategies, tyrosine kinase inhibitors (TKIs), 

monoclonal antibodies (mAbs), and targeted toxins, are the most common methods to 

combat cancer via EGFR targeting. Small proteins which are aimed to hinder the 

autophosphorylation of EGFR are perhaps the most well known EGFR inhibitors. 

Gefitinib and erlotinib, both TKIs, are approved for non-small cell lung carcinoma 

patients who have previously been treated with chemotherapy. Erlotinib has also recently 

been approved for treatment of pancreatic cancer patients. These TKIs have shown great 

promise in a small subset of patients, but their clinical use has remained primarily 

experimental. Further randomized clinical studies are needed to determine the potential of 

TKIs under various conditions and when applied during different periods of tumor 

progression and treatment
39,45

. In clinical trials with GBM patients, ertlotinib treatment 

has been promising, while responses to gefitinib have been disappointing
32

. There are 

also two FDA approved mAb drugs: cetuximab and panitumumab. Both are approved for 

colorectal cancer, and cetuximab has also been approved for treatment of certain head 



 8 

and neck cancers. The results of clinical trials in EGFR mAbs have been similar to TKIs, 

and while promising, need more research
46,47

. Currently, no TTs aimed at EGFR in 

cancer have been approved for clinical use. However, several TTs are currently in clinical 

trials and many more are in preclinical studies
48,49

. 

 

6. Urokinase Plasminogen Activator & Receptor 

The urokinase plasminogen activator system is primarily involved in the complex 

process of fibrinolysis and tissue remodeling, but it has also been implicated in processes 

such as cell migration, adhesion, and proliferation
50-52

. The system includes two 

activating ligands, urokinase plasminogen activator – also known as urokinase (uPA) –

and tissue plasminogen activator (tPA), both of which are serine proteases that bind to 

identical receptors. Additional components include urokinase plasminogen activator 

receptor (uPAR), a three-domain glycosylphosphatydilinositol (GPI)-anchored receptor, 

and two inhibitors, plasminogen activator inhibitor 1 and 2 (PAI-1 and PAI-2). The single 

chain zymogen, pro-uPA, must be converted by plasmin to the active two-chain 

urokinase which has enzymatic activity. Several alternate proteases, such as cathepsin B 

or L, plasma kallikrein, nerve growth factor-", and mast cell tryptase are also known to 

activate pro-uPA
53

. The active urokinase induces the activation of plasminogen by 

converting it to plasmin. Plasmin then degrades fibrin which prevents the buildup of 

extracellular matrix. This pathway plays a role in the degradation of clots as well as tissue 

remodeling
50

. It is important to recognize that both tPA and uPA act directly on 

plasminogen to activate it without any interaction with uPAR. In fact, fibrinolysis was 

unaffected in double uPAR-knockout mice
54

. However, multiple members of the 

fibrinolysis pathway, including plasmin and matrix metalloproteases (MMPs), can cleave 

and alter uPAR – indicating some involvement of the receptor in fibrinolysis
55-57

. 

Additionally, it is thought that binding of uPA and uPAR increases its exposure to 

membrane-bound plasminogen
53

. 

The uPA system’s involvement in cell migration and adhesion directly relates it to 

both innate and adaptive immunity. Inflammatory responses due to bacterial infections 

lead to the increased production of uPA in several cell lines
58

. Urokinase may then recruit 
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and activate neutrophils via interactions with uPAR
50

. uPAR-dependent cell migration 

and adhesion is thought to be primarily regulated through integrins and signaling 

pathways such as MAPK/ERK and Janus kinase-signal transducer and activator of 

transcription (STAT)
59

. The role of the uPA system in adaptive immunity is less clear, 

but overwhelming evidence suggests that urokinase and its receptor participate in the 

activation of T cells. uPAR is expressed on naïve T cells and several different antigen-

presenting cells (APCs), and the levels of uPAR expression often change during different 

stages of T cell development
60-63

. Moreover, studies have shown that mice deficient in 

elements of the uPA system respond poorly when challenged with pathogens
64-67

. 

In 1985, Francesco Blasi separated the binding and catalytic portions of 

urokinase
68,69

. Incubation of intact urokinase in a solution at pH 8 results in cleavage of 

the molecule at the amino acid position 135. The amino-terminal fragment (ATF) 

contains amino acids 1-135, and is capable of binding to uPAR, but does not contain the 

remaining carboxy-terminus fragment which confers proteolytic activity
69-70

. ATF has 

been shown to bind with high affinity to uPAR (Kd = 0.5 nM)
71

. Upon binding, the 

ATF/uPAR complex primarily remains bound to the cell surface without being 

internalized
69

. Naturally, the uPA/uPAR complex must bind to PAI-1 or PAI-2 before 

being internalized. However, it has been shown that linking ATF to other translocation-

conferring domains can result in internalization
71

. This trait has led to ATF’s inclusion in 

TTs. 

The upregulation of components of the uPA system has been discovered in 

numerous cancers. Associations have been made with breast, ovarian, gastrointestinal, 

lung, brain, kidney, bladder, and soft tissue cancers
53

. At first, the uPA system’s roles in 

cell migration and tissue remodeling were believed to correspond with a few distinct 

metastatic characteristics such as cancer cell migration and angiogenesis. The latter has 

been of particular interest because anti-angiogenic drugs, at least in principle, seem to 

have such impressive potential. While vascular endothelial growth factor (VEGF) has 

been the most popular target in anti-angiogenics due to its association with virtually all 

steps in angiogenesis, the uPA system, because of its role in endothelial cell invasion, is 

also a viable target
72

. Moreover, uPAR’s overexpression on both the tumor and its 
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neovasculature in some cancers has made it a more attractive targeting system
73,74

. More 

recently, uPA and uPAR have been found to be involved in tumor cell proliferation, 

adhesion, migration, invasion, and growth at the metastatic site
75

. This overall 

involvement has made the uPAR system a popular target in designing drugs to target the 

many malignancies which overexpress urokinase and uPAR. 

The three domain uPAR receptor can be cleaved into several different soluble 

forms (suPAR) by a number of different molecules. Three forms of soluble uPAR can be 

isolated from blood. The first is an intact uPAR molecule, suPAR(I-III). Cleavage 

between the first and second domains produces the remaining soluble forms, suPAR(I) 

and suPAR(II-III)
51

. In research, blood measurements of suPAR and urokinase have been 

used to predict prognoses of ovarian, breast, and colorectal cancer patients, and while 

relationships have been found, they have rarely been conclusive enough to use 

clinically
51,76,77

. Thus, the value of uPAR as a biomarker may not be as valuable as its use 

in biological targeting strategies. 

 

7. Diphtheria Toxin  

Diphtheria toxin (DT) is a bacterial toxin produced by Corynebacterium 

diphtherae which is commonly used in the construction of targeted toxins. DT causes 

diphtheria in humans
78

. The toxin is a 58 kDa 535 amino acid exotoxin which consists of 

three domains: a binding domain, translocation domain, and a catalytic domain
14,78

. DT 

targets elongation factor 2 (EF2) and disrupts this factor’s involvement in translation 

which results in inhibition of protein synthesis. More specifically, the toxin transfers 

ADP-ribose derived from nicotinomide adenine dinucleotide (NAD) to EF2 to inhibit its 

activity. DT is extremely potent. Just a single molecule of DT delivered to the cytosol is 

sufficient to induce cell death
79

. TTs can be produced from DT by truncating the toxin to 

only its catalytic domain and linking the truncated portion to targeting ligand(s)
14,80

. 

 

8. Pseudomonas Exotoxin 

Pseudomonas exotoxin (PE) is a 613 amino acid produced by Pseudomonas 

aeruginosa which is highly related to DT. Like DT, PE contains three domains, 
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inactivates EF2 to inhibit protein synthesis, and is extremely potent. Just 1000 molecules 

of PE internalized into tumor cells can result in a complete tumor regression
81

. 

There has been significant development and modification of PE for use in TTs. In 

the early 1990s, it was discovered that modification of amino acids 609-613 in PE from 

Arg-Glu-Asp-Leu-Lys (REDLK) to the endoplasmic reticulum (ER) retention signal, 

Lys-Asp-Glu-Leu (KDEL), dramatically increased cytotoxicity
82,83

. Normally, the 

terminal lysine of the REDLK sequence is cleaved, which results in a REDL sequence 

that can interact with KDEL receptors. This interaction allows transfer from the Golgi 

apparatus to the ER, where the toxin can translocate to the cytosol. It is believed that 

transport via REDL is relatively inefficient, and that the KDEL modification enhances 

transfer to the ER
83,84

. Since its discovery, the KDEL modification has commonly been 

used in TTs which employ PE. 

Further modification to PE has recently been developed which effectively reduces 

the immunogenicity of the toxin. In 2006, through topographical epitope mapping, Onda 

and Pastan identified seven B cell epitopes of PE38  – the commonly used truncated form 

of PE
85

. Onda and Pastan further demonstrated that mutation of eight amino acids 

spanning each of the seven epitopes would result in a PE38 fragment that was 

significantly less immunogenic in mice, but still maintained cytotoxicity
86

. This more 

recent discovery combined with the earlier KDEL modification has made PE a popular 

and effective toxin choice in TT development. 

 

9. Immunogenicity 

Immunogenicity is the propensity for a substance to induce an immune response. 

Today, the importance of monitoring immunogenicity has grown as targeted therapies 

become more popular for virtually all diseases. The development of targeted toxins in 

particular has been slowed by immunogenicity
87

. The effectiveness of TTs hinges on the 

ability to give multiple or sustained treatments
80

. However, because the toxins used in 

TTs are non-mammalian in origin, administration of TTs inevitably leads to the 

generation of neutralizing antibodies which dramatically reduce or eliminate TT 

efficacy
85,88

. Importantly, these antibodies are almost always directed at the toxin portion 
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of TTs and are even produced in environments such as the brain
80,85,88

. In fact, 73% of 

patients treated using intracranial CED developed antibodies after treatment with a PE38-

based TT
88

. Of course, the use of DT in TTs also induces immune responses. In a clinical 

trial with a DT-based TT designed against T and B cell malignancies, 32% of patients 

had anti-DT antibodies before treatment and 100% of patients were immunogenic after 

only one treatment cycle. The future success of TTs depends largely on techniques, such 

as that of Onda and Pastan described above, to “deimmunize” biologicals in order to 

allow sustained treatment
86

. 
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Materials and Methods 

 

1. Construction of targeted toxins 

Synthesis and assembly of hybrid genes encoding the single-chain DTEGFATF 

and EGFATFKDEL were accomplished previously in our lab using DNA-shuffling and 

DNA cloning techniques. The fully assembled fusion gene (from 5’ end to 3’ end) 

consisted of an NcoI restriction site, an ATG initiation codon, the genes for human EGF, 

the downstream 135-amino terminal fragment (ATF) from urokinase linked by a 20 

amino acid segment of human muscle aldolase (HMA), the 7 amino acid EASGGPE 

linker, the first 389 amino acids of diphtheria toxin or 362 amino acids of the 

pseudomonas exotoxin (with KDEL replacing the REDLK at the C-terminus in PE), and 

a NotII restriction site at the 3’ end of the construct. The HMA segment was incorporated 

into the molecule as a flexible, non-immunogenic linker
24

. The use of the ATF gene 

fragment was previously described by our laboratory
13,71

. The resultant 1748 bp 

NcoI/NotII fragment gene was spliced into the pET28c bacteria expression vector under 

control of an isopropyl-b-D-thiogalactopyranoside (IPTG) inducible T7 promoter. The 

pET system is a widely used and well established procedure for gene expression in 

Escherichia coli developed in 1986 by Studier and Moffatt
89

. Incorporation of the viral 

T7 promoter under control by the lac operator allows inducible expression when viral T7 

RNA polymerase is available and when IPTG is supplied in order to activate the lac 

operator. The vector also includes kanamycin resistance as a selectable marker to ensure 

it has been successfully transformed into the bacterial host. DNA sequencing analysis 

(Biomedical Genomics Center, University of Minnesota) was used to verify that the gene 

was correct in sequence and had been cloned in frame. To create an EGFATFKDEL 

molecule with decreased immunogenicity (Figure 1), eight amino acids representing the 

seven major epitopes on PE38 were mutated using the QuickChange Site-Directed 

Mutagenesis Kit (Stratagene. La Jolla CA)
85

. The following amino acids were altered: 

R490A, R513A, R467A, E548S, K590S, R432G, Q332S, R313A and confirmed by DNA 

sequencing. Genes for monospecific targeted toxins splicing PE38KDEL to human EGF 

(EGFKDEL) and mutated uPA fragment (ATFKDEL) were created using the same 
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techniques. To demonstrate the specificity of our TTs, three negative control TTs were 

also produced. DTCD3CD3 (BIC3) and CD3CD3KDEL, bispecific TTs targeting T-cell 

surface marker CD3 were made as described previously and by replacing the DT390 

portion of the DTCD3CD3 molecule described previously with PE38KDEL 

respectively
25

. 2219ARLKDEL, a BLT which combines VH and VL regions (sFv) for 

anti-CD22 and anti-CD19, was produced as described previously
90

. 

 

2. Isolation of inclusion bodies, refolding, and purification 

Prior to my arrival in the laboratory, each plasmid (DTEGFATF/pET28c, 

EGFATFKDEL/pET28c, and EGFATFKDEL 7mut/pET28c) was transformed into the 

Escherichia coli strain BL21 (DE3) (Novagen). This strain of E. coli has sequences for 

T7 RNA polymerase, the expression of which is under the control of a lac operator. 

Bacteria were grown in 600 ml Luria Broth supplemented with 100 #g/ml carbenicillin in 

a 2 l flask at 37°C with shaking. Expression of the hybrid gene was induced by the 

addition of IPTG (FisherBiotech, Fair Lawn, NJ). Two hours after induction, the bacteria 

were harvested by centrifugation. The cell pellets were suspended and homogenized 

using a polytron homogenizer. After centrifugation, the pellets were extracted with 0.3% 

sodium deoxycholate, 5% Triton X-100, 10% glycerin, 50mM Tris, 50mM NaCl, 5mM 

EDTA, pH 8.0, and washed.  

Solubilization of partially purified inclusion bodies was carried out in guanidine 

hypochloride plus 50 mM dithierythritol in the refolding buffer to decrease protein 

aggregation. In addition, the purity of protein isolated from the ion exchange column was 

further enhanced using an FPLC and Supradex 200 size exclusion column (Sigma, 

Ronconcoma, NY, USA). This protocol resulted in a yield of 5–10 mg of protein per liter 

of culture and a final product with >95% purity. 
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Figure 1 

 
 
Figure 1. Gene map for EGFATFKDEL 7mut. The figure above shows the gene map for 
EGFATFKDEL 7mut. Maps for DTEGFATF and EGFATFKDEL were identical except for the 
protein coding sequence. The sequence for the catalytic portion of pseudomonas exotoxin was 
linked to human EGF and the amino-terminal fragment (ATF) of urokinase. The PE fragment was 
modified to include KDEL and remove B cell epitopes. Gene fragments from NcoI/NotI double 
digestion were cloned into the pET28c bacterial expression vector, which features the sequence 
for kanamycin resistance for selection of positively transformed clones, and a viral T7 promoter 
under the control of the lac operator. Expression of pET28c can thus be induced by 
supplementing transformed E. coli with IPTG. The figure was produced used Vector NTI 7 

(Invitrogen, Carlsbad CA)   

 

 

 

 

EGFATFKDEL7mut/pET28c 
6987 bp 
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3. Cell culture 

The human glioblastoma cell lines U87-MG (U87), U118-MG (U118), U373-MG 

(U373), and T98G (T98) were derived from patients with GBM and obtained from 

American Type Culture Collection (ATCC, Rockville MD). Human umbilical vein 

endothelial cells (HUVECs) were obtained from Dr. Sundaram Ramakrishnan 

(University of Minnesota). UMSCC-11B cells, a stage IV head and neck squamous cell 

carcinoma (HNSCC) derived from the larynx, were obtained from Dr. Frank Ondrey 

(University of Minnesota)
91

. Raji cancerous B cells, derived from human Burkitt’s 

Lymphoma, were used as a control cell line. Cells were grown in DMEM (U87), MEM 

(UMSCC-11B), or RPMI-1640 media (Raji, U118, U373, and T98) supplemented with 

10% fetal bovine serum, 2 mmol/l L-glutamine, 100 units/ml penicillin, and 100 µg/ml 

streptomycin. U87-Luc cells, which were stably transfected with vectors containing both 

the firefly luciferase (Luc) and blastocidin resistance genes, were maintained in DMEM 

with the supplements above and blastocidin. HUVECs were maintained in Medium 199 

containing epidermal cell growth media supplement (Invitrogen-Gibco, Carlsbad CA), 

15% heat-inactivated fetal bovine serum, and the antibiotics listed above. All carcinoma 

cells were grown as monolayers and Raji cells in suspension using culture flasks. Cell 

cultures were incubated in a humidified 37°C atmosphere containing 5% CO2. When 

adherent cells were 80–90% confluent, they were passaged using trypsin-EDTA for 

detachment. Only cells with viability >95%, as determined by trypan blue exclusion, 

were used for experiments. 

 

4. Flow cytometry analysis of EGFATFKDEL 

To measure binding to U87 cells, EGFATFKDEL, EGFKDEL, ATFKDEL, 

RFB4 (a negative control monoclonal antibody binding to CD22 on B cells), and HD37 

(a negative control monoclonal antibody binding to CD19 on B cells) were labeled with 

fluorescein isothiocyanate (FITC) as described previously
22,90

. FITC-labeled proteins at 

500 nM were incubated with 5x10
5
 cells in 200 #l of PBS + 2% FBS on ice for 1hr to 

allow binding. Following incubation, cells were washed three times and binding was 

measured using FACSCalibur and CellQuest software (BD Biosciences, San Jose, CA). 
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The percent of positive cells was determined by gating control cells which were not 

incubated with targeted toxin. 

 

5. Bioassays to measure cell proliferation 

To determine the ability for TTs to inhibit cells in vitro, proliferation assays 

measuring 
3
H-thymidine incorporation were used

92
. DTCD3CD3 and CD3CD3KDEL, 

DT- and PE-containing molecules respectively, which target CD3 on T cells, were often 

used as a negative control. Briefly, cells (10
4
/well) were plated out in a 96-well flat-

bottomed plate and incubated overnight at 37°C with 5% CO2. The next day, targeted 

toxins at varying concentrations were added to wells in triplicate. Raji cells (10
4
/well) 

were plated and targeted toxins were immediately added at varying concentrations. Plates 

were incubated at 37°C and 5% CO2 for 72 h. [Methyl-
3
H]-thymidine (GE Healthcare, 

UK) was added (1 µCi per well) for the final 8 h of incubation. Plates were frozen to 

detach cells and cells were harvested onto a glass fiber filter, washed, dried, and counted 

using standard scintillation methods. Background counts in untreated wells ranged from 

<10 cpm to 500 cpm. Data from proliferation assays are reported as percentage of control 

counts.  

In some cell lines, protein synthesis inhibition assays measuring the incorporation 

of radioactive leucine were used. Cells (10
4
/well) were plated out in a 96-well flat-

bottomed plate and incubated overnight at 37°C with 5% CO2. The next day, existing 

media was aspirated and targeted toxins diluted in leucine-free medium to varying 

concentrations were added to wells in triplicate. Plates were incubated at 37°C and 5% 

CO2 for 72 h. [Methyl-
3
H]-leucine (GE Healthcare, UK) was added (1 µCi per well) for 

the final 24 h of incubation. Plates were frozen to detach cells and cells were harvested 

onto a glass fiber filter, washed, dried, and counted using standard scintillation methods. 

Background counts in untreated wells ranged from <10 cpm to 500 cpm. Data from 

protein synthesis inhibition assays are reported as percentage of control counts. Results 

from bioassays were always reproduced. 

Blocking studies were conducted to test the specificity of DTEGFATF and 

EGFATFKDEL 7mut. Briefly, EGF, EGFATF, or anti-uPA (American Diagnostica, 
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Stamford CT) was added to the media containing 0.1 nM DTEGFATF or EGFATFKDEL 

7mut at a final concentration of 100 nM. Anti-diphtheria toxin and anti-pseudomonas 

exotoxin A (Sigma-Aldrich, St. Louis MO) were obtained as whole rabbit serum and 

added to medium to reach a final dilution of 1:10,000. Resulting mixtures were added to 

wells containing U87 cells and proliferation was measured as described above. The 

mouse leukocyte specific antibody anti-Ly5.2 was included as a negative control
93

. 

 

6. Determining immunogenicity of deimmunized EGFATFKDEL 7mut in mice 

Mouse immunization studies were used to determine whether mutated 

EGFATFKDEL 7mut elicited less of an immune response than the unmutated parental 

EGFATFKDEL molecule. Female BALB/c or C57BL/6 mice (n=5/group) were injected 

intraperitoneally once weekly with 0.25 µg of either EGFATFKDEL or EGFATFKDEL 

7mut for 104 days. Each week, five days after injection, the mice were bled (via facial 

vein collection) to obtain serum. Serum from each mouse was isolated using 

centrifugation and frozen. The amount of anti-PE38KDEL IgG in each serum sample was 

measured using indirect ELISA. Briefly, 5 mg of purified recombinant PE38KDEL was 

added to each well of a 96-well microtiter plate and adhered overnight at 4°C. Unbound 

protein was washed away with PBS-T and blocking was performed for 1 h with 5% 

milk/PBS-T. Serum samples were diluted in 1:10,000 and 100 µl of each was added to 

appropriate wells in triplicate. Following 3 h incubation, each well was washed 3 times 

with PBS-T. Peroxidase-conjugated rabbit anti-mouse IgG (Sigma) was added to each 

well for a 2 h room temperature incubation. After washing, o-Phenylenediamine 

dihydrochloride substrate was added to each well. After 30 min, the absorbance at 490 

nm was measured using a microplate reader. Quantification of actual anti-PE38KDEL 

IgG present in each sample was determined by comparing the absorbance values in each 

well to a standard curve prepared using M40-1 monoclonal anti-PE38KDEL antibody 

from Dr. Robert Kreitman (NIH, Bethesda, MD). 
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7. Maximum tolerated dose of EGFATFKDEL and monospecifics 

 To determine the maximum tolerated dose (MTD) of EGFATFKDEL, 

EGFKDEL, ATFKDEL, and a mixture of the two monospecifics, BALB/c mice were 

injected intraperitoneally three times every other day. TTs were given at amounts varying 

from 4-0.5 #g. Body weights were maintained every other day, and the number of deaths 

in all groups were recorded. 

 

8. In vivo efficacy studies of EGFATFKDEL 7mut against U-87 flank tumors 

Male nu/nu mice were purchased from the National Cancer Institute, Frederick 

Cancer Research and Development Center, Animal Production Area and housed in an 

Association for Assessment and Accreditation of Laboratory Animal Care-accredited 

specific pathogen-free facility under the care of the Department of Research Animal 

Resources, University of Minnesota. Animal research protocols were approved by the 

University of Minnesota Institutional Animal Care and Use Committee. All animals were 

housed in microisolator cages to minimize the potential of contaminating virus 

transmission. 

For flank tumor studies, mice were injected with 3 x 10
6
 U87-Luc cells. Once 

tumors reached approximately 0.075 cm
3
 (day 12) or 0.03 cm

3
 (day 6), mice were divided 

into groups and treated with EGFATFKDEL 7mut, ATFKDEL or 2219ARLKDEL. Mice 

in treated groups were given 2-4 µg of targeted toxin four times a week for a total of 

about 5-6 weeks. All targeted toxins were administered by intratumoral injection in 100 

µl volume of sterile saline. Drug was delivered in this volume so that it could be injected 

in 3 different directions. Backflow can be a problem, especially when injecting small 

tumors with high intrastitial pressures. Because of the anti-angiogenic nature of our 

drugs, we reasoned that even if a full dose was not given entirely intratumorally, it would 

still affect the tissue immediately surrounding the tumor. Tumor size was measured using 

a digital caliper, and volume was determined as a product of length, width, and height. 

Treatment-related toxicity was monitored by measuring animal weight. 

Mice were imaged in real time and images were captured using Xenogen Ivis 

imaging system (Xenogen Corporation, Hopkington MA) and analyzed with IGOR Pro 
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4.09a software (WaveMetrics Inc., Portaland OR). Before imaging, mice were 

anaesthetized using isofluorane gas. All mice received 100 µl of a 30 mg/ml
-1

 D-luciferin 

aqueous solution (Gold Biotechnology, St Louis MO) as a substrate for luciferase 10 min 

before imaging. All images represent a 5 min exposure time and all regions of interest are 

expressed in units of photons/sec/cm
2
/sr. About 10

5
 photons/sec/cm

2
/sr is the background 

for luciferase imaging. U87-Luc cells express firefly luciferase which bioluminesces 

upon binding of luciferin. Bioluminescence can then be measured using imaging tools. 

This system allows monitoring of TT efficacy in mice throughout and after treatment 

without the need to sacrifice animals. 

 

9. Statistical analyses 

All statistical analyses were performed using Prism 4 (Graphpad Software, San 

Diego CA). Groupwise comparisons of single data points were made by Student’s t-tests 

or one-way ANOVA with Tukey’s multiple comparison tests. P-values <0.05 were 

considered significant. 
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Results 

 

1. Toxicity of DTEGFATF and EGFATFKDEL against GBM 

The in vitro activities of DTEGFATF and EGFATFKDEL were tested using U87 

and U87-Luc cells (Figure 2). U87 was chosen due to the co-overexpression of EGFR 

and uPAR. U87-Luc cells, which had been stably transformed with the genes for firefly 

luciferase and blastocidin resistance, were also used. The ability to target and kill U87 

and U87-Luc was measured using proliferation and protein synthesis inhibition assays. 

The monospecific cytotoxins, DTEGF and EGFKDEL, which target EGFR, along with 

DTAT and ATFKDEL, which target uPAR, were included for comparison to their 

respective BLTs. DTCD3CD3 and CD3CD3KDEL, bivalent TTs targeted against CD3 T 

cell receptors, were selected as negative controls to ensure non-specific TTs were not 

able to kill CD3-negative cell lines. Testing with DTEGFATF showed that the BLT 

markedly inhibited U87 cells in a dose dependent fashion with an inhibitory 

concentration 50% (IC50) value of 0.032 nM. In contrast, the monospecifics DTEGF and 

DTAT exhibited reduced activity with IC50 values of 0.145 and 0.681 nM respectively 

(Figure 2A). An equimolar mixture of both DTEGF and DTAT was also not as potent as 

the bispecific. These results were not surprising because our laboratory has shown that 

the activities of other bispecific targeted toxins are consistently greater than their 

monospecific counterparts
20,21,90

. The negative control DTCD3CD3 had no effect, 

confirming the specificity of DTEGFATF to EGFR
+
/uPAR

+
 GBM cells. The results from 

an identical DTEGFATF protein inhibition assay using U87-Luc cells were comparable, 

confirming that the firefly luciferase-transformed cells are biologically identical to the 

parental U87 cell line (Figure 2B). Testing EGFATFKDEL revealed similar results and 

TT activities in both U87 and U87-Luc cells (Figure 2C-D). These results indicated that 

our two BLTs recognize EGFR- and uPAR-expressing target cells, and that there is an 

advantage to using two targeting ligands to the same single chain. 
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Figure 2A 
 

 
 
Figure 2A. Effect of DTEGFATF on EGFR

+
/uPAR

+
 U87 cells. DTEGFATF and corresponding 

monospecific TTs were tested against U87 cells in a proliferation assay. The effects of bispecific 
DTEGFATF, monospecific DTEGF and DTAT, and T-cell targeting DTCD3CD3 were determined 
by analyzing 

3
H-thymidine uptake after a 72-hr incubation with targeted toxins. Data are reported 

as percent control response. Each data point represents an average of triplicate measures ± S.D. 
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Figure 2B 
 

 
 
Figure 2B. Effect of DTEGFATF on U87-Luc cells. DTEGFATF and corresponding 
monospecific TTs were tested against U87-Luc cells in a protein synthesis inhibition assay. The 
effects of bispecific DTEGFATF, monospecific DTEGF and DTAT, and T-cell targeting 
DTCD3CD3 were determined by analyzing 

3
H-leucine uptake after a 72-hr incubation with 

targeted toxins. Data are reported as percent control response. Each data point represents an 
average of triplicate measures ± S.D. 
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Figure 2C 
 

 
 
Figure 2C. Effect of EGFATFKDEL on U87 cells. EGFATFKDEL and control CD3CD3KDEL 
were tested against U87 cells in a proliferation assay. Effects were determined by analyzing 

3
H-

thymidine uptake after a 72-hr incubation with targeted toxins. Data are reported as percent 
control response. Each data point represents an average of triplicate measures ± S.D. 
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Figure 2D 
 

 
 
Figure 2D. Effect of EGFATFKDEL on U87-Luc cells. EGFATFKDEL and control 
CD3CD3KDEL were tested against U87-Luc cells in a protein synthesis inhibition assay. Effects 
were determined by analyzing 

3
H-leucine uptake after a 72-hr incubation with targeted toxins. 

Data are reported as percent control response. Each data point represents an average of 
triplicate measures ± S.D. 
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2. Toxicity of DTEGFATF and EGFATFKDEL against endothelial cells 

DTEGFATF and EGFATFKDEL are designed to target both solid GBM tumors 

and their associated endothelial neovasculature. The ATF portion of each respective drug, 

which contains the binding domain of urokinase, targets the neovasculature (and solid 

tumor). To investigate whether or not the uPAR-targeting ATF portion was effective, the 

bispecific drugs were tested on human umbilical vein endothelial cells (HUVECs) 

(Figure 3). These cells bear similarity to cells in the tumor neovasculature and 

overexpress uPAR but not EGFR. Consequently, as expected, testing with DT-containing 

TTs showed that HUVECs are significantly more sensitive to DTAT (IC50 = 0.071 nM) 

when compared to DTEGF (IC50 > 100nM) (Figure 3A). However, DTEGFATF had the 

highest activity with an IC50 of 0.004 nM. As expected, the bispecific DTEGFATF was 

markedly more toxic than an equimolar mixture of monospecific DTEGF and DTAT 

(IC50 = 0.466 nM). When a similar assay was run using EGFATFKDEL and its 

respective PE38KDEL-containing monospecifics, nearly identical results were obtained 

(Figure 3B). However, EGFATFKDEL (IC50 = 0.052 nM) was slightly less toxic than 

DTEGFATF. These data show further indication of an advantage of linking both ligands 

on the same single chain molecule.   
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Figure 3A 
 

 
 
Figure 3A. Effect of DTEGFATF on HUVEC. A) The activities of DTEGFATF, DTEGF, DTAT, 
and DTCD3CD3 were tested against HUVEC in a 

3
H-thymidine uptake proliferation assay to 

determine their ability to target tumor neovasculature. 
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Figure 3B 
 

 
 
Figure 3B. Effect of EGFATFKDEL on HUVEC. Activities of PE-based EGFATFKDEL, 
EGFKDEL, ATFKDEL, and CD3CD3KDEL against HUVEC were measured in a 

3
H-thymidine 

uptake proliferation assay. 
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3. Activity of EGF and ATF targeting ligands 

To ensure that both high affinity cytokines, EGF and ATF, on the DTEGFATF 

molecule bound to their appropriate receptors, anti-urokinase antibody (!-uPA), EGF, 

and anti-diphtheria toxin antibody (!-DT) were incubated with a known cytotoxic 

concentration of DTEGFATF in attempt to block killing (Figure 4A). All of these 

blocking agents inhibited DTEGFATF’s ability to kill U87 cells. !-DT blocked only 

moderately (<50%), but the remaining compounds all blocked up to 70% of the activity 

of DTEGFATF. In contrast, anti-Ly5.2 (!-Ly5.2), an irrelevant, murine-specific control 

antibody, did not block DTEGFATF activity. Additionally, a blocking assay was run 

using EGFATFKDEL 7mut (a BLT almost identical to EGFATFKDEL discussed later) 

(Figure 4B). Like the previous assay, !-uPA, EGF, and anti-pseudomonas exotoxin 

antibody (!-PE) were used. However, in addition, an equimolar mixture of !-uPA and 

EGF was used to examine whether or not this blocking strategy would be more effective. 

Also, EGFATF, a protein similar to EGFATFKDEL but lacking the truncated PE 

fragment was tested. Like the DTEGFATF assay, !-uPA and EGF were capable of 

reducing the effect of EGFATFKDEL 7mut by about 70%. However, the blocking agent 

combination and EGFATF, were able to block the effect of EGFATFKDEL at levels 

greater than 85%. These results confirm that both the EGF and ATF ligands are active on 

the DTEGFATF and EGFATFKDEL 7mut molecules. 
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Figure 4A 
 

 

 
Figure 4A. Activity of both targeting ligands in DTEGFATF. A blocking assay testing the 
ability to reduce DTEGFATF activity was performed. U87 cells were incubated with 0.1 nM of 
DTEGFATF and 100 nM of recombinant anti-urokinase, EGF, anti-diphtheria toxin, or anti-Ly5.2. 
The non-specific recombinant anti-Ly5.2 was included as a negative control. 
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Figure 4B 
 

 

Figure 4B. Activity of both targeting ligands in EGFATFKDEL 7mut. A similar blocking assay 
to Figure 4A testing the ability to block EGFATFKDEL 7mut is shown using 100 nM of anti-
urokinase, EGF, a mixture of the two, EGFATF, anti-pseudomonas exotoxin, and anti-Ly5.2 
against 0.1 nM EGFATFKDEL 7mut. 
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4. Binding of EGFATFKDEL to U87 cells 

The efficacy of all targeted toxins is dependent on cell surface binding and 

internalization. Thus, we measured ligand-mediated cell binding of EGFATFKDEL, 

EGFKDEL, ATFKDEL, and the negative controls HD37 and RFB4 on U87 cells (Figure 

5). The binding of EGFATFKDEL was examined instead of DTEGFATF, because 

EGFATFKDEL was slated for further development. All of the targeted toxins were 

FITC-labeled, incubated with U87 cells at varying concentrations (100, 500, and 1000 

nM), and analyzed using flow cytometry. At 500 nM, the percentage of positive cells was 

22.8 and 34.8% with monospecific EGFKDEL-FITC and ATFKDEL-FITC, respectively. 

In contrast, the same cells reacted with bispecific EGFATFKDEL-FITC were 58% 

positive (Figure 5C). Cells stained with anti-B cell negative control HD37-FITC, bound 

to only 1.4% of the cells (Figure 5D). Similar findings were observed when drug 

concentrations were decreased to 100 nM indicating specific binding of the BLT (Figure 

5A-B). At 1000nM, we observed increased binding of EGFKDEL and ATFKDEL (35.6 

and 53.2% respectively), while maximum binding of EGFATFKDEL was observed 

(52.8%) (Figure 5E). These results suggest that the bispecific, EGFATFKDEL, exhibits 

increased binding rates on U87 cells when compared to monospecific EGFKDEL and 

ATFKDEL. 
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Figure 5 
 
(A) 100 nM Positive    (B) 100 nM Negative 

 
(C) 500 nM Positive    (D) 500 nM Negative 

 
(E) 1000 nM Positive    (F) 1000 nM Negative 

 
 
Figure 5. The ability for EGFKDEL, ATFKDEL, and EGFATFKDEL to bind to U87 cells. 
Percent positive values from flow cytometry analysis are graphed for U87 cells incubated in 100 
nM (A-B), 500 nM (C-D), or 1000 nM (E-F) of EGFKDEL, ATFKDEL, EGFATFKDEL, RFB4, or 
HD37. 
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5. Reducing the immunogenicity of EGFATFKDEL 

The efficacy of TTs and other biologicals in the treatment of solid tumors has 

been impaired by problems with immunogenicity
87

. Use of targeted toxins requires 

multiple treatments which results in the generation of antibodies that are mainly produced 

against the toxin portion of the drug
85,88

. Onda and Pastan recently mapped seven major 

immunodominant epitopes in PE that can be mutated without loss of catalytic activity
85

. 

By mutating eight amino acids on our PE-based BLT, we combined advancement in toxin 

“deimmunization” with our observation of enhanced BLT activity to produce a new anti-

cancer biological drug called EGFATFKDEL 7mut. 

To verify that the mutated EGFATFKDEL retained activity, the mutated and non-

mutated drugs were compared in vitro against the U87 and U87-Luc cell lines. Mutated 

EGFATFKDEL 7mut consistently had significantly greater activity than parental 

EGFATFKDEL. Figure 6A shows the IC50 of EGFATFKDEL 7mut as 0.007 nM and the 

IC50 of EGFATFKDEL as 0.044 nM. Nearly identical results were found when 

comparing the parental and mutant BLTs in U87-Luc cells (Figure 6B). A slight increase 

in toxicity was also observed in HUVEC cells where the IC50 of EGFATFKDEL 7mut 

was 0.015 nM compared to 0.052 nM in the parental EGFATFKDEL (Figure 6C). To 

ensure that the mutations did not confer a loss of specificity, a BLT called EGF4KDEL 

7mut was used. EGF4KDEL 7mut links EGF and interleukin 4 (IL-4) to PE38KDEL 

7mut. The toxin portion is identical to the mutated PE fragment in EGFATFKDEL 7mut. 

As expected, EGF4KDEL 7mut had little ability to target the EGF-negative HUVECs. 

The negative control, CD3CD3KDEL was not toxic in U87, U87-Luc and HUVEC in 

vitro assays. The discrepancy in activity between EGFATFKDEL and EGFATFKDEL 

7mut is peculiar. Similar increases in activity have been observed in other mutant 

PE38KDEL-containing drug studies but the cause is unknown
86

. 

To further demonstrate the specificity of EGFATFKDEL and mutant 

EGFATFKDEL 7mut, the TTs were incubated with EGFR
-
/uPAR

-
 Raji B cells (Figure 

6D). Raji cells were not affected by EGFATFKDEL, EGFKDEL, or ATFKDEL. In 

contrast, 2219ARLKDEL, a bispecific toxin targeting both CD22 and CD19 expressed on 

Raji cells, killed the cells as anticipated (IC50 = 0.015 nM)
90

. The Raji protein inhibition 
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assay shows that EGFATFKDEL’s  targeting of EGFR and uPAR is specific and 

suggests that the probability for non-specific cross-reactivity is minimal. 
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Figure 6A 
 

 
 
Figure 6A. Activity of deimmunized EGFATFKDEL 7mut. Mutated EGFATFKDEL 7mut was 
compared to unmutated parental EGFATFKDEL against U87 cells in a proliferation assay. 

3
H-

thymidine incorporation was measured after 72-hr incubation with TTs. Data are reported as 
percentage of control response and measurements were made in triplicates ± S.D. 

CD3CD3KDEL was a negative control. Significant differences between the EGFATFKDEL and 
EGFATFKDEL 7mut are indicated by asterisks (p<0.05). 
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Figure 6B 
 

 
 
Figure 6B. Activity of EGFATFKDEL 7mut in U87-Luc cells. A protein synthesis inhibition 
assay was used to confirm EGFATFKDEL 7mut’s activity in U87-Luc cells. CD3CD3KDEL was 
used as a negative control. 
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Figure 6C 
 

 
 
Figure 6C. Effect of EGFATFKDEL 7mut on HUVEC. The ability for the mutant BLT to target 
endothelial HUVECs was tested using a proliferation assay. EGFATFKDEL and EGFATFKDEL 
7mut were compared to two controls. The first control, EGF4KDEL 7mut, is an EGF- and IL-4-
targeting mutant BLT. The second control was CD3CD3KDEL. 
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Figure 6D 
 

 
 
Figure 6D. Specificity of EGFATFKDEL 7mut. Specificity of EGFATFKDEL and EGFATFKDEL 
7mut was shown by testing its activity toward EGFR

-
/uPAR

-
 Raji B cells in a proliferation assay. 

2219ARLKDEL was used as a positive control. 
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The effect of EGFATFKDEL 7mut is shown against other human glioblastoma 

cell lines including U118, U373, and T98 in Table 1. The bispecific drug was effective 

against all of the glioblastoma cell lines tested. UMSCC-11B, a cell line from a stage IV 

head and neck squamous cell carcinoma (HNSCC) patient, was chosen as a non-GBM 

EGF-positive cell line to test the ability for EGFATFKDEL 7mut to target a variety of 

human cancer cell lines
91

. Similar parental versus mutant differences in activity were 

observed in testing of GBM and HNSCC cell lines. 
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Table 1: Cytotoxicity 

 

GBM Cell Lines 
EGFATFKDEL 7mut 

IC50 (nM) 

U87 6.5 x 10-3 

U87-Luc 7.9 x 10-3 

U118 4.83 x 10-8 

U373 <1.0 x 10-8 

T98 9.17 x 10-8 

  

HNSCC Cell Lines  

UMSCC-11B 3.2 x 10-5 
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To determine whether EGFATFKDEL had been successfully deimmunized, 

groups of immunocompetent BALB/c mice were immunized weekly with 0.25 µg of 

either non-mutated EGFATFKDEL or mutated EGFATFKDEL 7mut. Mice were used 

because the same seven major epitopes are recognized in mice and humans
94

.Animals 

were immunized intraperitoneally (i.p) over the period of 62 days. Serum samples were 

obtained weekly and analyzed using ELISA to detect anti-PE38KDEL IgG. The results of 

the immunization experiment are summarized in Figure 7 and show statistical differences 

between the anti-toxin responses of the two groups (p<0.05). After nine injections (day 

62), the EGFATFKDEL 7mut group showed no immune response, while the 

EGFATFKDEL group had an average anti-PE38KDEL response of 5,664 µg/ml. A 

similar evaluation of C57BL/6 mice showed the same results (not shown). 
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Figure 7 
 

 
 
Figure 7. Immunogenicity of a mutated TT, EGFATFKDEL 7mut. The immune response to 
EGFATFKDEL and EGFATFKDEL 7mut was determined by measuring anti-PE38KDEL serum 
IgG on weekly samples of BALB/c mice treated with 0.25ug of EGFATFKDEL (n=5) or 
EGFATFKDEL 7mut (n=5). Measurements were made using an indirect ELISA and quantification 
of antibodies was determined using a standard curve generated with monoclonal anti-PE38KDEL 
antibody. Significant differences between the two groups are indicated by asterisks (p<0.05). 
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6. Maximum Tolerated Dose of EGFATFKDEL 

After verification of EGFATFKDEL’s in vitro activity, the toxicity of the BLT 

was determined in BALB/c mice to establish its potential for in vivo experimentation 

(Table 2). Toxicity testing was also conducted using monospecifics to further distinguish 

EGFATFKDEL’s therapeutic advantages over monospecific TTs. Maximum tolerated 

doses (MTDs) were determined over the course of one week. Groups of mice were 

injected i.p with varying amounts of TT, three times, every other day. The body weights 

and deaths of mice were recorded after each injection. Deaths are summarized in Table 2. 

The toxicities of the targeted toxins varied. The monospecific, EGFKDEL and 

ATFKDEL, had MTDs of ~0.5 µg and ~2 µg, respectively. Accordingly, an equimolar 

mixture of EGFKDEL and ATFKDEL had an MTD of approximately 1 µg. 

EGFATFKDEL had a higher MTD (~4 µg) than either of the monospecifics alone as well 

as a mixture of the two monospecifics. While the MTD of EGFATFKDEL 7mut was not 

determined before further in vivo investigation was initiated, we assumed that the mutant 

BLT would be slightly more toxic than the parental due to results from several protein 

inhibition assays (Figure 6). This assumption was supported by the few deaths that 

occurred during treatment of tumor mice (Figure 12). 
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Table 2: Deaths / Total Animals 

 

Dose (µg) EGFATFKDEL EGFKDEL ATFKDEL 
EGFKDEL 

+ ATFKDEL 

4.0 1 / 4 ND ND ND 

2.0 0 / 4 4 / 4 3 / 4 ND 

1.0 0 / 4 3 / 4 0 / 4 3 / 4 

0.5 0 / 4 1 / 4 0 / 4 1 / 4 
 
ND = Not Done 
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7. In vivo efficacy of EGFATFKDEL 7mut against U87-Luc flank tumors 

To study the in vivo activity of EGFATFKDEL 7mut we used a bioluminescence 

luciferase reporter gene mouse model with U87-Luc cells in athymic mice. U87-Luc cells 

stably express firefly luciferase without affecting cell growth. This model enables real-

time imaging of flank tumors. Two similar mouse experiments were run. In both 

experiments, athymic mice were inoculated with 50 µl of 3x10
6
 U87-Luc cells suspended 

in a mixture of PBS and a basement membrane matrix called matrigel. A course of 

treatment was defined as four consecutive daily treatments per week. Efficacy of 

EGFATFKDEL 7mut treatment was monitored through tumor volume, body weight, and 

luciferase bioluminescence measurements. Tumor volumes and body weights were taken 

twice per week before and after a course of treatment, whereas imaging was conducted 

on a weekly basis. Tumor volumes and bioluminescence consistently correlated in both 

experiments. 

In the first experiment, when the tumors were easily palpable (Day 12; average 

tumor volume = 750 mm
3
) the mice (n = 11) were treated with 4 µg, 3 µg, or 2 µg of 

EGFATFKDEL 7mut (n = 6), and the remaining mice were not treated after inoculation 

(n = 5) (Figures 8-10). The variability in treatment dose enabled us to determine the most 

efficacious dose, and mice were given six full treatment courses (day 12-50). Untreated 

U87-Luc tumors grew aggressively and all of the mice in this group died or were 

euthanized before 40 days. Treatment with EGFATFKDEL 7mut significantly inhibited 

tumor growth in all of the six mice, and resulted in one tumor-free mouse. However, 

three mice died during the course of treatment, possibly due to toxicity. Additionally, 

tumors did not fully regress in most mice and these tumors grew rapidly after treatment 

was terminated. 
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Figure 8A 

 
Figure 8A. Effect of intratumoral administration of EGFATFKDEL 7mut on U87-Luc flank 
tumor volume. Tumor volumes of mice were measured using digital calipers twice per week. 
Tumor volumes for both groups were averaged. Significant differences between the two groups 
are indicated by asterisks (p<0.05). 
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Figure 8B  
 

 
 
Figure 8B. Treatment associated toxicity of EGFATFKDEL 7mut administration. Body 
weights of mice were taken twice per week. The weights for both groups were averaged. 
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Figure 9A 
 

 
 
Figure 9A. Tumor growth in untreated mice. Bioluminescent images were taken of individual 
mice once per week. The first group was not treated after inoculation with U87-Luc cells (n=5). 
Crosses indicate death or euthanization. 
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Figure 9B 
 

 
 
Figure 9B. Tumor regression in mice treated with EGFATFKDEL 7mut. Mice treated with 
EGFATFKDEL 7mut (n=6) were imaged to measure luciferase activity. Crosses indicate death or 
euthanization. 
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Figure 10A 
 

 
Figure 10A. Total photon tumor activity of the individual untreated mice. The amount of 
bioluminescence was measured during imaging of untreated mice. Bioluminescence was 
measured in photons/sec/cm

2
/sr. The numbers represent individual mice in the treatment group. 
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Figure 10B 
 

Figure 10B. Total photon tumor activity of the individual mice treated with EGFATFKDEL 
7mut. Luciferase bioluminescence was measured during imaging of treatment mice throughout 
the course of treatment. Bioluminescence was measured in photons/sec/cm

2
/sr. The numbers 

represent individual mice in the treatment group. 
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After the results of the first in vivo experiment were analyzed a second 

experiment was designed (Figures 11-13). Here, male athymic mice (n = 22) were given 

five courses of treatment (day 6-40) using a constant dose of 2 µg of EGFATFKDEL 

7mut (n = 8), ATFKDEL (n = 5), or 2219ARLKDEL (n = 3) beginning six days after 

inoculation when the average tumor volume was 300 mm
3
. Remaining mice were not 

treated after U87-Luc inoculation (n = 5). As expected, tumors in untreated mice grew 

aggressively until they were euthanized under regulations set by the Department of 

Research Animal Resources, University of Minnesota. Tumors in mice treated with the 

negative control, 2219ARLKDEL, grew at an almost identical rate suggesting that toxins 

linked to non-specific ligands cannot bind and internalize in GBM cells in vivo. Tumors 

responded well to treatment with EGFATFKDEL 7mut, and tumor volumes of mice in 

this group were significantly different when compared with the untreated group at days 

26, 29, 33, and 36 (p<0.05, Figure 11A). In the long-term, even after 98 days, four out of 

the eight EGFATFKDEL 7mut treated mice were tumor-free. One of the tumor-free mice 

died on day 55 from rapid weight loss and potentially toxicity. Another tumor-free mouse 

died on day 99 from unknown causes.  

Treatment with ATFKDEL had interesting effects. Four of the five animals 

treated with ATFKDEL did not elicit an anti-tumor response by day 40, but tumor 

volume and bioluminescence measurements remained static. These data, along with MTD 

analysis with EGFKDEL, indicate that the monospecific cytotoxins are not as effective as 

EGFATFKDEL 7mut at comparable drug concentrations 
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Figure 11A 

 

 
 
Figure 11A. Effect of intratumoral administration of EGFATFKDEL 7mut, ATFKDEL, and 
2219ARLKDEL on U87-Luc flank tumor volume. Tumor volumes of mice were measured using 
digital calipers twice per week. Tumor volumes for each of the four groups were averaged. 
Significant differences between the no treatment and EGFATFKDEL 7mut groups are shown 
(p<0.05). 
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Figure 11B 
 

 
 

 
Figure 11B. Treatment associated toxicity of EGFATFKDEL 7mut, ATFKDEL, and 
2219ARLKDEL administration. Body weights of mice were taken twice per week. The weights 
for each of the four groups were averaged. 
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Figure 12A 
 

 
Figure 12A. Tumor growth in untreated mice. Bioluminescent images were taken of individual 
mice once per week. The first group was not treated after inoculation with U87-Luc cells (n=5). 
Crosses indicate death or euthanization. 
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Figure 12B 
 

 
 
Figure 12B. Tumor growth in mice treated with 2219ARLKDEL. Bioluminescent images were 
taken of individual mice treated with negative control 2219ARLKDEL (n = 3). Crosses indicate 
death or euthanization. 
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Figure 12C 

Figure 12C. Tumor regression in mice treated with EGFATFKDEL 7mut. Bioluminescent 
images were taken of individual mice treated with EGFATFKDEL 7mut (n = 8). Long-term 
survivors were maintained past day 110. Crosses indicate death or euthanization. 
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Figure 13A 
 

 
 
Figure 13A. Total photon tumor activity of the individual untreated mice. The amount of 
luciferase bioluminescence was measured during imaging of untreated mice. Bioluminescence 
was measured in photons/sec/cm

2
/sr. The numbers represent individual mice in the no treatment 

group. 
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Figure 13B 
 

 
 
Figure 13B. Total photon tumor activity of the individual mice treated with 2219ARLKDEL. 
The amount of luciferase bioluminescence was measured during imaging of mice treated with 
negative control 2219ARLKDEL. Bioluminescence was measured in photons/sec/cm

2
/sr. The 

numbers represent individual mice in the treatment group. 
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Figure 10C 
 

 
 
Figure 13C. Total photon tumor activity of the individual mice treated with EGFATFKDEL 
7mut. The amount of luciferase bioluminescence was measured during imaging of mice treated 
with EGFATFKDEL 7mut. Bioluminescence was measured in photons/sec/cm

2
/sr. The numbers 

represent individual mice in the treatment group. 
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Figure 13D 
 

 
Figure 13D. Total photon tumor activity of the individual mice treated with ATFKDEL. The 
amount of luciferase bioluminescence was measured during imaging of mice treated with 
ATFKDEL. Bioluminescence was measured in photons/sec/cm

2
/sr. The numbers represent 

individual mice in the treatment group. 
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Discussion 

 

The original contribution of this research is the development and evolution of a 

promising new anti-glioblastoma agent with potential for clinical development. The most 

recent drug, EGFATFKDEL 7mut, is a unique, deimmunized bispecific drug with both 

anti-tumor and anti-angiogenic properties. Importantly, this novel drug showed potent 

anti-GBM activity and has an improved clinical outlook when compared to previous 

generations of TT.  

Our laboratory has designed and published BLTs which simultaneously bind to 

dual independent receptors on the surface of tumor cells
19,21-26

. However, the toxins 

described here (DTEGFATF, EGFATFKDEL, and EGFATFKDEL 7mut) are the first 

targeted toxins that simultaneously attack tumor cells and the blood supply that feeds 

them. Angiogenesis, or generation of neovasculature, is a complex process which 

involves several elements including endothelial cells, stromal cells, and factors from the 

extracellular matrix. There has been tremendous interest in drugs which target the 

neovasculature
11

. For example, bevacizumab and other anti-angiogenic drugs currently in 

clinical trials have demonstrated that the vasculature can be successfully targeted with 

antibodies and other neovasculature targeting strategies
11

. Although angiogenesis 

inhibitors possess impressive potential, their success has been limited mostly by the fact 

that tumor regressions are often only partial
11

. Due to the limitations in other anti-

angiogenics, we were particularly interested in comparing ATFKDEL, which primarily 

targets tumor neovasculature, with EGFATFKDEL 7mut, which targets both the tumor 

and its neovasculature. Our findings with ATFKDEL, in which the drug limited tumor 
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growth but did not induce complete remissions in 4 of 5 or 80% of the mice, correlate 

with the previously discussed limitations. Since EGFATFKDEL directly attacks the most 

prominent cells in the tumor (vascular cells and tumor cells), we believe that when 

compared to other anti-angiogenic drugs, our drug’s effects will be magnified because the 

toxic effect of PE is catalytic and irreversible, and because of the drug’s unique dual 

targeting. 

Another advantage to bispecific TTs is that they allow targeting of a greater 

breadth of tumor cells. Cell heterogeneity is common in tumors of virtually all types, so 

targeting of multiple markers common on the majority of cells is advantageous. In 

gliomas, EGFR is amplified on 40-50% of cases, while uPAR appears to be 

overexpressed in most tumors but at variable levels
59,95

. Heterogeneity of these receptors 

in individual tumors is undoubtedly high. Consequently, as opposed to monospecific TTs, 

use of bispecific EGFATFKDEL 7mut means that each toxin molecule can be directed 

toward a malignant cell which expresses EGFR, uPAR, or both. In this particular case 

with EGFATFKDEL 7mut, targeting using EGF and ATF results in the ability to target 

three cell types: EGFR-positive tumor cells, uPAR-positive tumor cells, and uPAR-

positive neovasculature. 

The in vitro method used here to test EGFATFKDEL 7mut’s ability to target the 

neovasculature relies on HUVECs – a human endothelial cell line. The results with 

HUVECs demonstrate that EGFATFKDEL 7mut can potentially impact tumor 

neovasculature. However, because HUVECs do not identically resemble tumor 

neovasculature, our findings with HUVECs are not necessarily an accurate reflection of 

the effect of this drug on tumor neovasculature. Nonetheless, while it should be 
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acknowledged that HUVECs are not an optimal model of tumor neovasculature, our 

studies show that the ATF portion of our drug was effectively targeting uPAR on 

endothelial cells. The in vivo data supports this because it demonstrates that 

EGFATFKDEL 7mut is highly effective in a mouse model in which flank tumors were 

induced by the injection of the human glioblastoma line U87. Tumor-free survivors were 

observed beyond day 110, despite the fact that treatment ended on day 40, indicating that 

drug responses were durable.  

Other properties that set EGFATFKDEL 7mut apart from other biological 

targeted toxins are its toxin modifications. First, the KDEL sequence was added to the C-

terminus. This modification dramatically enhances toxin potency by increasing the ability 

for PE molecules to reach the ER where they can translocate to the cytosol and interact 

with EF2
84

. In TT development, diphtheria toxin has often been chosen instead of PE due 

to its increased cytotoxicity. Because deimmunization is currently only available with PE, 

the KDEL modification has been an important technique to increase PE’s cytotoxicity to 

levels comparable to DT. However, the KDEL modification does not necessarily result in 

an increased therapeutic window and it is possible that the advantage of increased 

potency may be negated by enhanced toxicity. To address this issue, KDEL-modified 

EGFATF 7mut could be compared to non-KDEL modified EGFATF 7mut in future 

studies. Increased toxicity due to KDEL modification of PE cannot, however, explain 

why EGFKDEL killed mice while EGFATFKDEL did not. We have observed that 

monospecific EGFKDEL is at least a log more toxic than bispecific EGFATFKDEL and 

we are currently determining whether this is related to the smaller size of EGFKDEL and 

consequent kidney filtration. 
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Another, more important toxin modification was the “deimmunization” of 

EGFATFKDEL 7mut. Kreitman et al. showed that the clinical efficacy of treatment with 

targeted toxins against solid tumors hinges on the ability to give multiple treatments or 

sustained treatment which enables the drug to penetrate a solid tumor
80

. Toxins may be 

administered locally to treat tumors in sensitive organs, but targeted toxins must still be 

used repeatedly or via sustained delivery to achieve positive results. The major problem 

with this is that neutralizing antibodies will be generated that significantly reduce 

efficacy over time. To address this issue, investigators used an expansive library of anti-

PE monoclonal antibodies to epitope map prominent molecular regions which elicited the 

strongest antibody response. Fortunately, the immunogenic regions of PE were isolated to 

seven distinct epitotic areas, and not distributed throughout the molecule. We constructed 

our PE-based BLT and mutated key amino acids in each of the seven regions without 

compromising toxin activity. The immune response to the resultant second-generation 

drug was reduced by 80-90% in a validated mouse model
86

. This, in theory, should 

enable prolonged treatment with the drug without loss in efficacy due to patient immune 

responses. 

Our immunization experiments are designed to evoke gradual immune responses 

by administering low concentrations of drug on a weekly basis. Initial responses are mild, 

but they grow exponentially, as seen in Figure 7. Responses likely could be expedited by 

using a more aggressive immunization regimen employing greater dosages and more 

immunizations. However, from other studies we know that neutralizing antibodies are 

present when anti-toxin levels reach about 500 µg/ml. Consequently, analysis of early 

and low antibody production is important. In our experiments, anti-toxin levels in some 
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mice treated with the parental drug exceeded this threshold after only four injections (day 

26). After eight injections, none of the mice treated with the mutant drug had reached 

20% of this threshold. However, it is possible that extending the experiment beyond day 

62 could reveal that the response to the mutant is delayed and not eliminated. Regardless 

of whether or not the mutated PE fragment eventually generates an immune response, it 

is clear that the potential duration for EGFATFKDEL 7mut treatment is far greater than 

with unmutated EGFATFKDEL. 

Another concern of our mouse immunogenicity studies is that major 

histocompatibility complex (MHC) haplotypes differ in their presentation of peptide 

fragments in the MHC groove and a different haplotype might present different peptides. 

In other words, basic immunology dictates that a danger of mutating B cell recognizing 

regions of the toxin is that peptides regarded as immunogenic by one MHC 

polymorphism, may not be regarded as immunogenic by a different polymorphism. Thus, 

we used two mice strains, BALB/c and C57BL/6, with entirely different MHC 

haplotypes. We observed significant anti-toxin reductions in both strains, indicating that 

the strength of mutating all seven regions was enough to overcome differences in MHC 

polymorphisms. However, if the remaining anti-toxin response cannot be eliminated by 

future mutation of other B cell recognizing amino acids, we may need to pursue mutation 

of the T cell recognizing toxin regions.  

A final concern of the immunogenicity studies is whether mice are useful for 

studying human anti-toxin responses. Kreitman and Pastan have treated over 300 patients 

with non-mutated PE targeted toxins
94

. Nagata studied the antibodies in patients with 

high titers of anti-PE antibodies and found they bind to the same seven epitopes which 
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regulate toxin B cell recognition in mice indicating that mice are a useful model for 

human anti-PE responses
94

. 

Interestingly, we have observed that toxin mutation (deimmunization) 

significantly increases the activity of EGFATFKDEL 7mut, but not other BLT
21

. Onda et 

al. noted that certain toxin mutations enhanced the activity of one targeted toxin as well
86

. 

In these instances, different toxin mutation combinations were compared, but only one 

ligand was explored. There are several explanations which can possibly account for 

changes in toxin activity, but we favor binding as the most likely reason. Binding has a 

major impact on the activity of targeted toxins96. Any mutation can affect positions of 

alpha helices, beta strands, and turns. This consequentially impacts tertiary protein 

configuration and these shifts can improve binding.  Sequence variances can also affect 

refolding quality during protein synthesis which can also affect binding. This could 

explain why mutation of EGFATFKDEL enhances activity, but mutation of EGF4KDEL 

does not26. 

Regarding binding, our flow cytometry data indicated that the bispecific drug was 

superior to its monospecific counterparts due to increased binding. While maximum 

binding was observed at 1000 nM, these high concentrations are unrealistic for clinical 

use, and the data shown at lower concentrations more accurately compare binding rates 

between the monospecifics and bispecific. These findings correlated with our in vivo 

studies which showed that the monospecific forms were not as effective at dosages 

comparable to the bispecific drug.   

There are other potential issues when applying findings from mouse studies to 

humans. In humans, we do not know whether treatments will be separated by days or 

weeks or how the disruption of the blood-brain barrier (BBB) by tumor and surgery may 
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expedite immunologic recognition. We do know that antitoxin antibodies developed in a 

surprisingly high proportion of 73% of CED patients in phase 1 clinical studies where 

patients received intracranial IL-13 spliced to the same (unmutated) pseudomonas 

exotoxin used in our studies
88

.Also, now that we know PE can be deimmunized, some 

will argue that any additional clinical trials should be performed with deimmunized PE. 

(The same way that most clinical trials are no longer performed without humanizing 

antibodies.) Knowing that we can now reduce the anti-toxin response at least 80% 

without significantly affecting toxin activity, we believe that deimmunization will be 

necessary in all future trials. 

Our in vivo experiments showed that in a mouse flank tumor model, 

EGFATFKDEL 7mut was impressively effective against GBM tumors. Treatment of 

eight mice yielded five tumor-free mice, four of which were long-term survivors. 

Although flank tumor models are useful for determining drug efficacy against 

vascularized tumors, they are not ideal. For our study, drug was injected directly into 

small, palpable, and established tumors because targeted toxins have been vigorously 

pursued for IC therapy in which they are delivered directly into the tumor. A more 

sophisticated model would use controlled IC delivery via CED in which drug is pumped 

through a catheter directly into the brain tumor
7-9

. This is an established model in our 

laboratory and these studies are underway
26

. Initial results using this model in rats have 

been positive. CED treatment delayed tumor growth in the vast majority of rats, and 

ultimately cured nearly half of the treatment group. The use of luciferase 

bioluminescence in the flank tumor model presented here has been crucial for our future 

studies of EGFATFKDEL 7mut. We have shown that a high degree of correlation exists 
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between tumor volume and luciferase bioluminescence. This observation is particularly 

important for our current IC CED model in which tumor size cannot be directly 

measured. 

A final concern of the flank tumor models presented above rests in the cells used. 

U87 is a highly aggressive GBM cell line of human origin which has a high take rate in 

the orthotopic xenograft model – a model which has been well established
97

. The primary 

concern of U87 tumors is that, histologically, they are not as invasive as GBM tumors 

from human patients, and consequently may be more susceptible to some treatments 

compared to tumors in patients
97

. Furthermore, tumor invasiveness is one of the most 

important characteristics in the study of angiogenesis
98

. We are currently considering 

other models specifically to study the anti-angiogenic nature of our drug. 

Another delivery option that will require further exploration is systemic delivery. 

Normally, drugs of EGFATFKDEL 7mut’s size would be unable to cross the BBB to 

reach malignant cells. However, due to its vascular reactivity, the drug may be highly 

effective systemically because of its ability to disrupt the BBB. Additionally, treatment in 

conjunction with hyperosmolar mannitol may enhance the drug’s BBB disruptive 

capabilities. Presently, similar strategies involve the use of anti-angiogenics to disrupt the 

BBB in order to enhance delivery of chemotherapeutics to the brain. However, the 

interactions between anti-angiogenics and chemotherapeutic agents can be complicated, 

and conflicting results have been observed when adopting this strategy
12

. 

A final strategy to improve the efficacy of EGFATFKDEL 7mut involves 

targeting of brain cancer-propagating cells (BCPC). Stem cells have recently become 

popular targets for cancer therapy because they are often believed to be responsible for 
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drug resistance and tumor recurrence
99

. In gliomas, research suggests that BCPCs are also 

involved in angiogenesis, invasion, and metastasis
99

. Consequently, eliminating BCPCs 

may be an important step in GBM therapy with EGFATFKDEL 7mut to ensure complete 

tumor regression and long-term remission. Genetic analysis of BCPCs has revealed a 

number of different biological pathways which are important in BCPC differentiation. 

Thus, one strategy to reduce BCPC is to employ agents which activate these pathways 

and lead to stem cell differentiation
99

. Another strategy involves targeting of BCPCs 

using neural stem cell markers such as Nestin and CD133. Our laboratory is currently 

developing a CD133-based TT which could potentially be administered in conjunction 

with EGFATFKDEL 7mut to target progenitor cells, the tumor neovasculature, and the 

tumor itself. While we did not observe recurrence in any of our tumor-free mice, the 

necessity for a BCPC-targeting drug will depend on results from more advanced animal 

models, and potentially future clinical trials.  

In summary, we have shown that EGFATFKDEL 7mut is effective in inducing 

complete remissions against GBM tumors. In vitro, the drug is effective in the picomolar 

range against tumor cells and against HUVEC cells which proves that it binds vascular 

cells. Attempts at deimmunization of the drug have been successful with a reduction of 

80-90% anti-toxin antibodies. Based on its reduced immunogenicity and in vivo efficacy, 

the drug warrants further consideration for clinical development. 
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